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Abstract

The goal of this research is to realize a thin sheet shaped airborne ultrasound phased array
(AUPA) which can induce a non-linear acoustic phenomenon with high energy conversion

efficiency.

A high-intensity airborne ultrasound has developed unique applications such as tactile pre-
sentation in non-contact. Existing AUPA with the piezoelectric transducer is thick and
bulky. In addition, its energy conversion efficiency is not enough in practical uses. On
the other hand, a capacitive type device driven with an electrostatic force ESF can achieve
reducing the thickness and the high energy conversion efficiency. Existing capacitive device
can not generate high-intensity ultrasound because the diaphragm with large displacement

is difficult.

This paper proposes the capacitive type devices which can generate high-intensity airborne
ultrasound with high energy conversion efficiency. The author organizes the problems in
the capacitive type device when enhancing the diaphragm displacement to generate high-
intensity ultrasound. After that, the solutions for the problems are described. In this paper,
the author proposes two structure according to the solutions. In the experiments, the first
proposed device emitted acoustic intensity 85 % of the piezoceramic transducer. The second

proposed device emitted acoustic intensity one and half times of the piezoceramic transducer.
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Chapter 1

Introduction

1.1 Needs for a new type airborne ultrasound: Non-

liner effect applications

Applications using nonlinear acoustic effects in the air have attracted attention and the
researches have been becoming active. The applications include not only parametric speakers
already in practical uses[5, 6, 7, 8] but midair tactile displays[1, 2, 9, 10], measurement
instruments[11], an air flow control[12], object manipulation[13, 14]. In addition, social
needs for them are increasing in recent years. Specifically, in the tactile displays, automobile
manufactures such as BMW and BOSH announced concept cars with aerial touch panel at

International Consumer Electronics Show 2017[15, 16].

Most devices applied for the above applications are airborne ultrasound phased arrays (AU-
PAs) as shown in Fig. 1.1. The typical AUPAs are composed of piezoelectric-actuated
airborne ultrasound transducers which are commercially available. Since the devices are
driven by electronically controlling the phases of each element, the AUPAs provide high

time responsiveness.

The existing AUPAs have two practical problems. One is their thickness. The other is low

electric-acoustic energy conversion efficiency. Nonetheless, these performance characteristics
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[2].

Sheet-like AUPA

Figure 1.2: One example of a thin sheet-shaped AUPA applications.

have not made progress over the last ten years. The reason is that it is originally difficult to
generate high-intensity ultrasound in the air because the acoustic load of the air is smaller
than that of solid and liquid. For instance, the acoustic impedance of water, representative of
liquid, is about 1.5x10°N - s/m? while the acoustic impedance of the air is about 400N - s/m3

which is 3000 times smaller than that of water.

Reducing the thickness of AUPAs and improving the efficiency are pressing demands in
order to put the above applications to practical uses and create original applications. For
example, a foldable handheld mid-air visuo-tactile display as shown in Fig. 1.2 is one of
potential applications combined with a glasses-free three-dimensional (3D) display. This

device enables users to interact with aerial images with tactile feedback without choosing
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time or place.

1.2 Current status of related technology

Many airborne ultrasound transducers have been proposed. In this section, the author

classifies them by driving methods and describes their basic structures and features.

Piezoelectric type

Conical cone

Figure 1.3: Photograph of piezoelectric type transducer applied for existing AUPA. (left):
Appearance (cited from http://www.nicera.co.jp/pro/ut/ut-02.html), (right): Actual struc-
ture in the housing. The conical cone matches impedance against the air.

This type employs materials with piezoelectric properties, especially piezoceramics.
This method is constituted by using electrodes and piezoelectric bodies and utilizes
the transverse distortion of the piezoelectric body for generating ultrasound. Various
structures such as a monomorph structure in which a piezoelectric body is attached
to one side of an electrode and a bimorph structure in which a piezoelectric body is
attached on both sides have been proposed. In recent years, devices based on piezo-
electric Micromachined Ultrasound Transducers (pMUTs)[17] and organic transistors

[18] have been proposed in order to make devices downsized and flexible.

In addition, this type can generate high-intensity airborne ultrasound by attaching
impedance matching structures such as a horn, a radiation plate, and a cone[19]. The
acoustic transducers used in existing AUPAs are the bimorph structure with the conical

cone as shown in Fig. 1.3. Since the cone provides a resonance structure with high



4 Chapter 1. Introduction

Q-value, the transducers can generate high-intensity airborne ultrasound at a certain
frequency. In typical transducers for AUPAs, the resonant frequency is set to about
40kHz. On the other hand, this cone has been a bottleneck to reduce the thickness of

transducers.

Capacitive type

Diaphragm

2LLL L
A

r s

D

2
| ; = 1

/
Backplate electrode

Figure 1.4: Illustration of capacitive type transducer.

This type device is basically a parallel-plate structure composed of a diaphragm and a
fixed backplate electrode as shown in Fig. 1.4. This element generates ultrasound by
electrostatic force (ESF) generated by applying AC voltage with DC voltage between

electrodes|20, 21, 22, 23].

This type can generate ultrasound with high energy conversion efficiency without the
impedance matching structure because the diaphragm is extremely thin. In addition,
this type can cover broadband frequency. Thus, this type have been expected as
alternative manners to piezoelectric type. However, it is difficult to generate high-
intensity ultrasound in this system due to the problems described in Chapter 3, the
existing device based on this type are used for sensing applications. A typical example
is a condenser microphone[20]. In recent years, Capacitive Micromachined Ultrasound
Transducers(cMUTs)[22] have attracted attention as suitable manners for downsizing
the devices. The cMUTSs can also make the devices transparent[24] and flexible[25, 26].
Phased array device with these characteristics have been proposed[27], however the

time fabrication cost is high.

Thermal type
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The method utilizes heat contraction and expansion of the air. One example method
utilizes the thermal effect in the air of the silicon porous surface[28]. This device
can generate 1kPa sound pressure and has flat frequency characteristic up to 1 MHz,
however the improvement of energy conversion efficiency is a problem. The other
example for speaker utilizes graphene[29]. This device can generate complex and
controllable sound signals, however the maximum acoustic emission property is out

of the scope.

Electric Spark type

The method discharging between a pair of opposite electrode and generates ultrasound
[30]. The instantaneous generated sound pressure was 10 Pa observed at 1 m from the
device and its directivity can be regards as a point sound source. These characteristics
are ideal as a sound source for sensing applications. On the other hand, this method
is difficult to apply for phased array because temporal control of the frequency and

the phase is hard.

Table 1.1 summarizes the characteristics of above each transducer. This table shows that

sheet-shaped devices with high energy conversion efficiency to apply for the nonlinear ap-

plications have not been realized.

Table 1.1: Characteristics of existing airborne ultrasound transducer.

H Thinness \ Sound pressure \ Efficiency \ Phase control ‘

Piezoelectric type ) X X o
Capacitive type o X o o
Thermal type ) o X o
Electric Spark type X o unknown X

1.3 Purpose and contents of the paper

The purpose of this paper is to realize the sheet-shaped AUPA with a high efficiency to

apply for nonlinear acoustic applications. In particular, this paper aims to use it as a tactile

presentation display.
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The author proposes capacitive type devices for the purpose. From Tab. 1.1, capacitive type
devices are only lack of generated sound pressure. The novelty of this paper is increasing
sound pressure generated in capacitive type up to either equaling to typical piezoceramic

transducers applied for the nonlinear acoustic applications.

The proposed devices can be fabricated by laminating flexible materials. Therefore, the
fabrication is based on flexible printed circuit (FPC) technology, which enables a low-cost

fabrication and large-area fabrication easily compared with that of existing AUPAs.

This paper consists of following chapters. Chapter 2 describes nonlinear acoustic phenomena
and the requirement specifications for the proposed AUPA as the tactile display. Chapter 3
reveals problems in capacitive type to increase sound pressure. Chapter 4 describes outline of
solutions for each problem described in Chapter 3. Chapter 5 proposes airborne ultrasound
devices with two kinds in accordance with the solutions and describes assessments of these

devices.



Chapter 2

Requirements for applications

This chapter describes the principle of the tactile presentation using acoustic radiation pres-

sure and the specifications required for the proposed AUPA as the tactile display.

2.1 Typical non-linear effects

Nonlinear acoustic effects include acoustic radiation pressure, acoustic streaming, and wave-
form distortion. This section describes acoustic radiation pressure utilized for the tactile

presentation.

Acoustic radiation pressure P,..q [Pa] is induced at an object surface, when the propagation
of the ultrasonic wave is disturbed by the object. P,,q is proportional to acoustic density
and expressed as follows.
2
P’r'ad =all =« TT’;S (21)
pc
where « [-] is a coefficient determined by the reflection of ultrasound on the object surface.
The range of a is from 1 to 2. a = 1 means full absorption and a = 2 means full reflection. E

[J/m3] is acoustic energy density, p,ms [Pa] is the root-mean-square (RMS) sound pressure

of ultrasound, p [kg/m3] is the density of the air, and ¢ [m/s] is the speed of sound in the
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air. From Eq. (2.1), control of force distribution on the object surface can be achieved by

controlling F because acoustic radiation pressure P,,,s is proportional to F.

2.2 Phased array as a tactile display

The radiation pressure induced by the AUPAs can provide the tactile sensations from a
remote position in a non-contact manner[9]. This method enables user to feel the tactile
sensations without touching or wearing devices though presented. In addition, this method
can provide the tactile sensation to many and unspecified users without a particular request
[31, 32]. Note that presenting force at the skin by AUPAs is smaller than contact or wearable

devices.

Existing tactile presentations with AUPAs include manners using a single stationary focal
point[9, 10] or scanning it on the skin[33, 34|, manners using two focal points[35], manners
to present object shape using multi-focal points[36, 37], and time division method[38]. Any

methods described above utilize acoustic radiation pressure at the focal point.

Therefore, let consider the case where the device, consists of N elements, forms a single focal
point at a certain point in space as shown in Fig. 2.1. It is assumed that the amplitude
of ultrasound waves emitted by each element is sufficiently small and linear superposition
is established. The generated sound pressure of all elements is the same and let ¢;(t) =
q:7@t9) be the sound pressure of the i-th element at position r; = [:,yi,0]. where 6; is
a given phase to drive i-th element. Assuming that each element is a point sound source,
RMS sound pressure at the position r = [z, y, 2], where is on the plane parallel to the device
surface, is expressed as follows.
[ — 74

N
pr) =3 %eﬂ“”’""”‘”qiew (IIr — i) D (6) (2.2)
=1

where D (¢;) is directivity of the element, A (||r — r;||) is attenuation with propagating in

the air and is expressed as following equation depending on logarithmic decay rate 5 [Np/m].

A(llr =) = e~ BUlr=mril)) (2.3)
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Focal point @
1 focal position

Wave front
osition

Transducers{][:][:] - U e DD
; N

Number 1 2 3 «e- i

Figure 2.1: Illustration of a phased array making a focal point in the air.

B depends on the ultrasound frequency propagating in the air and its value rises with an
increase of the frequency([39]. Forming the single focal point where is at ry = [z, Y, 2f] is

achieved by giving 6, as follows.
0; = —|lr — 74 (2.4)

Where A [m] is wavelength of emitted ultrasound. The focal diameter generated by the
typical AUPAs is about 10 mm as the same size as the fingertips because these device use
40kHz ultrasound. A finer tactile presentation using the AUPAs can be achieved by using
ultrasound higher than 40 kHz, e.g., 100kHz. A device of 70 kHz has already been proposed

for the purpose of finer tactile presentation[40].

2.3 Required specifications

This section describes the required specifications for the proposed AUPAs as the tactile
display. First, the author describes four essential specifications and after that, describes

three preferred specifications for developing the applications using the AUPAs.

The first essential specification is that the device is thin. The term ”thin” in here means
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B e focus = 6 W/cm?
(pfocus= 5 kPa)

o

1T

Drive Circuits <:j Input Energy
Ein [W]

18cm «

Figure 2.2: Outline figure for tactile presentation with a single existing AUPA.

thickness to be applicable for applications described in Sectionl.1 such as the portable device.

The second essential specification is acoustical power (or sound pressure) generated by
sounder elements. In typical current researches using 40kHz ultrasound, the acoustical
power of about 6 W (RMS sound pressure is about 5kPa) is concentrated on the area of
about 1lem? as shown in Fig. 2.2. The size of the existing single AUPA is 14cm x 18cm,
and if it is simply calculated assuming that all radiation power concentrates on 1cm?, an
acoustic output of 24 mW /cm? is required. This value is equivalent to 500 Pa in RMS sound
pressure at 40kHz. In order to present the tactile sensation with the AUPA, 1kPa in the
RMS sound pressure (0.24 W in acoustical power) at the focal point is needed at least[41].
In this paper, the author targets that acoustical power emitted from the proposed AUPA
is equivalent to or higher than the existing one because there are individual differences in

tactile perception.

The third essential specification is to improve the electro-acoustic energy conversion effi-
ciency of the device. In the existing devices, sounder elements and driving circuits emanate

heat. The suppression of the heat generation is necessary for the applications. The energy
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conversion efficiency 7 is expressed as

Eacous ic
Zacoustic (2.5)

n= B,

where E;, [W] is an input electrical power for the single device and Egcoustic [W] is an
acoustical power emitted form the device. In the existing single AUPA, 7 is 12 % because
Eftocus = 6 W, E;, = 50W [41]. This n is determined by the multiplication value of the
energy conversion efficiency of sounder elements and that of the driving circuits. In this
paper, the author targets that the efficiency of proposed AUPA is higher than that of the
existing AUPA, specifically, the efficiency of the sounder element is higher than 50 %, and

the driving circuit is as high as possible.

The forth essential specification is spatial resolution, that is, ultrasound frequency emitted
from the device. As the author mentioned previously, spatial resolution of the existing
AUPAs using 40kHz is as same as a fingertip and higher frequency can provide a finer
tactile presentation. It is considered that the upper limit of frequency is up to 100kHz
because the focal point can be localized in a fingertip. In this paper, the author targets
that the device emits ultrasound in the range of 40 kHz to 100 kHz. Assuming that radiant
energy from the device is constant regardless of frequencies, higher frequency makes the
acoustical power at the focal point smaller, because the acoustical energy loss increases with
the increase of the frequency in the course of acoustical propagation through the air. This
problem can be solved by following two methods. The one is that reducing the presentation
distance compared to the current device when the radiant energy from the device is as same
as the existing 40 kHz device. The other is to increase radiant energy from the device than

that of the existing 40 kHz device according to the increasing frequency.

The fifth essential specification is a sounder element size. A broad directivity of the sounder
element is necessary because ultrasound emitted from each element must interfere in order
to form the focal point. The directivity is determined by the multiplied value of frequency
and element radius. The directivity becomes broader with decreasing the multiplied value.
The directivity of the sounder element of the existing AUPA (T4010A1, Nippon Ceramic

Co. Ltd.), whose drive frequency is 40kHz and the 10 mm diameter, is half bandwidth
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100deg. In this paper, the author targets directivity equivalent to the sounder element of

the existing AUPA at least in the case of 40 kHz.
Next, the author describes preferred specifications for the device.

The first preferred specification is an interval between the sounder elements. The interval
contributes to the existence of grating lobes. The grating lobes are formed when the interval
between elements is larger than the wavelength of emitted ultrasound, and are obstacles in
case of generating an ideal sound field by the AUPAs. In order not to form grating lobes,

the interval between elements must be lower than the wavelength.

The second preferred specification is flexible sounder elements. The existing AUPAs for
nonlinear acoustic applications are rigid due to the transducers. If the device become flexible,

it can ease the spatial restriction so far, and can be used in curved surfaces, e.g, curved walls.

The third preferred specification is transparency of sounder elements. If the sounder elements

are transparent, it can be mounted on any device surface with the auto-stereoscopic display.

The required specifications for the AUPA as the tactile display described above are summa-

rized below.

o Essential specifications

1. Device thickness: thinness applicable for applications described in Section 1.1
2. Out put acoustical power: 24 mW /cm? or more

3. Improvement of electro-acoustic energy conversion efficiency: desirable that soun

-der element is higher than 50 % and driving circuit is as high as possible

4. Ultrasound frequency: 40 kHz ~ 100 kHz
o Preferred specifications

1. Interval between sounder elements: lower than wavelength of emitted ultrasound
2. Flexible sounder elements

3. Transparent sounder elements

This paper proposes a sheet-shaped device which can satisfy all above specifications theo-

ritically. As the first step, this paper aims to satisfy the above essential specifications.



Chapter 3

Problems in intensity

enhancement of ESF

This chapter describes problems in the parallel-plate structure when aiming to increase

generated sound pressure.

Fig. 3.1 shows the basic structure of the proposed devices. D is the air layer thickness
between the diaphragm and the backplate electrode. In this parallel-plate structure, the
ESF generated per unit area Prgsp [Pa] is expressed as follows.

1 /v\2
- 1
Pesr 2E<D> (3.1)

Conductive layer ~ Polymer film

Diaphragm ¢ 7

Air layer D

Backplate electrode

Figure 3.1: Parallel-plate structure with electrode distance D which is basic of the proposed
structure.
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where V' [V] is the applied voltage between electrodes, ¢ [F/m] is the air dielectric constant.
When Pggr is constant and works without loss, and all of them converts to acoustic power,
the maximum generated sound pressure is Ppgr. For example, D= 10 pm, V=300V which is
maximum applied voltage described in Section 3.1, Ppgp is 4kPa. Therefore, in theoretical,
capacitive type device can sufficiently generate target sound pressure e.g., 500 Pa at 40 kHz.

But this sound pressure have not been achieved due to the the following problems.

Three requirements to increase generated sound pressure are as follows.

1. Strengthening the EF.
2. Suppressing energy loss in the structure.

3. Securing a diaphragm displacement.

The following each section describe the detail of the problem for each requirement.

3.1 Discharge

The generated sound pressure increases with increasing the ESF. The ESF between the
diaphragm and the backplate electrode is determined by D and applied voltage because
ESF depends on the square of the EF E = V/D. Although ESF can be increased by the
increase of V when D is fixed at a certain value, the upper limit of the voltage V that can be
applied between the electrodes is determined by D. If V is beyond the limit of the voltage,

discharge occurs.

The discharge starting voltage Vg [V] in gases obeys Paschen’s law in general. Paschen’s
law is based on Townsend’s mechanism including impact ionization by electron (« action),
electron avalanche, and secondary electron emission of a cathode (y action). This law
assumes that the EF formed between the electrodes is uniform. Vg is determined by the
value multiplied gas pressure p [Pa] and the distance between electrodes D [m], and Vg is

expressed as follows.

BpD
In(ApD) — Inin(1 + %)

Vp = (3.2)
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Figure 3.2: Numerically calculated discharge voltage Vg against the air gap D.

where A, B [(Pa . m)*l] are the constant determined by the gas between the electrodes,
v means that the number of electrons emitted from the cathode by  action, which is a

number of incident ions times .

Fig. 3.2 shows the result of numerical calculation based Eq. (3.2). The discharge occurs
when the applied voltage between electrodes is over the voltage. Fig. 3.3 shows the EF
when discharge occurs, i.e., Vg /D in Fig. 3.2. This graph shows that EF can be increased

by decreasing D.

3.2 Loss in air compression

The energy loss in the structure occurs in the air layer and the diaphragm. The author
ignores the loss in the diaphragm to simplify problem. The loss in the air layer is divided
into viscous loss and heat conduction loss. Here, the author describes the viscous loss

because it is dominant compared with the heat conduction loss as described in Appendix.
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Figure 3.3: Numerically calculated discharge electric field Vg /D against the air gap D.

The theoretical upper limit value of the generated sound pressure in the parallel-plate struc-
ture is determined by the EF after getting rid of the mechanical structure impedance by
constructing resonance system composed of the mass of the diaphragm and the air layer
stiffness. From Fig. 3.3, EF can be increased by decreasing D within the range where no
discharge occurs. On the other hand, the viscous loss in the air layer increases because the
air layer needs to expand and contract with a high expansion ratio when the interval D
is made extremely small without air escape place. In other words, the shear deformation
of the air layer causes the viscous loss Unidirectional expansion and contraction of the air
layer are a superposition of isotropic deformation and shear deformation although the air
layer vibrates in the thickness direction mainly. The shear deformation of the air layer
causes viscous loss. Thus, the impedance equivalent to the viscous loss remains even though
suppressing apparent impedance by constructing resonance system described above. The
high energy efficiency is achieved by suppressing sufficiently the impedance equivalent to

the viscous loss compared with the acoustic radiation impedance pc.

For example, D must be more than 100 yum at 40 kHz in order to set the elastic impedance
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Figure 3.4: Numerically calculated energy conversion efficiency at 40kHz against a air gap
D for a 6.4 mm diaphragm in diameter. This figure is the same as Fig.A.3.

of the air layer within 1/10 of pc. In the preliminary experiments where D was more than
100 pm as described in Appendix, the emitted sound pressure was about one digit smaller
than piezoceramic transducer at 40 kHz, for the same radiation area 1cm?. When D is set
to 10 um, ESF applied to the diaphragm can be raised to about 13 (= 3.612) times of D =
100 um. However, the electro-acoustic energy conversion efficiency 7 drops to 1% at D =

10 pym as shown in Fig. 3.4.

This trade-off relationship contributes to the intensity limit of the capacitive type device.

3.3 Pull-in phenomenon

The diaphragm must vibrate to generate sound pressure. The considerable problem here is
a pull-in phenomenon. A pull-in phenomenon is a well-known problem in the parallel-plate
structure. This phenomenon make the diaphragm immobile by sticking to the backplate
electrode when applying voltage to the structure as shown in Fig.3.5. This is caused by
collapsing of the force balance acting on the diaphragm at a certain point. For example,
the ESF becomes lager than a reaction force generated in the diaphragm such as a restoring

force due to the diaphragm rigidity.
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Figure 3.5: Illustration of the pull-in phanomenon. The backplate electrode is fixed and the
diaphragm is supported on both sides.

In the parallel-plate structure, the pull-in occurs when the diaphragm displacement is beyond

D/3[42]. The applied voltage at the time of pull-in is called a pull-in voltage Vj,.

Several methods have been developed to extend the travel range of the diaphragm without
the pull-in phenomenon. They are roughly divided into electrical control manners and

manners by improving the mechanical structure.

In the electrical control manners, examples are restriction of charge stored in the diaphragm
using an external capacitor. The method in [43] is that the capacitor Cs was inserted in
series with the parallel-plate structure. Since the charge stored in the parallel-plate is smaller
than that without Cs, pull-in does not occur when V), is applied. This means that higher
voltage is necessary to move the diaphragm and the displacement does not exceed D/3 in
the stable condition. The other method [44] is that the capacitor C), was inserted in parallel
with the parallel-plate structure as shown in Fig. 3.6. Supposed that the parallel-plate
structure with capacitance Cjy at the initial state is connected to the power supply voltage
Vb in a very short time, and is disconnected at t; before the diaphragm moves as shown in
Fig.3.6. Since the charge stored in the system is constant, the pull-in does not occur even
if the displacement exceeds D/3. For example, in the case of Cy = Cp, the displacement is

2D /3 without the pull-in, and pull-in voltage is v/2V,,,.

The methods improving the mechanical structure include the leveraged bending method for
a polychromator [45] and the method with micro-cantilever and external electrode [46]. In
the leveraged bending structure as shown in Fig. 3.7, the diaphragm can travel up to full

gap without the pull-in phenomenon by generating ESF in a part of the structure. The
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Figure 3.6: Schematic diagram of charge driving method using C), inserted parallel with the
parallel-plate structure.
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Figure 3.7: Leveraged bending method to extend the travel range of the diaphragm without
pull-in phenomenon.

method with micro-cantilever and external electrode can also provide travel up to full gap

without the pull-in effect.

The pull-in phenomenon is a problem as the author mentioned so far, but methods for
generating ultrasound using pull-in phenomenon have been proposed[3][4] as shown in Fig.
3.8. Their methods causes pull-in phenomenon intentionally and the diaphragm contacted
to the backplate electrode generates ultrasound at the end portion of the structure. The
sound pressure generated by the methods is higher than that of the typical capacitive devices

which does not occur pull-in, but it does not reach the target sound pressure in this paper.

Section 4.3 will propose a electric circuit concept to prevent the pull-in effect similar to the
method using C),.
3.4 Geometrical problem

In this section, the author ignores the pull-in phenomenon. The sound pressure generated

is also determined by the amplitude of the diaphragm displacement. The capacive type
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Figure 3.8: Collapse mode using pull-in. [3][4] .

device can emit 4kPa when the diaphragm displacement is not restricted as the author
mentioned. D in typical capacitive type devices with parallel-plate structure is several pm

or less. Therefore, the diaphragm displacement is limited due to the structure.

The single sounder element of existing AUPA generates |pg| ~ 500 Pa at 40kHz. Assuming
that radiation impedance is pc [N - s/m?], the diaphragm simply oscillates with RMS vibra-
tion velocity v [m/s], and the RMS displacement of the diaphragm is &, the generated RMS

sound pressure on the diaphragm surface py [Pa] is expressed as follows.

[po| = pev = |pcjwoe’™| (3-3)

From Eq. (3.3), & is about 5 um in the single sounder element of existing AUPA. Therefore,
at 40kHz, D must be more than 10 pum and the diaphragm displacement needs more than

5 pm.
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Outline of the solution

Table 4.1 shows correspondence between the requirements for increasing generated sound
pressure and the concrete problems. This chapter describes the outline of the solution for

each problems.

Table 4.1: Correspondence table between the requirements and the problems.

’ Requirements to increase sound pressure H Problems
Strengthening the EF Discharge
Suppression of energy loss in the structure || Loss in air compression
Securing a diaphragm displacement Pull-in phenomenon

4.1 Preventing discharge

The solution for prevent discharge in this paper is reducing the distance between the di-
aphragm and the backplate electrode. Note that the applied voltage is lower than 312V (d

= 11 pm), which is minimum voltage of Vg in Paschen’s curve as shown in Fig. 3.2.

Other possible solutions is replacing the air layer with another medium. One example
is flexible solids with resistant to high voltage. The flexible solids with elastic modulus
comparable to air can be realized by foams having fine bubbles in principle. But such foams

have not been found until the present time at least. The other examples are vacuum or

21
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Conductive layer ~ Polymer film Perforated backplate Iy
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D _ IS ENEEEED
Air layer Air layer
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Figure 4.1: (left): Basic parallel-plate structure. (right): Proposed parallel-structure with a
perforated backplate electrode.

gases with small ionization coefficient such as SFg.

4.2 Closely aligned and perforated backplate electrode

Section 3.2 described the trade-off relationship between EF and the energy loss due to the
air viscosity. In order to achieve target sound pressure, the structure which increases the
EF with avoiding viscous loss is needed. The author proposes the structure with perforated
backplate electrode which is closely placed on the diaphragm as shown in Fig. 4.1. The air
between the electrodes can pass freely through perforations in the backplate electrode when
the diaphragm vibrates. Note that the value of D’ is to be more than the desired diaphragm
displacement because generated sound pressure relates to the displacement as the author

mentioned in Section 3.4.

4.3 Electrical circuit to prevent pull-in and energy loss

Preventing the pull-in phenomenon is needed to secure vibration displacement of the di-
aphragm. The pull-in phenomena occurs as a result of the fact that balance between ESF
and the mechanical force collapses. The diaphragm displacement is basically restricted to
D/3 as described in section 3.2. The author mentioned the method using C), inserted par-
allel with Cy which can extend the diaphragm displacement without the pull-in. In this

method, stored charge does not change in the whole system composed of Cy and C).

In this paper, the author proposes a driving method using only capacitor Cy of parallel-plate
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structure to prevent pull-in. Fig. 4.2 shows the temporal variation of the charge stored in
the diaphragm assuming that the charging and discharging time of the electric charge is
negligible with respect to the movement of the diaphragm. Fig. 4.3 shows the state of

diaphragm corresponding to the electric charge state as shown in Fig. 4.2.

At the time ¢ = 0, supposed that the parallel-plate structure with the initial gap D [m], area
S [m?] is connected to the power voltage V [V] in a very short time. After that the power

supply disconnected before the diaphragm moves, the generated ESF F.[N] is expressed as

R le(5)'s »

Here, assuming that the electric charge @ [C] generated by V is constant, the following
relationship holds.

B S Vo eQ
Q=C\V = 5—:BV = const. & D=5 = const. (4.2)

Assuming a parallel-plate structure, F, takes a constant value and is determined by D and
V', although the stored electric charge should concentrate at the center of the diaphragm as
the diaphragm deforms. At the time ¢ = T'/2, the parallel-plate structure discharge the all
electric charge by shorting to the ground. Repeating the above process enables to drive the

device without the pull-in phenomenon.

The proposed driving method is realized by a electric circuit. The pulse-width modulation
(PWM) to drive the circuit contributes to suppression of loss in the circuit when switching

during charging and discharging of the electric charge.
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Figure 4.2: Temporal waveform of the electric charge accumulated in the diaphragm.
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Figure 4.3: Diaphragm state corresponding to the electric charge described in Fig. 4.2. The
states A, B, C, and D correspond to that in Fig. 4.2.



Chapter 5

Transducer design and results

There should be many structures that satisfy the solutions described in Chapter 4. This
chapter shows two structures as examples of them. Each device adopts the solutions as

shown in Table 5.1. Each device is describes respectively below.

Table 5.1: Correspondence table between the problems and the solutions.
Solutions Proposed device type

Decrease electrode distance
Perforate backplate electrode | Mesh electrode type | Perforated electrode type
Driving circuit —

5.1 Mesh electrode type device

This section describes the mesh elctrode type device.

5.1.1 Structure

Fig. 5.1 shows the proposed structure composed of a polymer film coated with metal, a
metal mesh electrode, and an insulator. The polymer film is a diaphragm with several

pm-thickness. The metal mesh is made by knitting several tens of um diameter conductive

25
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Figure 5.1: Proposed transducer with fine metal mesh electrode.

Perforqtion

Figure 5.2: Photograph of the metal mesh used in section 5.1.3.1 and 5.1.3.

fibers as shown in Fig. 5.2, which can transfer air to the backward. This element generates

ultrasound by applying AC voltage V; [V] with DC voltage Vp [V].

The ESF generated by Vj leads the diaphragm contacted to the mesh electrode. Fig. 5.3
shows the around contact point between the diaphragm and the metal mesh surface having
a finite curvature. Thus, the average height of the upper mesh surface is closer than several
tens of um below the diaphragm, which generates a large ESF. At the same time, the air

can travel freely through the perforations of the mesh when the diaphragm vibrates.

Note that it is still nonobvious whether the proposed structure can generate stronger sound
pressure than the parallel-plate structure. The opening area cannot have the electric charge,
which is a negative factor in the total ESF. In addition, the viscous and heat conduction
loss around the small air gap might be considerable. Since the theoretical and numerical
evaluation of these effects is not straightforward, the author fabricated the prototype trans-

ducer and experimentally evaluated the generated sound pressure and the electro-acoustic
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Figure 5.3: Hlustration around a contact point between the diaphragm and the mesh metal
surface in Fig. 5.1.

conversion efficiency.

The structure in [47] is similar to the proposed device. But this structure does not have the
large gap below the mesh electrode and the maximum acoustic emission property was out

of the scope.

5.1.2 Electrical circuit

Fig. 5.4 shows a proposed electrical circuit to drive the single element. The proposed circuit
is composed of a Pch MOSFET, a Nch MOSFET, diodes, an inductor L, a capacitor C', and
a resistor R. Since the switching of the both Pch and Nch MOSFET is conducted by PWM
control and the LC resonance system is formed, the circuit realizes low-loss. C' and R are
equivalent to the transducer during driving, that is, the transducer itself acts as part of the
drive circuit. In the mechanical structure, the value of C' depends on the distance between
the diaphragm and the mesh electrode. The value of R depends on the moveability of the
diaphragm including on the presence or absence of wrinkles and the tension applied to the
diaphragm. In order not to break the circuit, the value of L must satisfy f > 1/ (277\/@)

where f is the drive frequency.

The AC voltage V; applied to the transducer is generated by controlling the switch state
of each MOSFET by PWM every half cycle of the drive cycle. The switch-on time of each
MOSFET is set to be regarded as sufficiently long time compared with the time during the
current flows to the transducer through the inductor. Diodes D; and D, connected to each
MOSFET in parallel play a role to protect each MOSFET from breaking respectively when
switching off the MOSFET.
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Figure 5.4: Proposed circuit. The transducer itself is used as a part of the circuit element.
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Figure 5.5: AC voltage waveform generated with the circuit in Fig. 5.4

Fig. 5.5 shows a concept of waveform generated in the proposed circuit. When only
Pch MOSFET turns on, the Vi becomes the value V5 which doubles V.. due to counter-
electromotive force of the inductor when ignoring energy loss such as a wiring resistance and
the MOSFET on-resistance. After turning off the switch of Pch MOSFET, V5 is kept by
diodes D5 and D4 when R does not exist. Since R actually exists and consumes energy stored
in C, V5 drops to V3 until the Nch MOSFET turns on. Then, when Nch MOSFET is turned
on, the value of V3 swings to the reverse potential -V3 due to the counter-electromotive force
of the inductor. After turning off the switch of Nch MOSFET, -Vj rises to -V} until the Nch
MOSFET turns on for the same reason described above. The AC voltage of amplitude V;

applied to the transducer is generated by repeating the above process.
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Figure 5.6: Simulation result of AC voltage generated in the proposed circuit.

The author conducted a simulation with LT SPICE. The value of the circuit element in the
simulation was as same as actual manufactured one as shown in Fig. 5.14. The value of C and
R are 66 pF, 270k respectively based on the value calculated from the experimental result
described in Section 5.1.3. Additionally, resistors are inserted between the PchMOSFET
and Dy, NchMOSFET and Dj3 respectively in order not to exceed the rated current of the
actually used MOSFET. The value of these resistors was set to 1002 because these values
must be sufficiently smaller than the value of R in on order not to consume energy at the
resistors. The value of inductor L was set to 220 uH and the switching on-time of both the

Pch and the Nch MOSFET was set to 3.125 us.

Fig. 5.6 shows the simulation result about voltage waveform of V;. From this result, the

proposed circuit can generate AC voltage of amplitude 150 V.

5.1.3 Evaluation of Single element

5.1.3.1 Drive element without proposed circuit

First, the author evaluated the generated sound pressure and the electro-acoustic conversion
efficiency without the proposed circuit. Note that applied voltage was within the range not

to discharge.

Fig. 5.7 shows the prototype transducer. The diaphragm was a gold-sputtered 2.3 um-thick
aramid film (Mictron, TORAY INDUSTRIES, INC.), and the metal mesh electrode was a



30 Chapter 5. Transducer design and results

N
)

Vib"rr' ingjarca
ion
nga ¥ .
| sl Acrylic plate Gold
6.4mmy /]
@ Polymer ﬁlm‘\:r‘ - |
D Fi tal mesh —
fne metal mes | Air layer I 100pm
Adhesive Acrylic plate

Figure 5.7: (left): Photograph of the prototype transducer. (right): Cross-section of its
structure.

knit with 25 ym diameter conductive fibers and 26 um opening (Fine Mesh #500, Sogyo
Co.Ltd.). The movable part of the diaphragm was a circular area 6.4 mm in diameter. The
author carefully designed the experimental setup so that sound waves from unexpected areas

do not affect the measurement.

The author minimized the peripheral area where the diaphragm and the metal mesh are
overlapped out of the vibration area, and such a peripheral area was covered by a 1mm-
thick acrylic plate with a 6.4 mm diameter aperture. In the peripheral area, a 12.5 pm-thick
insulating film (Kapton 50EN, DU PONT-TORAY INDUSTRIES, INC.) was inserted in
order to prevent unexpected discharge. For the base plate of the device, the author used an
acrylic plate. The air layer thickness between the base plate and the metal mesh was set to

80 um by using a sticky insulator (PureCell008, INOAC CORPORATION) as the spacer.

Fig. 5.8 shows the experimental setup. In the sound pressure measurement, the author used
a standard microphone (4138-A015, Bruel & Kjaer) with an amplifier (NEXUS Conditioning
Amplifier, Bruel & Kjaer) and the numerical RMS value displayed on an oscilloscope was
visually read. To avoid the interference with reflected sound from the environments, the
microphone was hung at 20 cm above the prototype transducer as shown in Fig. 5.8. The
author confirmed that the reflected sound is negligible by measuring the sound pressure

fluctuations with the position shift of the microphone around the original position. The
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Figure 5.8: Experimental setup. (left): The microphone observes sound pressure at 20 cm
from the device surface. (right): Measurement system of the phase difference between the
AC voltage and the current.

electro-acoustic conversion efficiency 1 [%] was calculated by the effective electric power

consumed at the transducer P [W] and vibrating velocity on the diaphragm surface v

[m/s] .

1
n= Re [ZW} o X 100 (5.1)

Pr = Vlrmslrms cos 0 (52)

where Vipms [V] is the RMS amplitude of AC voltage, I.,s [A] is the RMS current through
the transducer, 6 [°] is the phase difference between V; and I. Note that vibrating velocity
of the diaphragm is uniform in the plane. v can be obtained analytically from the measured
value of spherically propagated sound field p and is given by following Eq. (5.3)[48]. p [Pa]
is the measured RMS pressure obtained by the microphone at d [m] from the transducer

surface, and d = 0.2m in this experiment.

p

2antg (V& +1-2)emn i {55 (VT 142) ]

where Z[N -s/m3] in Eq. (5.1) is a complex number and can be obtained by dividing the

pcv = (5.3)

total sum of the forces which the diaphragm subjected from air (the integrated value of the

pressure on the diaphragm surface) by the vibration velocity and is expressed as following



32 Chapter 5. Transducer design and results

Sound pressure p [Pa]

20 30 40 50 60 70 80 90 100 110 120 130
Frequency [kHz]

Figure 5.9: Frequency characteristic of the prototype transducer when applied DC voltage
650 V and AC voltage amplitude 15 V.

equation Eq. (5.4)[49].

7= pe Hl _ Jl(:ja) } H&(;ja)} (5.4)

where p [kg/m3] is the air density, ¢ [m/s] is the acoustic velocity, a [m] is the radius of the
vibrating area, k is the wavenumber of the sound, J; is the first-order Bessel function, and
Sy is the first-order Struve function. For example, Z = (1.12 + 0.38 j) pc when p =
1.2kg/m3, ¢ = 340m/s, a = 3.2x10~%m, and frequency f = 40kHz.

The author obtained the both waveforms of the applied AC voltage and the current by
using the system as shown in Fig. 5.8 and calculated the efficiency 7. Fig. 5.9 shows the
obtained sound pressure p for Vj = 650 V and V; = 15 V at driving frequencies from 20 kHz
to 130kHz. This result shows that the prototype transducer has low Q-value and covers
a broad frequency band. Fig. 5.10 shows the phase difference 6 between the AC voltage
waveform and the current waveform. Fig. 5.11 shows the electro-acoustic energy conversion
efficiency 7 calculated by Eq. (5.1), (5.2), (5.3), and(5.4). Fig. 5.11 shows n = 58% at
44 kHz.

Then, the author investigated the relation of the AC voltage to the generated sound pressure

at 44 kHz, where the highest energy conversion efficiency was observed. Fig. 5.12 shows the
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Figure 5.10: Phase difference between AC voltage and current when applied DC voltage 650
V and AC voltage amplitude 15 V.
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Figure 5.11: Electro-acoustic energy conversion efficiency when applied DC voltage 650 V
and AC voltage amplitude 15V.
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Figure 5.12: AC voltage amplitude V; contribution to generated sound pressure. The sound
pressure was obtained at 20 cm.

measured sound pressure p for sine wave AC voltage amplitudes of V; from 0 to 150 V while
the DC voltage was fixed to 500V. The graph shows the maximum p was 8.7Pa. The
calculated n at this point was 55 % which was comparable to the case of Vi = 15V. This
means that the energy conversion efficiency did not largely decrease for the high driving

voltage.

The author obtained RMS sound pressure 21 Pa at 20 cm above the typical piezoceramics
transducer with 10 mm diameter (T4010A1, Nippon Ceramic Co. Ltd.) when 40kHz si-
nusoidal wave with an amplitude of 12V was applied. Assuming that the transducer is
equivalent to the diaphragm oscillating uniformly in a 10mm circular radiation plane in
diameter, the calculated result |v| based on Eq. (5.3) is 1.09 times that at 44 kHz of the
prototype device. The acoustic power per unit radiation area of the proposed device was
calculated to be 85 % of the commercial device when this element is densely arranged and a

plane wave is transmitted and assuming that the vibration speed does not change.
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5.1.3.2 Drive element with proposed circuit

Acrylic plate Gold
Polymer film__-
Fine metal mesh — Air layer I 300um
Adhesive Acrylic plate

— 6.4mm ——

Figure 5.13: Cross-section of the prototype transducer used in section 5.1.3.2

Vee =5V

Driving circuit for generating AC voltage

Isolator

5V

4-7nFl

Figure 5.14: Fbaricated circuit. (left): Photo of the appearance. (left): Schematic of the
circuit.

Next, the author obtained the energy efficiency of the transducer including the proposed

circuit described in Section 5.1.2.

Fig. 5.13 shows the cross-section of the prototype transducer. The used materials and
parameter were same as the structure described in section 5.1.3.1 except for the thickness
of air layer. Fig. 5.14 shows the fabricated circuit. All electronic components were placed

within 13 mm square.

First, the author confirmed the operation of the fabricated circuit by the experimental
setup shown in Fig. 5.16. The circuit was driven under the same condition of the simulation
described in section 5.1.2, and V) was 500 V. Fig. 5.15 shows the AC voltage waveform V;
measured with an oscilloscope. This figure shows that a voltage waveform of 40 kHz has the

same tendency as the simulation result. But the voltage variation when energy consumed in
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Figure 5.15: Obtained AC voltage measured at the prototype transducer.

R was smaller than that of the simulation. This means that the value of R of the transducer
used in this experiment was larger than 270 kQ2. This is caused by the mechanical deflections
including wrinkles in the diaphragm which arise at the time of fabricating the transducer as

the author described in Section 5.1.2.

Then, the author obtained the energy efficiency of the transducer including the fabricated
circuit within the range not to discharge. Fig. 5.16 shows the experimental setup. The
sound pressure was obtained with an oscilloscope which connected to a standard microphone
(4138-A015, Bruel & Kjaer) via an amplifier (NEXUS Conditioning Amplifier, Bruel &
Kjaer). The microphone was hung at 20 cm above the prototype transducer to avoid the
interference with reflected sound from the environments. The author confirmed the reflected
sound is negligible by measuring the sound pressure fluctuations by the position shift of the
microphone around the original position. The electric power supplied to the entire system
Pr [W] was obtained by measuring the voltage drop between Voo [V] and R, [Q] placed
between the fabricated transducer and GND. The author calculated Pg using the following

equation.

Py = T/o Vy () I (H)dt = %/O (Voo (8) — AV (1)

dt (5.5)

where T [s] is the driving cycle, Vz [V] is the voltage drop in the system composed of the
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Figure 5.16: (left): Measurement system of electric power supplied to the entire system.
(right): Measurement system of sound pressure.

circuit and the transducer, I [A] is the current. Ry, was 20 in order to be Vz > AV. The
circuit was driven under the same condition when confirming the operation of the fabricated

circuit.

Fig. 5.17 shows the voltage waveform of V. Fig. 5.18 shows the obtained voltage waveform
at Rsp. Pp obtained from Eq. (5.5) were 15.4mW. At the same time, the author obtained
p = 5.9Pa. From Eq. (5.1), Eq. (5.3), and Eq. (5.5), the author obtained 37 % energy
conversion efficiency including the fabricated circuit. In addition, the author confirmed that

the fabricated circuit did not emanate heat even if it continued to drive for 3 hours.
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Figure 5.18: Obtained voltage waveform at Rgp,.
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5.1.4 Evaluation of phased array device

As a prototype, the author fabricated an 8 x 8 AUPA integrated with the structure with the
metal mesh electrode and the proposed circuit, and measured a sound pressure distribution
to observe a focal point of ultrasound. Note that the diameter and driving frequency of each
element of fabricated AUPA are 10 mm-square and 40 kHz by reference to the piezoceramic

transducer for AUPA (10 mm in diameter, 40 kHz).

Fig. 5.19 shows the actual appearance and Fig. 5.20 shows the prototype structure. The
device is realized by laminating a series of polymer films with conductive layer on a substrate
where the metal mesh electrodes corresponding to each element are dispersedly arranged.
The substrate has the electrodes corresponding to each element on its front surface and
the driving circuits for each element are provided on the back surface. These materials are
bonded with sheet-adhesive. Each element generates ultrasound by applying AC voltage of
amplitude V3 with DC voltage Vy between the diaphragm and the metal mesh electrode.
The sound field generated by the device is determined by phase ¢; of V; applied to each
element. The voltage supply to each metal mesh electrode is realized by contacting the mesh
electrode to the electrode on the substrate surface where a superposed voltage of Vy and V3

appears via a conductive material such as a copper pin or silver paste.

The fabricated device is composed of two rigid substrates (substrateA, substrateB). The
substrateA has electrodes corresponding to each element on its front and back surface. The
electrode size in both substrates is 10 mm-square . Copper pins (copper pillars, FINES
CO., LTD.) with a 150 ym diameter and a 300 pum height are mounted on each electrode on
the substrate one side and the author fabricated the element structure on this side. The
diaphragm was a platinum-sputtered 2.3 pm-thick aramid film (Mictron, TORAY INDUS-
TRIES, INC.). The reason of changing from gold-sputtered in the previous experiments to
platinum-sputtered was to prevent migration effect when applying voltage. The metal mesh
electrode was knitted with 16 um in a diameter conductive fibers and its perforations was
16 um. The conduction between the electrode and the metal mesh was realized by hand
soldering the copper pin and the mesh electrode. In addition, the author fabricated the

frame which can apply tension to the diaphragm and hold it in order to prevent wrinkles
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Figure 5.19: (left): Photo of the existing AUPA. (right): Photo of prototype device.

in the diaphragm. These materials are bonded with sheet-adhesive. The substrateB has
an electrode pattern of the same size at the same position as the substrateA on one side
and the driving circuit shown in Fig. 5.21 placed on the back side. The driving circuit
with high density was achieved by making the substrateB with an 11-layer. The device was
fabricated by laminating the substrateA with the element structure and the substrate B with

a conductive sheet-adhesive on each electrode.

Fig. 5.22 shows the experimental setup. The center of the prototype device was the mea-
surement system origin O (z,y,z) = (0, 0, 0 mm), and the device was driven to make a
focus at a point (z,y,z) = (0, 0, 200 mm). The sound pressure distribution was measured
by scanning the standard microphone (4138-A015, Bruel & Kjaer) attached to the 3-axis
stage (OSMS26-300, SSIGMAKOKI CO.,LTD.) to the x - y plane where z = 200 mm. The
measurement resolution was 1 mm in the both x and y directions, and the measurement
region was -40mm < z, y < 40 mm. The circuit was driven at the condition of Vo= 250V,
Voo = 30V in Fig. 5.14 and the signal to drive each element was determined by considering

the responsiveness of each element to the input signal. In particular, the responsiveness was
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Figure 5.20: Cross-sectional view of the 8x8 phased array prototype using metal mesh
electrode.

Figure 5.21: Photo of substrate B. The left one is the upper surface with electrode corre-
sponding to each element, and the right one is the lower surface with drive circuit of each
element.
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calculated by the quadrature detection of the obtained temporal waveform and the temporal
waveform which was to be acquired at the focal point scheduled position calculated from

the input signal to the element.

Fig. 5.23 shows the experimental result. The maximum sound pressure was 9.7 Pa at
(z,y,2) = (6, 4, 200mm). The deviation of the focal position was thought to be due to
the temporal change of responsiveness in each element. Fig. 5.24 shows the result of the
phase difference of observed sound waves against the input signals of four elements randomly
selected from the prototype device. This result suggests that the responsiveness to the input
signal to the element tends to increase with the lapse of time. In addition, 45 hours after
the first measurement, the deviation of the phases was from 4% to 10% of the driving
frequency. From the above, the deviation of the focal position is caused by the difference in
responsiveness between the element at the time of determining the driving signal and that
at the time of forming the focus. In other words, the phase of the driving signal required

for forming the focus was thought to be incorrect.

Furthermore, the actual obtained sound pressure was one digit smaller than 150 Pa (=
2.4Pax64 element which was to be obtained at the focus when assuming that the element
directivity was ignorable. What though to be the cause is the reproducibility of the me-
chanical structure in each element such as the deviation of the electrode distance and of
the diaphragm mobility. There were many elements in which the insulator surface of the
diaphragm was not in contact with the mesh electrode during operation of the device. The
ESF in this state drops compared to the single element described in Section 5.2 because of
increasing the electrode distance. In addition, the diaphragm mobility in each element was
though to be different because the tension applied to the diaphragm was anisotropic. These
factors contribute to the reduction of the value of C, R, and V; in the circuit. As a result,

generated sound pressure decreases.
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Figure 5.22: Schematic of experimental setup for measuring sound pressure distribution.
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Figure 5.23: Measured sound pressure distribution at z =200 mm, when the device was

driven to generate a focus at (z, y, z) = (0, 0, 200m

m).
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Figure 5.24: Experimental result on time variation of responsiveness to the input signal of 4
elements randomly selected from prototype devices, which were measured 1 hour, 21 hours,
45 hours after the first measurement.

5.1.5 Conclusion

In this section, the author proposed the structure using the metal mesh electrode with
perforations where the air can travel freely. Although the mechanism of generating sound
is not clarified, the author confirmed the effectiveness of the proposed method in a single
element experiment. The experiment with the phased array device consisted of the mesh
electrode revealed that the reproducibility of the mechanical structure in each element is a

problem.
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5.2 Perforated backplate electrode type device

In this section, the author proposes the structure with a perforated backplete electrode for

the practical use.

5.2.1 Structure

Conductive layer ~ Polymer film  Spacer  Perforated backplate

---H---ﬁ---n‘--

Air layer

Figure 5.25: Cross-sectional view of the proposed structure of a single element.

Fig. 5.25 shows a proposed single element structure. This structure is realized by arranging
periodically repeated spacers in one direction between a series of a polymer film with a con-
ductive layer and the perforated backplate electrode. The polymer film as the diaphragm is
fixed at the places contacted with the perforated backplate surface. The distance between
the diaphragm and the backplate electrode surface is 10 um to ensure the diagphram dis-
placment when assuming the driving frequency is 40 kHz as described in Section 3.4. The

air layer thickness on the back of the backplate electrode is the several 100 pym.

Although many structures with perforations provided in the diaphragm or the back plate
have been proposed, they have been applied to sensing applications[23, 50]. Thus, the

structure with perforations applicable for non-linear acoustic applications have not existed.

5.2.2 Dynamics

The proposed structure generates ultrasound by applying AC voltage. In order to prevent
the pull-in phenomenon, the AC voltage generated from the driving circuit repeats charg-
ing/discharging the electric charge every half period of the driving frequency as described in
Section 4.3. Note that the charging and discharging time is ignorable against the diaphragm

movement.
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Figure 5.26: Equivalent mechanical system model to the proposed structure.

Here, the author describes the dynamics about one period in the structure. Assuming that
all patterns in the element move synchronously against the applied AC voltage and that the
same pattern continues in the depth direction for the sake of simplicity. The structure size

is Ly, x W(width x depth).

First, the electric charge is stored in the diaphragm when applying V; between the di-
aphragm and the backplate electrode and stopping the supply of the electric charge. The
electric charge stored in the diaphragm )¢ is determined by the initial gaps D and V;. The
diaphragm is attracted by the ESF generated by @Qg. Then, discharging Q¢ by shorting
between the diaphragm and the ground at the half period of the drive cycle, the diaphragm
travels to the upper with restoring force acting on the diaphragm such as the diaphragm stiff-
ness or the applied tension in the case of applying tension to the diaphragm. The structure

generates ultrasound by repeating the above cycle.

Fig. 5.26 shows a mechanical system model expressing the above dynamics. This model
consists of a mass, a spring, and a damper. The external force is ESF and it induces the
vibration of the mass. The mass in the model is the diaphragm mass. The spring constant
is determined by the air layer stiffness, the flexural rigidity, and the applied tension in the
case of applying tension to the diaphragm. The attenuation coefficient of the damper is the
sum of radiation impedance pc and the air layer impedance in the structure. In order to
achieve high efficiency, the value of the air layer impedance is necessary to be sufficiently

smaller than pc.
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Figure 5.27: Cross-sectional view between the diaphragm and the perforated backplate
electrode in Fig. 5.25.

Figure 5.28: Enlarged illustration of the partl in Fig. 5.27.

The air layer impedance can be designed by theoretical consideration. There are two air layer
impedance to be considered as shown in Fig.5.27 assuming that the same pattern continues
in the W direction for simplicity. One is Z,7, in the air layer between the diaphragm and
the backplate electrode, where is partl in Fig.5.27. The other is Z; in the perforations where

air travels through and part2 in Fig. 5.27.

First, the author describes Z41,. Fig. 5.28 is an enlarged view of 1 in Fig. 5.27. Assuming
that the diaphragm is a rigid plate and vibrates in the simple harmonic with the displacement

amplitude & [m]. The forced vibration equation in here is expressed as follows.
9w

{200 = - ST (56)

where A = jw, w [rad/s] is an angular frequency, x [kg/(m -s?)] is a bulk modulus of the

air, and pp [Pa] is the pressure in the air layer when the diaphragm vibrates. Boundary
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conditions is as follows.

Dblz=r, =0 (5.7)
Ipy .
%h:o =0 (5.8)

Let be a one-dimensional solution in Eq. (5.6) as follows.

py(x,t) = {Aekm + Be " %fg} el (5.9)
Here, k and (3 are
2 _ I _ S
=L @) =0 e k= e = 2 Lre (5.10)
ﬂD\/;\DM‘W (5.11)
1 "
121

where p is a viscosity coefficient, and I'(3) can be approximated by I'(3) = 5% in the case
of |f—;| < 1. When p = 1.2 kg/m?, p = 1.8x107° Pa-s, and f = 40 kHz, 8 = 0.13 in the
case of D = 1x107% m and 8 = 1.3 in the case of D = 10x10~% m. Thus, Eq. (5.10) can

be approximated by

k= %% 12:‘” (5.12)
From Eq.(5.7),
Dblz=r, = AeFle  Be=kle %fo =0 AeFle 4 Be kle = —%50 (5.13)
From Eq. (5.7) ,
OPb)  —kA-kB=0e A=B (5.14)

Or
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From Eq. (5.14), Eq. (5.13) is expressed as

A (eche T e—kLe) — —%fo (5.15)

Assuming kL < 1, Eq. (5.15) is approximated as

K (kL)
A2D§0{1 5 } (5.16)

From Eq. (5.16), Eq. (5.9) is rewritten as

B R s oy
py(x,t) = ng 5 (Le — )e (5.17)

From Eq. (5.10), Eq. (5.17) is expressed as

6jw (Lg — x2)

5 &oe?! (5.18)

py(z,t) =

The average sound pressure p; in the partl is expressed as follows.

1 [l ApwLl?
p= g [ pletds = G e (519)

The relationship between p;, and impedance Z 4, is expressed as following.
Po = jwZaroe’" (5.20)

Since pp, in Eq. (5.19) is equal to that in Eq. (5.20), Zay, is derived as

_ 4pL?

Zar = B (5.21)

Fig. 5.29 shows the numerically calculation result based on Eq. (5.21) about the ratio of
Z a1 and pe. The value of the contour on the graph logio (Zar/pc) = 0 means that Z,p, is
equal to pc. For instance, when L, = 25 um and D = 5 um, 50 % of energy is consumed in

this part. The smaller ratio value is desirable in order to achieve high efficiency.
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Figure 5.29: Numerically calculation result about the ratio of pc and Za; when p =
1.8x107° Pa-s.

Then, the author describes Z;. Z; is expressed as follows[51].

Z
t e

(5.22)

where D; [m] is the backplate thickness and h,[m] is the perforation size. Fig. 5.30 shows
the numerically calculation result about the ratio of Z; and pc based on Eq. (5.22). The
value of the contour on the graph logio (Z:/pc) = 0 means that Z; is equal to pe. This value
have same means as in the case of Z 4, that is, the smaller ratio value is desirable in order

to achieve high efficiency.

The author considered the electrode dimensions from the aspect of energy efficiency. In-
creasing the ratio of perforations on the backplate contributes to generating ultrasound with
high efficiency, while the ESF decreases. The diaphragm displacement in the direction of the
backplate electrode is determined by the ESF magnitude and the restoring force of the the
diaphragm. Therefore, the author considered the diaphragm length L,, which can cause the

desired average displacement by the ESF generated with the above electrode dimensions.
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Figure 5.30: Numerically calculation result about the ratio of pc and Z; when pu = 1.8x1075
Pa-s.

when voltage V7 [V] is applied to the structure of Fig. 5.27, the ESF F, [N/m] generated

between the diaphragm and the perforated electrode is expressed as follows.

1 (V\® 2L,
Fe——E <5> m[xm (523)

Assuming F, acts in the center of the diaphragm, the average displacement of the diaphragm

& [m] is expressed as

_ F.L3
- 24
£ Somh (5.24)

where F [Pa] is Young’s modulus of the diaphragm, h [m] is the diaphragm thickness. From
Eq. (5.23) and Eq. (5.24), L,, is obtained as

2FEER3

2B
2 (5) mtm

L = 4 (5.25)
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Figure 5.31: Numerically calculation result about the diaphragm length against the back-
plate electrode dimension.

Fig. 5.2.2 shows the numerically calculation result about the diaphragm length L,, assuming
that V; = 100V, E = 4GPa, h = 4um, D = 10 um, £ = 5 um. From this figure, L,, needs
about 1000 pum when L. = 25 um, h,, = 80 pum to obtain ¢ = 5um. Eq. 5.25 shows that
L,, is proportional to the 1/4 power of ESF. Thus, L,, can be shorter than 1000 um when
higher voltage is applied to the structure with the same dimension above. For example,

when applying 300V, L,, is about 600 pm.

Next, the author considers the force required to lift the air when after the diaphragm de-
formed in the direction of the backplate electrode and the ESF disappeared. In the case of
applying the tension to the diaphragm, the tension magnitude contributes to the displace-
ment of the diaphragm and the frequency response. Note that the flexural rigidity of the

diaphragm is ignorable compared to the tension.

Fig. 5.32 shows the model assuming that the center of the diaphragm deformed by &qz [m].
The diaphragm size is L,,[m] x W[m]. Here consider the case of generating py [Pa] by lifting
the diaphragm in this state with the tension T' [N]. The force required for the diaphragm to

lift the air F,;. [N] is expressed as

Fair - WmeO (526)
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Figure 5.32: Mechanical model of the diagram with tension when the center of the diaphragm
is displaced by &az-

The vertical force of the tension T, [N] is expressed as follows when assuming &4, < L.

4T€maw
Ly,

T, =2Tsinf ~ 2T tan = (5.27)

When the tension lifts the air and generates pg, Fyir = T,,. From Eq. (5.26) and Eq. (5.27),

the tension per unit length is expressed as

T  polZ

W 4€mas

(5.28)

The tension value obtained from Eq. (5.28) is the minimum required force to generate po.
For example, in the case of L,, = 900 ym, &4 = 10 um, pp = 1kPa, T/w = 25N/m is
needed at least. In addition, the diaphragm movement after discharging the electric charge
depends only on the tension. This means that the tension amplitude contributes to the

diaphragm displacement.

5.2.3 Mechanical design

The author describes a mechanical design for the actual fabrication. The proposed structure
for fabrication consists of four layers as shown in Fig. 5.33. The top layer is the diaphragm,
which is the aluminum-evaporated PPS film (Torelina, TORAY INDUSTRIES, INC.) whose
thickness h = 4 um and Young’s modulus is £ = 4 GPa. The other layers is fabricated by
etching SUS304 (Young’s modulus £ = 193GPa). PartA is a frame that supports the
diaphragm and determines the initial gap D between the diaphragm and the backplate

electrode. In the paper, D is 10 um. PartB is the backplate electrode with perforations.
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Figure 5.33: Structure for actual fabrication. The perforations in the PartB are omitted.

Figure 5.34: Physics model equivalent to the case where an external force F' is applied to
the structure where the diaphragm, PartA, and PartB are bonded.

PartC' is a frame that supports the other parts and its size is same as the PartA. In this
paper, the thickness of the PartC' is 300 um. The diaphragm, PartA, PartB are bonded.
The element structure is realized by placing the bonded structure on PartC. The tension

applied to the diaphragm is achieved by pulling the bonded structure.

Each part of the dimensions was designed to satisfy following three conditions. The first is
applying the uniform tension to the the diaphragm. The second is reducing the energy loss
in the structure as the author described above. The third is the diaphragm length to be

able to pull in the direction of the bacplate electrode as the author described above.

Here, the author describes the first condition. Fig. 5.34 shows the model equivalent to the
case when an external force is applied to the bonded structure consisted of the diaphragm,
PartA, PartB. Where k,,,, ka, and kp [N/m] are spring constant of the diaphragm, PartA,
and PartB respectively, F' [N] is the external force applied to the bonded structure, Al [m]
is strain length of the structure, T, F4, and Fp [N] is the restoring force at each part. At

this time, the following relational expression holds.

F=T+Fs+Fp=(kn+ka+kp)Al (5.29)
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Assuming that ka=ak,,, kg=8km, Eq. (5.29) is expressed as

F=(01+a+p8)knAl (5.30)

The ration of tension applied to the diaphragm T and the external force F' is expressed as

(14 a+ B) knAl
kmAl

gz —lta+p (5.31)
Thus, in order to apply T to the diaphragm, the external force F' needs to be (1 + a + f3)
times its force. The most desirable case is that the external force F' directly becomes the
tension T to the diaphragm, that is, a, 8 < 1. Since the Young’s modulus of SUS304 is
about 50 times that of PPS film, the above specification is considered to be difficult. Thus,
the author aimed to design the spring constant of PartA, PartB for the same order as that
of the diaphragm. In addition, PartB needs bending rigidity in order not to move when the

ESF is applied to it.

The author decided the dimension of each part to satisfy by simulations. Fig. ** Fig. **
and Fig. ** show the decided dimensions of each part respectively. The author used ANSYS
19.1 (ANSYS, Inc.) for the simulation. First, the author describes the spring constant of
PartA, PartB. Here, the author introduces ”square-shaped spring constant” to compare
the spring constant of each part. Assuming that the size of each structure is | x w, the
square-shaped spring constant k4|square and kp|square [IN/m] of each part can be obtained

as follows.

F
kA|squarea kB|square - E; (532)

where Al is the average strain in the tensile direction. The Square-shaped spring constant

of the diaphragm k;,|square [N/m] is expressed as
km|square = hE (5.33)

Since the h = 4 um and the Young’s modulus E = 4 GPa, ky,|square is 1.6 x10* N /m.
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Fig. 5.38 and 5.39 show the shape and size of PartA and PartB used for the simulation
respectively. The simulations for both parts were performed by fixing one endpoint and
applying 1N on the side surface. Fig. 5.40 and Fig. 5.41 show the result of PartA and
PartB respectively. At this time, the average strain Al in the tensile direction of each part
was 3.1551 x107%m and 4.7378 x10~°m. From Eq. (5.32), ka = 0.83x10*N/m , kp =
1.212 x10*N/m are obtained. Thus, external force F' = 4.47xT [N] is needed in order to

apply T [N] to the diaphragm.

Fig. 5.42 shows the simulation result about the flexural rigidity of PartB. The conditions
were that the two side surfaces was fixed and the lower surface was applied 1471 Pa. The
value of 1471 Pa is the pressure actually applied to the diaphragm when applied voltage is
300 V and the initial distance between the diaphragm and the backplate electrode is 10 pm.
The average displacement was 5.6972 x10~2 at the result. These values can be neglected
compared to D = 10 pum. From the above results, the author judged that the shape and the

size of Fig. 5.35, and Fig. 5.35 are useful.

L==0.9 mm

Thickness 0.0lmm
w=0.1 mm

2mm
03 mm]

Perforations 10mm

45° [

‘ 10.5mm

Figure 5.35: Dimension and shape of PartA.
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Figure 5.36: Dimension and shape of PartB.
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Figure 5.37: Dimension and shape of PartC'.
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Figure 5.38: Shape and size of PartA for a simulation.
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Figure 5.39: Shape and size of PartB for a simulation.
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Figure 5.40: Simulation result of the strain under the conditions in Fig. (5.38). The average
strain Al in the tensile direction was 3.1151 x 1075 m.
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Figure 5.41: Simulation result of the strain under the conditions in Fig. (5.39). The average
strain Al in the tensile direction was 4.7378 x107° m.
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Figure 5.42: Simulation result of the flexural rigidity in Fig. (5.39).

5.2.4 Experimental results

This subsection will describe experiments divided into two types roughly. The one is the
experiment using the fabricated structure by laminating a diaphragm on the stainless-steel
structure composed of part A, B and C via an adhesive. The other is an experiment using the
fabricated structured by directly laminating the diaphragm on the stainless-steel structure

without using adhesive. The same stainless-steel structure was used in both experiments.

Fig. 5.43 shows the photograph of the stainless structure and Fig. 5.44 shows the enlarged
photograph taken with the microscope. This structure was made by crimping each structure
which has perforations made by etching (SHIN-EI SANGYO CO., LTD). The perforation
patterns in each part were identical with that described in the simulation. The thickness of

PartA, B, and C were set to 10 um, 20 um, 300 um respectively. The fabricated structure

Sound emitter

10.1mm

10.5mm

Figure 5.43: Photograph of stainless-steel structure composed of Part A, B, and C

was different in two points from that described in the simulation due to fabrication process

problems. The first different point is the shape of PartA and C' where is A’ in Fig. 5.43. In
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Figure 5.44: Enlarged photo of Fig. 5.43.

the simulation, the shape of Part A and C' was without the segment A’ so that uniform tension
was applied to the diaphragm when the integrated structure composed of the diaphragm
and the stainless-steel structure was applied external force. The second point is that the

stainless-steel structure was fabricated by adhering not only PartA and B but also Part C.

5.2.4.1 The case of diaphragm fixed to the stainless structure with adhesive

Fig. 5.45 shows the prototype transducer and its cross-section. The diaphragm, 4 um-
thick PPS film coated with nickel, was laminated on the stainless-steel structure via an
adhesive applied only in the longitudinal direction of stainless-steel PartA in Fig. 5.43. The
movable area of the diaphragm was set to 10.1mm x 10.5 mm. The peripheral area where
the diaphragm and stainless-steel structure are overlapped out of the vibration area was
covered by a 1mm-thick acrylic plate with a 10.1 mm x 10.5mm aperture so that sound
waves from unexpected areas do not affect the measurement. In addition, a 12.5 pm-thick
insulating film (Kapton 50EN, DU PONT-TORAY INDUSTRIES, INC.) was inserted in
the peripheral area to prevent unexpected discharge. For the base plate of the device, the

author used an acrylic plate.

The author conducted experiments using the prototype transducer with the setup shown
in Fig. 5.46. In the sound pressure measurement, the author used a standard microphone
(4138-A015, Bruel & Kjaer) with an amplifier (NEXUS Conditioning Amplifier, Bruel &

Kjaer) and obtained the numerical RMS value read visually on the oscilloscope. The micro-
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14 um
10 pm
20 pm

300 pm

Acrylic plate

Figure 5.45: (left): Photograph of the prototype transducer. (right): Cross-section of the
structure.

phone was set at 20 cm above the prototype transducer as shown in Fig. 5.46 to avoid the
interference with reflected sound from the environments. The author confirmed the reflected
sound is negligible by measuring the sound pressure fluctuations with the position shift of

the microphone around the original position.

The driving method described in Section 4.3 was realized by using the circuit as shown in
Fig. 5.46. The circuit switches the Pch/Nch MOSFET to apply the electric charge to 1/8
of the drive cycle T [s] and discharge the electric charge after T'/2 so that aimed voltage
was applied to the diaphragm in the initial state. In this experiment, the author aimed
to apply 100V to the diaphragm and set 100V at DC power supply (PD110-5AD, TEXIO
CORPORATION) in Fig. 5.46. The prototype device was driven from 20kHz to 100 kHz.

Fig. 5.47 shows the RMS sound pressure observed at 20 cm above the prototype. This sound
pressure is about one-hundredth of the desired sound pressure. The sound pressure can be
improved by increasing the applied voltage because the generated sound pressure increases
with the square of the applied voltage theoretically. However, from this experimental result,
even if 300V is applied, the desired sound pressure cannot be obtained with the prototype
in this experiment. One possible factor for this cause is the thickness of adhesive between
the diaphragm and stainless structure. The ESF applied to the diaphragm is determined by
the applied voltage and the distance D between the diaphragm and the backplate electrode

(PartB). It is desirable that the adhesive thickness is close to 0 ym to strengthen the ESF
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Figure 5.46: Experimental setup. (left): Microphone observes sound pressure at 20cm from

the device surface. (right): Measurement system of voltage applied to the transducer.
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under the condition that the applied voltage is constant. In the prototype, D is more than
10 pm due to the adhesive thickness, although the actual thickness is unknown. Thus, it
is considered that the ESF was smaller than the expected one, which leads the decrease
of generated sound pressure. Therefore, the author fabricated a transducer which is the
diaphragm laminated on a stainless steel structure without the adhesive and conducted
experiments using the transducer. The experiment details will be described next subsection,
and here the author considers the size of the diaphragm used in the following experiments
because there is a possibility that the diaphragm pulls in when the diaphragm is placed on

the stainless structure as the device in Fig. 5.45.

Fig. 5.48 shows the equivalent model of the above prototype transducer. C[F] is the
capacitance of the sound emitter part and C,[F] = NCy = const. is the capacitance of
the part out of the sound emitter part. Assuming that the initial distance between the
diaphragm and the backplate electrode is D [m] and its size is S [m?], C; is expressed as

S
Ct :EB

(5.34)
Let consider the ESF applied to diaphragm when V [V] is applied to only ¢ [s] for a very
short time and the electric charge Qo [C] is accumulated in those capacitors. Then Q) is

expressed as
Qo = (C¢ + Cp)V = const. (5.35)

The ESF generated by accumulated charge causes the diaphragm to approach the backplate
electrode from d [m] to d — Ad [m]. Assuming that the capacitance of the sound emitter
part changes from C; to C}[F] and the voltage across the capacitors has changed from V to

V' [V], the following equation is lead.

Qo = (C} + C,)V' = const. (5.36)
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V

0 o (== Cp,=/

Figure 5.48: Circuit model for the electric charge accumulated in the device in Fig. 5.45.

From Eq. (5.35) and Eq.(5.36),

Vi Ci+C
(Ci 4 Cp)V = (C{ + C,)V' = const. & v = o Oz (5.37)
Here, substitute C} = £S/(d — Ad) for 5.37,
c; d , D
o = © 0= p=apC: (5.38)
From Eq. (5.37) and Eq.(5.38),
Vi 1+N ,  (1+N)(d—-AD)
v o D—DAD+N<:>V o (1+N)D—NADV (5:39)

Let F be the ESF generated by accumulating electric charges only in the sound emitting
part, which is constant regardless of distance between the diaphragm and the backplate
electrode. Let F’ be the ESF generated in the diaphragm when the diaphragm moves Ad
while the electric charge is supplied with from C),. The relationship between F' and F” is as

follows.

F

F’ (( (1+N)D )2 (5.40)

“\(1+N)D-NAD
For example, when D=10 yum, AD = 5 um, N = 13 (the size of sound emitter part is 100 m?,
the size out of the sound emitter part is 1200 m? in the above prototype), F” is 3.48 F. Thus,

the pull-in phenomenon can occur when the part out of sound emitter part exists.



66 Chapter 5. Transducer design and results

5.2.4.2 The case of diaphragm not fixed to the stainless structure with adhesive

Platinum (30nm)

Aramid film I mm
4.4 nm
10 pm
20 um
300 pm
Acrylic plate

Figure 5.49: (left): Photograph of the prototype transducer without adhesive. (right):
Cross-section of the structure.

Fig. 5.49 shows the prototype transducer and its cross-section. The author used a 4.4 ym-
thick aramid film (Mictron, TORAY INDUSTRIES, INC.) deposited with 30 nm-thick plat-
inum for the diaphragm. The size of the diaphragm was placed to be the same size as the
size of the movable part, 10.1 mm x 10.5 mm, as shown in the Fig. 5.49 aiming at constant
charge accumulated in the diaphragm. After placing the diaphragm, the author inserted
an 12.5 pm-thick insulating film (Kapton 50EN, DU PONT-TORAY INDUSTRIES, INC.)
between the diaphragm and the stainless steel structure in order not to prevent discharge.
In addition, the author put a 1 mm-thick acrylic plate with a 10.1 mm x 10.5 mm aperture
on the prototype transducer so that sound waves from unexpected areas do not affect the

measurement as previously mentioned.

The experimental setup and the driving method were same as Fig. 5.47 except for the
regulated DC power supply. In this experiment, the author used the regulated DC power
supply (PWR801H, KIKUSUI ELECTRONICS CORP.). Here, the author describes two
kinds of experiments conducted under two conditions of the diaphragm with/without the
tension. The author fabricated the transducer twice for each condition. Note that the

tension applied to the diaphragm is not quantified due to hand sticking.

First, the author investigated the influence of the tension to frequency characteristics. The
experiments were conducted twice under both conditions. The author aimed to apply 100 V

to the diaphragm and set 100V at DC power supply. Fig. 5.50 shows the RMS sound
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Figure 5.50: Frequency characteristic of the prototype transducer of Fig. 5.49 when applied
voltage is shown in Fig. 5.51.

pressure observed at 20 cm above the prototype driven from 20 kHz to 100 kHz. This sound
pressure values were obtained by Fourier transformation. Fig. 5.51 shows the measured
RMS voltage applied to the prototype. Fig. 5.50 shows that the prototype transducer has
two peaks. One is 51 kHz and it is considered that the tension contributes to this frequency.

Another peak is around 86 kHz regardless of presence or absence of the applied tension.

Here, consider the resonance frequency by using a simple model consisted of only the stiffness
of the air layer with thickness D formed by PartC' and the mass of the diaphragm as shown
in Fig. 5.52. Z,, and Z41, in Fig. 5.52 are the acoustic impedance of the diaphragm and

the acoustic impedance of the air layer respectively and are expressed as follows.

Zm = Jwpmh

Zarce = —jpairccot(kD) (5.41)

Where h is the diaphragm thickness, p,, is diaphragm density, p.;- is air density, and « is

wavenumber. The frequency when these reactance components are equal is the resonance
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Figure 5.51: Applied voltage (RMS value) to drive prototype transducer of Fig. 5.49.
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Figure 5.52: Physics model to determine the resonant frequency. (left): Mechanical model.
(right): Equivalent circuit of the mechanical model.
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Figure 5.53: Numerically calculation result of resonant frequency obtained from Eq. (5.41).

frequency. Fig. 5.53 shows the numerically calculation result of each reactance components
in the condition of the above prototype. This result shows that the resonant frequency is
around 40 kHz. Therefore, the reason for resonant frequency around 86 kHz is not clear. It is

necessary to reveal the motion mechanism of the strucuture analytically and experimentally.

From Fig. 5.50, the desired sound pressure was likely to be obtained using the transducer in
this experiment as the applied voltage increases. Thus, the author investigated the relation-
ship between the applied voltage and the generated sound pressure. In this experiment, the
author used the second device (V2 in Fig. 5.50) above the experiment under both tension
conditions. The drive frequency were two peaks in each device in the above experiment, that
is, the frequency was 60 kHz and 88 kHz in the case of absence of the tension, and 51 kHz and
86 kHz in the case of presence of the tension. The experimental setup and driving method

were the same as the above experiment and the maximum applied voltage was 300 V.

Fig. 5.54 shows the RMS sound pressure observed at 20 cm above the each prototype. The
sound pressure value in Fig. 5.54 were obtained by Fourier transformation and the applied

voltage value is RMS value. Fig. 5.55 shows the RMS sound pressure at the each prototype
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surface calculated using Eq. 5.3. Note that the author adopted the value of a in Eq.5.3 is
the value when the circular area of radius a is equal to the area of 10.1 mm x 10.5 mm[52].
Fig. 5.56 is the average displacement of the diaphragm at each frequency calculated from

Eq. (3.3) assuming that the diaphragm vibrates uniformly.

Fig. 5.54 shows that maximum RMS sound pressure at 20 cm above the transducer (di-
aphragm with applied tension) was 31.2 Pa at 51 kHz when the applied voltage is maximum.
At this time, the acoustic power per square centimeter of the transducer is calculated as

37.7mW. This value meets the target specification of 24 mW /em?.

The generated sound pressure at 51 kHz increased with about the square of the applied
voltage as with the principle while the sound pressure at the other frequency did not increase
as same as at 51 kHz. In addition, Fig. 5.56 shows that the average displacement of the
diaphragm tends to become smaller as the driving frequency becomes higher. The reasons
for these phenomena is not clear and must be revealed analytically and experimentally. If
the reasons become clear, it will be able to fabricate high-frequency devices with higher

output than the existing one, for example, 80 kHz devices.

5.2.5 Conclusion

In this subsection section, the author described the structure substituting for that composed

of mesh electrode described in Section 5.1.

The author determined the perforaion size in backplate electrode by theoretical considera-
tion and simulation. The experiment using fabricated transducer shows that the proposed
transducer met the required specifications, however, the mechanism for emitting sound is
not obvious. In addition, the electro-acoustic energy conversion efficiency is also not obvi-
ous. Future works are to reveal these factors analytically and experimentally and fabricate

AUPA based on the proposed structure.



5.2. Perforated backplate electrode type device 71

35 —— | | |
= = 60kHz
a 30| |+ 88kHz
— | |-+ 51kHz
325' —a—86kHz
520"
wn
wn
015}
o
210} ’
3 &l e i
nn 5 x % TR B B N S

0% | | |
o0 100 150 200

Applied voltage V [V]
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Figure 5.55: Applied voltage RMS-amplitude V' contribution to the sound pressure on the
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Chapter 6

Conclusion

The goal of this research is to realize sheet shaped ultrasound phased array (AUPA) for
nonlinear acoustic application, especially for the tactile presentation. This thesis mainly
described acoustic transducers based on capacitive type to achieve the goal and showed the

feasibility to achieve the goal.

In chapter 1, the author described the current status of nonlinear acoustic applications, the
inevitability of sheet shaped AUPAs, and what kinds of new application developments are
expected by the sheet shaped AUPAs. Then, the author referred to the existing airborne
ultrasound transducer and revealed that the AUPAs for the above applications have not

been realized.

In chapter 2, the author described the principle of tactile presentation using the AUPAs and

clarified specifications required for development AUPAs.

In chapter 3, the author described the problems in intensity enhancement of sound pressure

with the capacitive type.
In chapter 4, the author outline to solve the problems described in Chapter 3.

In chapter 5, the author proposed two kinds of acoustic transducers based on the solutions

and evaluated fabricated the transducers in experiments.

One is the transducer using the metal mesh electrode. This type showed the effectiveness in
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a single element although the mechanism of generating sound is not clarified. In addition,
the author proposed and fabricated a compact and highly efficient drive circuit that can
be placed on the back of each element, and showed the effectiveness of the circuit. After
that, the author fabricated the phased array device using the above structure with the metal
mesh electrode and the circuit. The experiment with the prototype device revealed that the

reproducibility of the mechanical structure in each element was a problem.

The other is the transducer using the perforated backplate electrode. The shape of the elec-
trode was decided based on theoretical and analytical consideration. The experiment using
this transducer showed the effectiveness than that using the metal mesh electrode although
the mechanism of generating sound is not clarified. The mechanism of this transducer must
be revealed for two reasons. One reason is to prevent variations in the mechanical structure
of each element when arrayed. The other reason is that there is a possibility to fabricate

high-frequency AUPAs with higher output than the existing one, for example, 80 kHz.
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Appendix A

Appendix: A prototype that

triggered the research

This section describes the device with the parallel-plate structure, which can be fabricated
by laminating flexible materials. First, generated sound pressure and energy efficiency in
the structure are revealed by a physics model. Then, the evaluation of fabricated single

transducer and an phased array device are described.

A.1 Physics model

Fig. A.1 shows the model consisted of the diaphragm with radius a[m], and air layer thick-
ness with D[m]. The applied voltage between the diaphragm and the backplate electrode is
a superposition of DC voltage V; [V] and AC voltage amplitude V; [V]. Note that the me-
chanical oscillation is axial symmetry, the model is a parallel-plate electrically with uniform

charge in the diaphragm, and the fringing effect is ignorable.
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Figure A.1: Tllustration of target physics model.

A.1.1 Generated sound pressure with Basic Structure

First, the author describes the generated sound pressure. The relationship between the ESF
for operating the diaphragm P [N/m?], and the electric displacement £, [m] is expressed as

P
P=juwZ ot = —— Al
Jw 3 ol (A1)

where Z is the sum of the acoustic impedance of the air Z,(= pc)[(kg/m?)(m/s)] and
mechanical impedance of the target system Z,,[(kg/m?)(m/s)]. The relationship between F

and the accumulated electric charge is expressed as follows.

p__ (Qo + %122 -QF _ @ +22€Q0Q1 (A2)

where Qo [C/m?] is offset charge by Vg, Q1 [C/m?] is the varied charge by Vi, and ¢[F/m]
is the air permittivity. The relationship between the voltage applied to the structure, the

accumulated electric charge, and the electrode distance is expressed as follows.

D+¢&

Ww+W = (Qo + Q1) (A.3)

From Vh = DQg/e and Eq. (A.3), V; is expressed as

Vi=2(DQi +6Q0 +£Q1) (A)
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Eq. (A.1) and Eq. (A.2), the relationship between the diaphragm displacement £, and the
electric charge @, @1 as following.

€ = -1 Q1 +2Qo

= A.
jweZ 2e @1 (A-5)

Eq. (A.4) and Eq. (A.5) lead the relationship between the V; and the electric charge

including Qg and @, as following.

Vi = Q1 {D+ ]*1 (@1 + 2Q0)(Qo +Q1)} (A.6)

€ jwZ 2e

Eq. (A.5) and Eq. (A.6) lead the relation equation between the V; and . as follows.

6 — —1 Q1 +2Q Vi
jweZ 2 {D + ]:;712 (2Q0+Q12)E(Q0+Q1)}
2
_ Qo + Q1 Vi (A7)

wZ { (Q0+Q2§QZQ0+Q1) _ jQD}

The generated sound pressure py is obtained from Eq. (A.1) and Eq. (A.7), and is expressed
as

Za J(2Qo + Q1)
A ((Q0+Q1)(2Q0+Q1) —jQD)

weZ

Vi (A.8)

p = jwleZ,=

At the same time, current I [A/m?] flowing to the diaphragm is expressed as

I = jw@
— 2Q0 + Q1 i
w7 { (Q0+Q3£2ZQ0+Q1) _ ]QD}
= 2ew 4 (A.9)

wZ { (Q0+Q13£2ZQ0+Q1) _ j2D}

Therefore, the electrical impedance Z. is expressed as

I 2uwe

weZ
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From Eq. (A.8), it is needed that the electro-acoustic energy conversion efficiency Z,/Z is

heightened in order to increase the generated sound pressure.

A.1.2 Electro-Acoustic Energy Conversion Efficiency

In this section, let obtain the electro-acoustic energy conversion efficiency Z,/Z in Eq. (A.8),
that is, obtain the mechanical impedance Z,,. Note that consider only the viscosity of the

air layer and loss due to the heat conduction.

The equation of forced oscillation of the diaphragm and air layer are respectively given as

follows[53].
(V2= 7A%) m =22 - #ej‘“t (A.11)
{v-2r@bn--3ree, (A12)

The boundary conditions at r = a as follows

gm =0
% Y (A.13)
or

where A = jw, w [rad/s] is angular frequency, o [kg/m?] is the surface density of the di-
aphragm, T' [N/m] is the tension to the diaphragm, & [kg/(m -s?)] is the bulk modulus of
the air, P(r)[N/m)] is driving force, &,,[m] is the mechanical displacement of the diaphragm,
and py, [Pa] is the pressure in the air layer when the diaphragm vibrates. V2, 38, T'(3) is

expressed as follows

? 11
2 —_—— —_——
Vie S+ (A.14)
12 3 ginh
r(s) = 2 o sioh f (A.15)

rz 12(2 — 2 cosh 8 + B sinh 3)
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B=D,| = (A.16)

where (3 is the ratio of the mass effect and viscous effect in air layer, I (5) is the braking
action of the air layer. Now, let consider only the stationary component as the forced

vibration solution. Let each solution of &,,, py be as follows

&n =Y _ BmJo (amy) e (A.17)

Py = Z D, Jo (any) eM (A.18)

= r

where y = =, a;, is 0-th order root of the bessel function of the first kind, and «, is 1-th
order root of the bessel function of the first kind. Let expand distribution of F (1) be as

follows

F(r) =Y AnJo(amy) (A.19)

When the driving force uniformly acts on the diaphragm, the expansion coefficient A,, is

given as

2F

Ap = ——s
amjl (am)

(A.20)

Of the various modal partial vibrations occur in the system, let pay attention only to the
fundamental mode vibration component corresponding to m = n = 1. Based on the above,

organization of Eq. (A.11) and Eq. (A.12) leads respectively as follows

2 g
(_a:zl - T>\2> BiJo(amiy) = %Dle(anly) - %A1Jo(am1y) (A.21)
2
(CZS - 2 (ﬁ)) DiJo(any) = —%F(B)BlJo(amly) (A.22)
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Applying the coefficient B; and D; obtaining from Eq. (A.21) and Eq. (A.22) to the Eq.
(A.17) and Eq. (A.18) leads each solution as follows

- [ea 12 (5))
m = (Tazlzlz +(,Az) {a;—;z+£(ﬂ)}+%(5)

A1 Jo(amry)e (A.23)

Y
Py = 3 D (;8) A1J0(am1y)€)\t (A.24)
(T—“;é + o/\2) {—”‘g& +2 (ﬁ)} +5(8)

Assuming that the air layer thickness is sufficiently thin and |f—;| << 1, T'(B) can be ap-

roximated to 224, Therefore, the velocity distribution f;n is given as follows
p D

. 1
fm = 1 AlJo(amly)e)‘t (A25)
)\701 + MlA + ACI‘F%
Note that
a2
C =
' Tam12
M1 =0
D (A.26)
Cc1 = —
K
12pa2
r = —-
! Oén12D3
From the above, the mechanical impedance Z,, is expressed as
F(r) 1 1
Ip=—"= — + My + —— = + Z A27
" gm ACh ! Act + % e e ( )
Note that 1
Lt = —— + M
of \C; + 1
1 (A.28)
Zma =3 . 1
)\Cl + H

Fig. A.2 shows the equivalent circuit of the element. In order to generate ultrasound with
high efficiency, Z,, — 0 is desirable. where Z,, is the impedance determined by the state

of the diaphragm, which depends on the film to be used and the tension applied to it. The
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Figure A.2: Equivalent circuit model for the physics model of Fig. A.1.

tension T required for the diaphragm at resonance is given as follows

2 2
T=o0 <wa) =0 <27rfa> (A.29)
Am1 Am1

Zma s the impedance value determined by the state of the air layer, which is composed of
resistance component due to the air viscosity and the air stiffness. The resistance component
due to the air viscosity can be closed to 0 by adjusting a and D. The energy loss due to the
thermal conduction is determined by the bulk modulus s constituting of the air stiffness.
k relates to the speed of volume change of the gas and an exothermic phenomenon occurs
when the gas is compressed. The bulk modulus of the air x which is trapped in the thin air

layer is given as

1
K= vlq R — (A.30)
’ 1+ ’YXI Zx+:7x
Note that,
D [jwy
= —4/— A.31
X=514", (A.31)

where ~y is the ratio of the specific heat at the constant pressure to the specific heat at
the constant volume, v[m?/s] is the thermometric conductivity. Since imaginary part in
Eq. (A.30)means the energy loss due to thermal conduction, D is decided in order to the

imaginary part.
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A.1.3 Numerical Calculation

In order to determine actual fabricating conditions, the author conducted a numerical cal-
culation based on the theoretical formula under the conditions shown in Table A.1. The
resonant frequency was from 40kHz to 100kHz in the step of 10 kHz. Assuming that the
diaphragm was 5 nm of gold-sputtered 12 pym-thick aramid film and had a radius of 3.2 mm,
which was used for actual fabrication. In addition, the tension T" was assumed to be applied

with tension determined by Eq. (A.29) at each frequency.

Fig. A.3 and Fig. A.4 show the energy conversion efficiency and the energy loss by heat

conduction respectively. From these results, the air layer thickness was decided to 100 pum.

Table A.1: Conditions of each parameter used for numerical calculation

Aramid film density [kg/m?] 1.5 x 103
Surface density of diaphragm [kg/m?] 18 x 103
Density of gold [kg/m?] 19.3x 103
Surface density of gold [kg/m?] 96.5x 10 —°
Radius of diaphragm a [m] 3.2x 10 =3
Oth order root of bessel function of the first kind a1 2.405
1th order root of bessel function of the first kind a1 3.8317
Air temperature [ °C| 20

Air density p [kg/m?] 1.204
Thermal conductivity of air v [m?/s] 21.24
Viscosity coefficient of air p [kg/ (m - s)] 18.23x 10 ~©
Ratio of specific heat at constant pressure to that at constant volume -~y 1.3986
Atmospheric pressure p, [pa] 101.3x 10 3
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Figure A.3: Numerical calculation result about the loss by heat conduction against the air
layer thickness D
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Figure A.4: Numerical calculation result about the loss by heat conduction against the air
layer thickness D
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Figure A.5: Photograph of the fabricated transducer.

A.2 Evaluation of Single Element

Fig. A.5 shows the actual appearance of fabricated single element. The diaphragm was
5nm of gold-sputtered 12 pm-thick aramid film (Mictron, TORAY INDUSTRIES, INC.).
The film was applied tension in the range where the film does not tear. The thickness
of the air layer between the diaphragm and the substrate was 100 yum and the diameter
of the movable part was 6.4mm. The author investigated the frequency characteristic by
measuring sound pressure. The author used a standard microphone (4138-A015, Bruel &
Kjaer) with an amplifier (NEXUS Conditioning Amplifier, Bruel & Kjaer) and obtained
the numerical RMS value visually read on the oscilloscope ( TDS 2001C, Tektronix Inc.).
The microphone was hung at 10 cm above the prototype transducer. Fig. A.6 shows the
experimental result about the frequency characteristic when Vy = 420V, V= 20V was
applied. The results suggests that the resonant frequency of the prototype was around
40kHz. Fig. A.7 shows the numerical calculation result of the frequency characteristic
based on theoretical equation when the resonant frequency was 40kHz under the same
conditions in the experiment. Thus, the experimental results similar to that of the theory in
the spectral waveform were obtained. However, the observed value was about 1/10 smaller
than the simulation value, even considering the energy diffusion by the spherical wave. This

cause was due to the filter setting of the amplifier connected to the microphone.
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Figure A.7: Numerical calculation result of frequency characteristics based on Eq. (A.8)
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A.3 Prototype phased array device with parallel-plate

structure

From the section A.2, it was found that an single element can be fabricated by laminating
flexible materials. Then, the author confirmed whether the proposed method can realize a
phased array device. As a prototype, we fabricated an 8x8 phased array integrated with
electrical circuit driving each element. Note that the diaphragm was not applied tension to

vibrate at the intended frequency.

Fig. A.8 shows the actual appearance of the prototype and Fig. A.9 shows a cross-section of
the device. The diaphragm is commonly supplied with DC voltage V) and emits ultrasound
into the air is driven by the ESF generated by AC voltage V; (< V;) applied between the
top and the bottom substrate. The device thickness is 1.3 mm including the following three
parts: a stainless-steel frame, a vibrating membrane, and a substrate. These parts are fixed
with 100-pm-thick adhesive sheets (Nitoms, Inc., T284). The vibrating diaphragm is a gold-
sputtered 12.5-pm-thick polyimide film (DU PONT-TORAY CO., LTD., Kapton). The air
layer thickness D is 100 pm. To individually control each element, separate square conductor
patches are formed on the upper side of the substrate. The size of each patch is 1 cmx1 cm,
and electrode interval is 0.6 mm as shown in Fig. A.10. FEach driver circuit to generate AC
voltage of amplitude V; is directly implemented on the lower side of the substrate at each
corresponding transducer patch as shown in Fig. A.10. Fig. A.11 shows the composition
of driver circuit for single element. V; is generated by switching Nch MOSFET. The input
signal to the gate of MOSFET generated in MCU, which determines the phase difference
¢n in Fig. A.9. By shifting phase ¢ of each element, the device creates a focal point in
the air. The program to send the input signal is written in MCUs in advance and driving is

started by an external trigger as shown in Fig. A.12.

The author measured sound pressure distribution to observe a focal point of ultrasound.
The center of the device was the measurement system origin O («, y, z) = (0, 0, 0mm). We
measured two-dimensional (2-y plane) sound pressure distribution 50 mm above the device

using a microphone (4138-A015, Bruel & Kjaer) when the prototype device was driven to
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Figure A.9: A cross-sectional diagram of the 8 8 phased array prototype. The variables w,
t, N, ¢ respectively mean frequency, time, the number of elements and phase difference.

make a focus at a point (z, y, z) = (0, 0, 50mm). In the 64-element array, we used 53
elements excluding 11 defected elements that did not generate detectable ultrasound in a
preliminary inspection experiment as shown in Fig. A.14. The applied voltage Vj and V3

were —400V and 5V respectively, and drive frequency was 40 kHz.

Fig. A.15 shows the experimental result. The sound pressure was maximized at the intended
focal point, (x, y) = (0, Omm), and was 2.6 Pa. Some unexpected sidelobes were also
generated. The reason for these sidelobes would be the absence of some waves that would
deconstructively interfere with the lobes, due to the defected elements. To generate sound
pressure as same as the existing AUTD, about 120,000 elements will be required under the

same drive conditions as the above experiment.
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Figure A.10: Photograph of substrate for the prototype device. The left is upper side of the
substrate and the right is lower side of the substrate.

AV
R=1kQ§
on
R, =330 Q
JUL o Aan ”_’_
777

Figure A.11: The drive circuit configuration of each element.
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Figure A.12: The flowchart to drive each transducer.

Figure A.13: Experimental setup for measuring sound distribution.
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Figure A.15: Measured sound pressure distribution at z =50 mm, when the device was driven
to generate a focus at (z, y, z) = (0, 0, 50 mm).
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