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ABSTRACT

Recently, ultrasound enhanced transdermal drug delivery technology
(sonophoresis) has received increasing attention. Sonophoresis devices developed with
various types of transducers have been patented, such as the horn-type and disk-type
devices. However, the major drawbacks in drug delivery are the large physical size and
weight of the conventional ultrasound transducer devices which render them to be
impractical and the high electrical power requirement which is associated with

mechanical fracture and fatigue, heat generation and depolarization to drive the device.

On the other hand, ultrasound provides a good method for an externally controlled
system, in which release rate of encapsulated drug can be changed by applying external
ultrasound energy. Much of the work has been conducted using sonicators, water-bath
sonicators or commercially available transducers. The operating ultrasound frequency is
in the range of 20 kHz to 1.6 MHz and the sound intensities vary between 2.5 to 200
W/em®. In general, the stronger the ultrasound is, the greater the possibility that the
polymer membrane may be damaged by cavitations. Thus, the recovery of the
permeability of the sonicated polymer membrane is crucial for its membrane-controlled
release application. Also, acoustic waves of high intensity are capable of rupturing blood
vessels or cells as a result of the formation and oscillation of cavities when using
ultrasound to trigger the implanted polymeric devices. It is precisely these cavitation
bubbles that are responsible for hemolysis and hemorrhage. Therefore, it is necessary to
study the effect of ultrasound irradiation on the permeability of the polymer membrane at

relatively low ultrasound frequency and intensity with regards to the bio-safety issues.
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In this research, two new prototype devices, namely ‘A’ and ‘B’, were developed
based on flat flextensional ultrasound transducers. Device ‘A’ that has a single flat
flextensional transducer was designed to verify the feasibility of such a transducer for the
drug delivery applications. Device ‘B’ which has dual flat flextensional transducers
(named Transducer ‘1 and Transducer ‘2') was developed based on the acoustic
interference principle in order to generate more acoustic power with lower input electrical
power. The physical characteristics especially the first resonance frequency and its
corresponding output acoustic intensity were studied based on the requirement of the
ultrasound enhanced drug delivery. The drug delivery performances of both the devices
were investigated. All the drug delivery experiments were conducted with silicone rubber

membrane at low ultrasound frequency and low intensity.

The maximum spatial peak-temporal-peak intensity produced by a single flat
flextensional transducer in device ‘A’ is found to be comparable to that achieved using a
commercial sonicator. When dual transducers in device ‘B’ were operated simultaneously
at low input electrical power (of 80 V), the output acoustic intensity has almost the same
value as that generated by a single transducer in the same device operated at high
electrical power (of 160 V). It is found that device ' B 'has the capability to reduce the

applied voltage by twofold.

For the device ‘A’ the enhanced permeability of “ silicone rubber membrane was
2.81+0.73-fold higher when exposed to low intensity (41.13 mW/cm?) and low ultrasound

frequency (17.47 kHz) as compared with that of the unexposed membrane. The

cumulative amount of the drug diffused through the sonicated silicone membrane is about
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3.9% to 34.1% higher than that through the non-irradiated membrane. It is clearly shown

that the permeability of the sonicated silicone membrane recovered partially.

For the device ‘B’, at high input electrical power (of 160 V), the enhanced
transport rate is up to 2.11-fold and 2.52-fold achieved by Transducer ‘1’ and Transducer
‘2’ respectively. However, when both transducers in device ‘B’ were operated
simultaneously at low input electrical power (of 80 V), the transport rate increased up to
2.77-fold. Once again, it demonstrated that dual transducers have the capability to
generate more acoustic intensity to efficiently enhance the permeability of the silicone
rubber membrane and to simultaneously reduce the required electrical power twofold for
each transducer in device ‘B’. It also manifested that the prototype device ‘B’ with dual
flat flextensional transducers has the potential to be used as a low power consumption
drug delivery device. In conclusion, all the experimental results and features of the
prototype devices‘A’ and ‘B’ show that they are practical ultrasonic devices to be used

for the ultrasound enhanced drug delivery.
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CHAPTER 1: INTRODUCTION

CHAPTER ONE
INTRODUCTION

1.1 Background

Transdermal drug delivery technology has gone mainstream. Doctors around the
world are calling transdermal drug delivery “the delivery system of the future” [1].
Studies have shown that when the drugs are administered orally, only 5% of them could
be introduced to the places where the drugs are needed, most of them are damaged by the
liver, stomach and digestive system (Figure 1.1). In contrast, 95% of administered drugs
could be absorbed and utilized by human body using transdermal drug delivery method,
which offers several advantages over traditional delivery methods including injection and
oral delivery. Compared with oral delivery, transdermal drug delivery avoids
gastrointestinal drug metabolism, reduces first-pass effects and provides sustained release

of drugs for up to seven days [2].
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Figure 1.1 Drug absorption and utilization of transdermal delivery versus oral delivery

[1].
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Although transdermal drug delivery technology is the ideal method, the
impermeability of the skin adds enormous barriers to this technology. Basically, there are
two types of transdermal delivery systems: passive and active. The passive delivery
systems date back to World War 11, when munitions workers experienced less angina
attacks while working with nitroglycerin. Table 1.1 lists the important milestones of

passive transdermal drug delivery systems [3].

Table 1.1. Important milestones of the passive transdermal drug delivery systems [3].

Time Products Distributors
l08] First transdermal patch. Transderm- | Developed by Alza Corp.,

Scop for scopolamine Marketed by Ciba-Geigy
1982 Nitro-Dur, Nitro _disc Key, Searle

L Boehringer Ingelheim, using
1985 Catapress-TTS for clonidine
Alza’s technology

Ciba

Estraderm for estradiol Nicotine ) )
Various companies
patches

| _ Janssen

| 1986-1994 | Duragestic for fentanyl

Alza Corp.
Tesoderm for testosterone
o Wyeth-Ayerst, Schwartz
i Deponit, Nitrocine
Pharma

o Nicotine patches approved for over-
the-counter sale

2001 FDA approves first skin patch -

Most of the “patch type” transdermal drug delivery systems consist of two dosing
systems, one controls the rate of drug delivery to the skin via a membrane and the other
uses the skin to control the absorption rate. The main disadvantages are that few drugs are
able to diffuse through the skin, and only relatively potent drugs can be utilized as a

transdermal drug delivery system with a low precision controlled-release rate. Although a
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transdermal patch is simple and portable, the passive variety finds difficulty in breaking
the skin barrier. Thus, it is necessary to employ enhancement technologies to
controllably, reversibly, and safely reduce the resistance of the skin[4]. Several methods
exist for transdermal drug delivery. These include chemical enhancers, iontophoresis,

electroporationand ultrasound [5-8].

Ultrasound enhanced transdermal drug delivery (also called sonophoresis) has
received increased attention in the last decade. Recent studies have shown that ultrasound
enhanced transdermal drug delivery offers promising potential for non-invasive drug
administration [9-11]. The precise mechanism of ultrasound enhanced transdermal drug
delivery by which the acoustic waves help to enhance permeability through the skin is not
fully understood. It is hypothesized that the acoustic waves cause microcavitation in the
drug medium and the skin itself, and this action helps the drug molecules to diffuse into
and through the skin. It is further hypothesized that the ordered lipid bilayers of the skin
maybe temporarily disrupted by the acoustic waves induced cavitation thus permitting
molecules to pass[12- 13]. With sonophoresis, significant enhanced transportation of
model drugs such as insulin has been verified by using commercial sonicators [9].
Developments of sonophoresis devices, with varying types of transducers, have been
patented. Some of the patents and medical prototypes of the conventional sonophoresis

systems are listed in chronological order in Table 1.2.
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Table 1.2.US patents and prototype products of active sonophoresis delivery systems.

Year Patent number Title or prototype name Company
— Disposable piezoelectric polymer
bandage for percutancous delivery | University of
[14] US 4,787,888 )
of drugs and methods for such Connecticut
pertaneous delivery (A)
1993 Method and apparatus for Summit
US 5,230,334 ) ) _
[15] generating localized heperthermia | Technology Inc.
Endodermic
1995 Ultrasonic transdermal drug Medical
US 5,421,816 . '
[16] delivery system Technologies
Company
Ultrasonic method and apparatus .
1997 ) Sonex International
US 5,618,275 | for cosmetic and dermatological ]
[17] Corperation
applications
1999 Transdermal transport using Abbott
US 5,895,263 )
[18] ultrasound standing eaves Laboratories
2000 Apparatus and method for )
US 6,024,717 ) . Vibrx, Inc.
[19] sonically enhanced drug delivery
2001 US 6,234,990 | Ultrasound enhancement of Sontra Medical,
[20] Bl transdermal transport Inc.
2003 N U-Stip™ Encapsulation
[21] Systems Inc.
2004 SonoPrep® Skin Permeation
--- Sontra Medical, Inc.
[22] Device

1.2 Statement of the Problems

The conventional sonophoresis devices are divided into two groups. Some
sonophoresis devices are constructed of a converter and a horn section. The converter is

made up of a stack of piezoelectric disk designed to vibrate in the axial direction. This so-
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called ‘horn type’ of sonophoresis device, although potentially quite efficient at
producing permeation enhancement, is normally around 200 mm in length and weighs as
much as one kilogram. In addition, in most of the drug delivery application a transducer
has to operate around its fundamental resonance frequency in order to provide sufficient
acoustic power. However, its size is inversely proportional to the working frequency.
Thus the major drawback in drug delivery is the large size and weight of the conventional
ultrasound transducer devices. These bulky devices would not be desirable as they are
unsuitable for portable or wearable drug delivery devices. Other sonophoresis devices do
not have a converter and a horn section. They consist of one or a small number of
piezoelectric disk layers, which vibrate in the axial mode. Although these ‘disk type’
devices are relatively small and lightweight, they are generally not operated at the
fundamental resonance frequency and this gives rise to very low efficiency. Since the size
is small as compared with the wavelength in water around the resonance, the transfer of
radiated acoustic power from surface of the transducer to the water is inefficient. This
poor radiation characteristic often implies the need for high electrical power to excite the
device, which is associated with mechanical fracture and fatigue, heat generation and
depolarization [23]. The conventional sonophoresis devices’ use of high electrical power

gives rise to yet another problem associated with electrical safety.

But ultrasound provides a good method for externally controlled system, in which
the release rate of the encapsulated drug can be changed by application of the ultrasound
energy externally. Previous research work [7] [24-26] has studied in-vitro and in-vivo,
both biodegradable and non-degradable polymers at ultrasound frequency of 20 kHz to
1.6 MHz and sound intensities of 2.5 to 200 W/cm®. It was shown that both the

degradation and the drug release rate of polymer were enhanced. It was assumed that
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cavitation is the major reason for the enhancement, which may cause enhanced
polymerization or depolymerization reactions by temporarily dispersing aggregates or
permanently breaking chemical bonds in polymer chain [27-28]. In general, the stronger
the ultrasound is, the greater the possibility that the polymer membrane may be damaged
by cavitation. However, the recovery of the permeability of the sonicated polymer
membrane is crucial for its membrane-controlled release application. Moreover, acoustic
waves of high intensity are capable of rupturing blood vessels or cells as a result of the
formation and oscillation of cavities when using ultrasound to trigger the implanted
polymeric devices. It was clearly indicated that these cavitation bubbles were responsible
for hemolysis [29-31] and hemorrhage [32]. In consideration of the bio-safety issues of
the ultrasound regulated responsive drug delivery system, it is necessary to study the
effect of ultrasound irradiation on the permeability of the polymer membrane at relatively

lower ultrasound frequencies and intensities.

1.3 Objectives

The main objective of this research is to develop a new ultrasound medical device
for drug delivery applications. It should have the capability to overcome or reduce the
limitations (as detailed on page 55) of conventional sonophoresis devices. This research
work is divided into two stages: 1) design and fabrication, and 2) investigation of the
physical and drug delivery characteristics of the device. Therefore, the objectives
corresponding to each stage are listed as follow:

1. To develop an ultrasonic drug delivery device with important considerations given
to structural simplicity and lightweight issue. Under these requirements, prototype

device ‘A’ with a single flat flextensional transducer was designed and fabricated.
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1.4

It is the first effort to use a flat flextensional transducer with piezoelectric ring for
ultrasound enhanced drug delivery application.

To develop an ultrasonic drug delivery device that could generate a high acoustic
power with a low input electrical power requirement. Based on the acoustic
interference principle, prototype device ‘B’ with dual flat flextensional
transducers was designed and fabricated.

To study the effects of material properties and dimensional changes on the
performance of the flat flextensional transducer using finite element analysis
(FEA) based on the fluid-structure interactions.

To investigate the physical characteristics of the devices ‘A’ and ‘B’. According
to the previous research [33],the enhancement exhibited a strong dependence on
the ultrasound intensity and the frequency. Therefore, in this experimental study,
these parameters were examed.

To conduct experimental work to investigate the potential of device ‘A’ used as an
external ultrasound source to trigger the responsive polymer drug delivery system
at a low ultrasound frequency and intensity.

To explore the capability of the device ‘B’ with dual transducers to increase the
output acoustic intensity and simultaneously reduce the required electrical power
during the drug delivery experiments. It is the first effort to use dual flat

flextensional transducers for ultrasound enhanced drug delivery applications.

The structure of the thesis

Chapter 1 outlines the background and objectives of this research work. The

background knowledge and conventional sonophoresis devices developed for ultrasound

enhanced drug delivery are described and reviewed in Chapter 2. This includes a
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disposable piezoelectric polymer bandage type device, a transdermal device with stimuli
components, a transdermal drug delivery device with a circulating system or a transfer
promoting system, a multiple frequency transdermal drug delivery device, a sonophoresis
device with controlled-release and recovery function, a transdermal device with a focused
ultrasound beam, a sonophoresis device with a magnetic floating mass transducer, and a
commercial prototype device namely SonoPrep® Skin Permeation Device. Background
knowledge about FEA, ultrasound technologies, controlled-release, transdermal drug
delivery technologies and ultrasound enhanced transdermal drug delivery technologies
are reviewed. The major limitations of conventional sonophoresis devices based on the

literature review are also presented in Chapter 2.

The typical structure of the flat flextensional transducer and its advantages over
traditional disc type transducer for underwater application are described. A new
ultrasonic device that could generate higher acoustic power with low power requirement
is put forward base on the acoustic interference principle. The mechanism of the acoustic

principle based on the structure of the new ultrasonic device is discussed in detail.

In Chapter 4, finite element method (FEM) was used to study the effects of
material properties and dimensional changes on the performance of the flat flextensional
transducer. The parametric study includes admittance, first resonance frequency, center
displacement of the vibration plate and output acoustic pressure. The simulation results
are compared with the experimental results. The FEA results in Chapter 4 provide a
general rule to choose different types and dimensions of the materials for the flat

flextensional transducer. The final structural dimensions of devices‘A’ and ‘B’ were
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obtained from the FEA results. The detailed fabrication procedure was described in the

last portion of Chapter 4.

The physical characteristics of devices ‘A’ and ‘B’ were investigated and
presented in Chapter 5. Two major parameters of the ultrasound enhanced drug delivery
were studied which included the first resonance frequency and the output acoustic

intensity of the devices ‘A’ and ‘B’.

In Chapter 6, experiments were performed to investigate the drug delivery
characteristics of the devices ‘A’ and ‘B’. All the drug delivery experiments were
conducted with the silicone rubber at relatively low acoustic power and low ultrasound
frequency (17.46 kHz and 26.83 kHz). Some of the parameters such as acoustic intensity,
ultrasound irradiation time and the reversibility of the silicone rubber were also examined
and discussed in Chapter 6. Finally in Chapter 7, a summary of the research is presented

along with conclusions and recommendations for further study.
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CHAPTER TWO
LITERATURE REVIEW

In this chapter, review of essential background and techniques is given to
establish some basic understanding. These include review of:
1) Finite element analysis
2) Ultrasound technology
3) Drug delivery
4) Transdermal drug delivery
5) Ultrasound enhanced transdermal drug delivery
A review of existing sonophoresis devices and their features for drug delivery are
discussed. These include:
1) Disposable piezoelectric polymer bandage type device
2) Active transdermal system with stimuli components
3) Transdermal drug delivery device with circular systems
4) Transdermal drug delivery device with transfer promoting system
5) Transdermal drug delivery device using motile frequencies
6) Sonophoresis device with controlled-release and recovery function
7) Sonophoresis device with focused ultrasound beam
8) Sonophoresis system with feedback phase-tracking loop
9) Standing wave type sonophoresis device
10) Sonophoresis device with floating mass transducers

11)Horn type sonophoresis device.

10
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2.1 Finite Element Analysis

With the advent of faster and more affordable computers, FEA is becoming an
increasingly powerful engineering tool. Its ability to solve exceedingly large
mathematical problems makes it ideal for analyzing structures that are too complex for
manual calculation. Several commercial packages are available which allow the engineer
to model many different cases including stress strain behavior, thermal transformation

and electrical effects [34].

Broadly speaking, the objective of FEA is to approximate the values of the
unknown of a differential equation with sufficient accuracy. In order to accomplish this,
an analysis is typically performed using the following steps. First, a FEA model
representative of the problem is created with defined quantities such as material
properties, loading conditions and boundary conditions. Second, the model is divided into
small regions called elements. Elements contain nodes in which values of unknown

quantities are calculated.

Once elements, loads and boundary conditions have been established, governing
equations describing the mass, momentum or energy are developed for each element [35].
There are usually differential or integral equations. From these, a set of approximation
functions incorporating the material properties using simple and solvable expressions are
derived. The precision and accuracy of the final solution is dependent on how fine the
elements are. Smaller elements are more accurate but this increases solution time

exponentially [36].

11
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There are several advantages of using FEA in conjunction with typical
experimental work. The computer models are capable of plotting a number of solution
outputs such as displacement, acoustic pressure, stress or strain in contour graphs, making
it much easier to visualize what is happening. This can lead to greater understanding of
the mechanics of the problem. It is much simpler and less expensive to generate several
computer models than to build several prototype parts, which makes modeling
economically attractive. Small changes can usually be made much more easily on a

virtual model than on a prototype [34].

Several commercial packages such as PZFLEX™, ATILA™ and ANSYS™ offer
electromechanical modeling capabilities. These packages allow the coupling of electrical
and mechanical boundary conditions, simulating piezoelectric materials [37]. With these
capabilities, researchers have been able to model many different aspects of transducer
design. Multi-layer transducers, composites, class IV and class V flextensional
transducers have all been studied using the same basic modeling elements and procedures

[38-46].

2.2 Ultrasound Technologies

The term ultrasound has acquired a wide rang of meanings, involving the field of
physics, industrial technology, information and measurement technology, medicine, and
biology [47]. It is a branch of acoustics that uses the acoustic bandwidth frequencies
above the audible limit. The upper frequency limit is being constantly increased and, at
present it shifts towards the region of hyper sound. The full spectrum is shown in Figure
2.1, where typical ranges for the phenomena of interests are indicated. The major reason

for studying ultrasound is because it has many applications, which cover chemistry,

12
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physics, engineering, biology, food industry, medicine, oceanography, seismology, and so
on. All these applications are almost based on two unique features of ultrasound waves
[47]:

1. Ultrasonic waves travel slowly, about 100,000 times slower than
electromagnetic waves. This provides a way to display information in time, and
create variable delay.

2. Ultrasonic waves can easily penetrate opaque materials, which could provide a
highly desirable way to probe and image the interior structure of opaque objects.

All these ultrasonic applications are rigidly classified as being of either low or high
intensity. At low intensity, ultrasound is used to investigate the properties of samples of
materials or as a method of control. In most cases, it is important that the material of
propagation does not suffer any permanent change in its structure and chemical
properties. Many low intensity applications are made at very high frequencies, typically
in the MHz range, and the acoustic powers involved may range from a few microwatts to
several tens of milliwatts. At high intensities, ultrasound is generally used for changing
the properties of the material through which it is passed. High intensity applications are
almost always at low frequencies, just above the audible limit, and the acoustic power
used may extend from a few milli watts to kilowatts.

< MEDICAL IMAGING -
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Figure 2.1. Common frequency ranges for various ultrasonic processes [47].
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2.2.1 Ultrasound Generation

An ultrasonic transducer is an instrument designed to generate the disturbance
from which the ultrasonic energy radiates. Therefore, any device capable of generating
ultrasound is an ultrasonic transducer with wider ranging applications. The device may be
a whistle, a piezoelectric plate, a magnetostrictive stack driving a piston, a diaphragm
driven electromagnetically, a siren, a laser beam, or any of various mechanical devices

such as rotating eccentrics [48].

2.2.1.1 Piezoelectric Method

There are a number of ways to generate ultrasound, but the most common is by
means of a piezoelectric transducer. Many books and articles have been written on the
principle of piezoelectricity and piezoelectric effects in various materials. According to
the definition by Mason [49], piezoelectricity is pressure electricity (in Greek, piezo
equates to pressure); a pressure applied along certain crystallographic axis produces
electrical charge on preferred crystallographic surfaces. So piezoelectricity or the
piezoelectric effect is a phenomenon that certain crystals change their physical
dimensions when subjected to an electric field and vice versa. The crystal consists of
numerous dipoles that are in the normal state. The individual dipoles have a random
orientation with no net surface charge. An electric field applied across the crystal will
realign the dipoles due to repulsive or attractive electric forces resulting in compression
or expansion of the crystal, depending on the direction of the electric field (Figure 2.2
[50]).For transmission of a short ultrasonic pulse, a voltage pulse of very short duration
Is applied, causing the crystal to initially contract and then vibrate for a short time at its

resonance frequency. When the echoes are received, the longitudinal ultrasound waves

14
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will compress and expand the crystal. The deformation realigns the dipoles, creating net

charge on the surface (see Figure 2.2).

Polling ¢
axis

Figure 2.2. The piezoelectric effect in a cylinder of PZT material [50].

Ikeda [51] gave another definition of piezoelectricity that is a linear interaction
between an electrical and a mechanical system. Actually, the interaction process does not
only exist between electrical and mechanical systems, but also between electrical and
thermal systems (called pyroelectricity) amongst them. Figure 2.3 lists all the linear
interactions between any of two systems. It is clearly shown that many coupling
coefficients and constitutive relations are among the interaction network (Figure 2.3). It is
believed that good understanding of piezoelectricity is of benefit to all other linear

interactions.

15
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Figure 2.3. Interaction processes between the electrical, mechanical, and thermal systems

[51].

2.2.1.2 Magnetostrictive Method

Magnetostriction is a property of ferromagnetic materials to undergo a change of
their physical dimensions when subjected to a magnetic field. Due to the magnetostrictive
effect, the magnetostrictive materials could convert magnetic energy into mechanical
energy and vice versa, which are used for the building of both actuation and sensing

devices.

It is simpler to polarize using a permanent magnet whose flux is contained within

the core of the transducer as shown in Figure 2.4 [52]. In order to avoid the destructive
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eddy currents, shims are used instead of solid blocks. A stack of thin shim stock (usually
nickel) is brazed together and surrounded by a magnetic coil; alternating the polarity of
the current passed through the coil alternates the polarity of the magnetic field which

converts electrical energy to mechanical energy and vice versa.

!

y
1- Permanent magnet; 2- Exitatory winding.

Figure 2.4. A magnetostrictive transducer with a polarization produced by a permanent
magnet [52)].

Magnetostrictive transducers are generally less efficient than their piezoelectric
counterparts. This is due to the fact that the magnetostrictive transducer requires a dual
energy conversion from electrical to magnetic and then from magnetic to mechanical.
Because of inherent mechanical constraints on the physical size of the hardware as well as
electrical and magnetic complications, high power magnetostrictive transducers seldom
operate at frequencies substantially above 20 kHz. Current applications for
magnetostrictive devices include ultrasonic cleaners, high force linear motors, positioners
for adaptive optics, active vibration or noise control systems, medical, sonophoretic drug
delivery, industrial ultrasonics, pumps, underwater sonar, surgical tools and chemical and

material processing.
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2.3 Drug Delivery Technologies

Drug delivery technology means introducing a drug into the body. It is almost as
important as the drug itself. Drug delivery is used mostly with small molecules, such as
individual peptides. Cutting-edge technologies meet the real challenge: how to package
and deliver proteins and other large complex molecules so that delivery will be accurate,
modulated, and effective. The development of a new drug involves more than the
synthesis of a substance that has a particular effect on the body. The developer must also
consider how to transport the drug to an appropriate part of the body and, once there,
makes it available for use. It is necessary that the drug concentration in the blood be
maintained at a level that provides maximum therapeutic benefits. Therefore, in this
section, controlled release technologies and some of the main categories of drug

administrationroutes are briefly reviewed.

2.3. 1Controlled-release

The technology by which a drug is delivered has a significant effect on its
therapeutic efficacy. Some drugs have an optimum range for them to get the maximum
therapeutic benefit, which is called the therapeutic window [53]. If the drug concentration
is above or below this window, it can be toxic or produce no therapeutic effect (Figure
2.5). Conventional drug delivery systems, such as, oral delivery and injection initially
make the drug concentration sharply increase to a peak above the therapeutic window
(above the toxic level), and followed by rapid drug concentration decrease below the
therapeutic level, therefore, the time spent in the optimum concentration range may be
short and more drug administration times are needed. A sleeping pill is a good example

for explaining the importance of drug concentration. If the drug concentration is below
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the therapeutic level, enhancement of sleepless release is not notable. If the drug

concentration is above the toxic level, potentially fatal drug addiction is encountered.

Conventional
profile
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(sustained release)
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Figure 2.5. a) Exemplary concentration c versus time t profiles for conventional and
controlled-release drug delivery devices. The controlled release profile here is
characteristic of sustained release. b) Exemplary release rate r versus time t profiles

demonstratingthe difference between sustained release and pulsatile release [53].

Only in recent years have the controlled release systems been made feasible.
Formerly, although drug delivery systems could target the drug into the right cells and
tissues, precise control of drug release rate and prolonged dosage existed only as a dream.
This is attributed by the application of polymer engineering. In a short time, the se
controlled-release systems have made great impact on cardiology, immunology and gene-
therapy. Controlled-release drug delivery combines well-characterized, reproducible form
design with clinical pharmacology, particularly in steady state pharmacology that defines
the required input or the desired drug delivery profile. This design typically includes
additional characterization of the drug's permeation through the appropriate biological
membrane and any first pass metabolic effects prior to entry of the drug into systemic
circulation [54]. Potential advantages of these improved drug delivery include:

1. Continuous maintenance drug level in atherapeutically desirable range.
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2. Reduction of the harmful side effects due to the drug targeting to the particular
cells or tissues.

3. Improvement of the patient’s compliance of the drugs.

4. Decrease of the drug dosage.

5. Release of the drug to the right site of the human body when necessary.
This field is potentially very rich in commercial applications and is expanding rapidly.
Technologies have already been described in many scientific literatures, mostly in human
medicines, dosage forms, and cosmetic formulations. In recent years there has been
growth in financial investment in the area of controlled release, particularly in the

pharmaceutical industries [54].

2.3. 1.1 Sustained Release

The field of controlled-release initially focused on achieving a sustained (or
continuous) release of drugs over a long period of time with minimal influence by outside
factors. Much of this work uses polymers that release the drug at a nearly constant rate
due to diffusion out of the polymer or by degradation of the polymer over time. Existing
controlled-release systems are in several forms, such as, oral tablets, polymer implants
and polymer microspheres or nanospheres. There are two commercially available
polymer devices for constant drug release. One is a biodegradable wafer named Gliadel®
[55] that is the first commercially available brain cancer treatment to delivery
chemothererapy directly to the tumor site. The other is ReGel® [56]which is a patented
drug delivery system developed to deliver active agents systematically or locally for one

to six weeks. It is excellent for a wide range of active drugs.
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Transdermal delivery is another method for the sustained release of drug. Several
delivery systems were designed specifically for transdermal delivery, for example,
transdermal patch and transdermal reservoir systems with adhesive layer by which the
delivery system is stuck on the surface of skin. Drugs will diffuse through the skin
continuously into the body. However, there is a time lag between the drug application and
establishingthe constant drug concentration in the bloodstream. Only a limited number of
drugs can be diffused into the skin without any enhancer and external stimuli. Detailed

discussion will be presented in section 2.4.

2.3.1.2 Pulsatile Release

The examples presented in the preceding section are designed to release drugs at
constant rate. In some cases, sustained release is not the optimal method of drug delivery.
Instead, delivering the drugs as pulse functions is a preferred method and this is the so-
called pulsatile release. This delivery method works better in certain cases because it
closely mimics the way in which the human body naturally produces some compounds.
Insulin is a well-known example of a compound secreted by the body in a pulsatile

manner [53].

Many previous works on the method of achieving the pulsatile release are focused
on developing polymers that respond to external stimuli, such as, changing pH, changing

of an electric field, an magnetic field, or exposure to an ultrasound signal [57-58].

Transdermal delivery, a typical delivery method for sustained release, also can be
modified to produce pulsatile release in the presence of a low voltage (iontophoresis) high

voltage pulses (electroporation) and ultrasound signals (sonophoresis).
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2.4 Transdermal Drug Delivery Technologies

Transdermal delivery may be defined as the delivery of drugs through intact skin
to reach the systemic circulation in sufficient quantity to administer a therapeutic dose
[59]. During last two decades, transdermal drug delivery has received increasing attention
in the face of growing awareness that drugs administered by conventional methods are
frequently ineffective and excessively toxic. On the contrary, transdermal drug delivery
offers many advantages over conventional drug delivery methods namely.

1. Avoids the passage of drugs through the stomach and intestine

2. Decreases the gastrointestinal side effects

3. Reduces hepatic first pass metabolism

4. Extends duration of drug activity

5. Improves the bio-availability

6. Decreases the dose to be administrated

7. Increases the patient compliance
Although transdermal delivery is the ideal method as compared with other conventional
methods, the outmost layer of the skin provides a major challenge for this technology.
Figure 2.6 shows the cross-sectional view of the skin structure [60]. There are two major
layers: epidermis layer (about 0.06-0.8 mm) and dermis layer (typically 3-5 mm) [59].
The enormous barrier properties are attributed to the stratum corneum the outmost layer
of the skin. The passive transdermal delivery occurs mostly through the lipid bilayers of
the stratum corneum as indicated by a dotted line in Figure 2.7 [61]. It is called the
intercellular route. The ordered structure of the intercellular lipid bilayers confers a low
permeability to the skin. So effective enhancing methods are needed to achieve aqueous

pathways across the stratum corenum as shown in the continuous line, which is called the
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transcelluar route. Many approaches are available and divided into two groups: invasive

methods and non-invasive methods.
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Figure 2.7. Possible micro routes of drug penetration through human skin intercellular

and transcellular [61].

2.4.1 Enhanced Transdermal Drug Delivery

Transdermal drug delivery is the administration of therapeutic agents through
intact skin for a systemic effect. Currently there are about eight drugs marketed as

transdermal patches. Since skin is an excellent barrier for drug transport, only potent
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drugs with appropriate physicochemical properties (low molecular weight, adequate
solubility in aqueous and non-aqueous solvents, etc.) are suitable candidates for
transdermal delivery. Penetration enhancement technology is a challenging development
that would increase significantly the number of drugs available for transdermal

administration.

The permeation of drugs through skin can be enhanced by physical methods such
as iontophoresis by means of the application of low level electric current and
sonophoresis which uses of ultrasound energy and by chemical penetration enhancers,

which will be discussed in the following sections.

2.4.1.1 Chemical Penetration Enhancers (CPE)

CPE are compounds that enhance the permeation of drugs across the skin. The
CPE increases skin permeability by reversibly altering the physicochemical nature of the
stratum corneum to reduce its diffusional resistance. These compounds increase skin
permeability by increasing the partition coefficient of the drug into the skin and also by

increasing the thermodynamic activity of the drug in the vehicle.

CPE in general, promote drug diffusion by disturbing the structure of the stratum
corneum and/or deeper layers. The specific mechanism can fall into one of the three
categories [62]:

1. Disruption of the highly ordered structure of intercellular lipid channels.
2. Interaction with corneocyte intracellular protein components.
3. Enhanced partitioning of the drug in the presence or absence of the enhancer

compound.
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2.4.1.2 lontophoresis

lontophoresis is one strategy devised to facilitate transdermal drug delivery.
lontophoresis can be described as a process that transfers the ionic species including
charged molecules by the application of electric current [63]. The route of entry is
through the pores, the sweat glands, and the hair follicles. Additionally, in the present of
the electric current, the electric resistance of the skin will decrease, allowing further
water-soluble drugs passive diffusion through the skin. The skin will act as a drug
reservoir extending the release into deeper layers of the skin after the iontophoresis

device is removed (Figure 2.8).
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f/ drug solution
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Figure 2.8. A. Schematic drawing of the basic theory of iontophoresis. B. The skin will
act as a drug reservoir extending the release into deeper layers of the skin after the

iontophoresis device is removed.

An iontophoresis device consists of (1) the power source, a low voltage direct
current generator; (2) lead wires consisting of a positive lead and negative lead and (3)

electrode, with an attached drug reservoir and a ground electrode (Figure 2.9) [64]. The
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basic principle is that electricity can move different ions. When a direct current activates
the electrode, cations move toward the negative electrode and anions move toward the
positive electrode. The electrical current will drive the ions through the skin. The quantity
of ions that are made to cross the skin barrier is directly proportional to the current

density, application time and molecular weight.

Figure 2.9. Electrode system applied to the skin surface. a). Negative electrode. b).
Positive electrode with drug reservoir containing positively charged ions. c). Positive ions
are forced through the stratum corneum by applying positive current [64].

The major advantage of iontophoresis is the control that provides over the drug
input kinetics and the ability to customize drug input rates that can be optimized for a
given patient. Although iontophoresis is an attractive technology for drug delivery, only
low molecular weight (<8000 daltons) and water-soluble drugs can be delivered with low

efficiency.

2.4.1.3 Electroporation

Electroporation also called electropermeabilization is the transitory structural

perturbation of lipid bilayer membranes due to the application of high voltage pulses [7].
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This phenomenon occurs in different kinds of lipid membranes. Hence, electroporation
has been used for different applications. Electrical exposure typically involves electric
field pulses that generate transmembrane potentials of approximately 1V and last for 10
us to 10 ms [7]. Reversible electrical break down and high molecular transport are
observed, resulting from structural rearrangements of the cell membrane. It is
hypothesized that the rearrangements consist of temporary aqueous pathways, with the
electric field inducing pore formation and providing a driving force for molecular
transport. Electroporation has been used to introduce some DNA material in to cells [65].
One interesting application of tissue electroporation  (Figure 2.10) is
electrochemotheraphy, which applies high voltage pulses to break the membrane of tumor
cells for cytotoxic drug delivery [66]. It is a new drug delivery approach that has been

demonstrated more efficient than chemotherapy alone in eliminating local tumors [67].
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Figure 2.10. Mechanisms of electrochemotherapy. Cell electropermeabilization and use of
cytotoxic nonpermeant drugs [66].
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A major issue in the clinical application of transdermal drug delivery by
electroporation is its effect on the skin and underlying tissues. A sensation or pain during
electroporation has been reported, due to the current applied on the skin that causes a
direct excitation of underlying nerves and muscles [68-69]. When the pulse rate, duration
or voltage increases it tends to enhance levels of sensation. Indeed, during the high
voltage pulses application to the skin, the immediate effect shown is the marks of the
electrodes that will disappear after a few minutes. Current research evidence in
electrochemotherapy shows that the patients did not require special pain control as the

bearable pain dissipated immediately after application of the electric pulses.

2.5 Ultrasound Enhanced Transdermal Drug Delivery

Application of ultrasound has been shown to enhance transdermal transport of
various drugs including macromolecules [9] [70]. This type of enhancement is termed
sonophoresis or phonophoresis, indicating the enhanced transport of molecules under the
influence of ultrasound. Ultrasound at various frequencies in the range of 20 kHz to 10
MHz has been used to enhance the skin permeability [72]. However, transdermal
transport enhancement produced by low frequency ultrasound (frequency is less than 100
kHz) has been found to be more efficient than that induced by high frequency ultrasound

[8] [9]. This led to new research into this method of transdermal administration.

25.1 Mechanisms

Although considerable attention has been given to the investigation of
sonophoresis in the past years, its mechanisms were not clearly understood, reflecting the
fact that several phenomena may occur in the skin upon ultrasound exposure. These
include:

1. Cavitation
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2. Thermal effects

3. Convector transport

4. Mechanical effects
Currently, significant attention has been devoted to understand the mechanisms of low
frequency sonophoresis. Accordingly, if one can identify the dominant phenomena
responsible for sonophoresis, a better selection of ultrasound and surrounding conditions

can make this technology much more effective.

2.5.1 .1Cavitation

A sound field in a liquid may generate small bubbles whose motions bring about
drastic effects such as chemical reactions, erosion, emission of light, and radiation of
sound. These observable effects are characteristic of a physical phenomenon called
acoustic cavitation [73], which occurs in water, organic solvents, biological fluids, molten

metals as well as other fluids.

There are two types of cavitation stable or transient that have been involved in low
frequency sonophoresis. Stable cavitation usually involves small amplitude oscillations
about an equilibrium radius. Stable cavitation of a medium containing dissolved or
entrained gas occurs when a bubble oscillates for a number of cycles without collapsing.
Transient cavitation, on the other hand, involves much more variations in the bubble’s
size over a few acoustic cycles and this rapid growth usually terminates in the collapse of
varying degree of violence. Transient cavitation occurs during the compression phase, in
media that experience a tension stress during a portion of the rarefaction phase of the

acoustic disturbance [74].
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Cavitation may cause damage of biological materials in several ways. For
transient cavitation, when it collapses, the maximum pressure generated would be about
10'° bar and the maximum temperature would be about 4x10* times of the ambient
temperature. The high-pressure shock waves that emanates from the location of the
bubble have the capability to cause mechanical damage of the surrounding material.
While, the violent stable cavitation could cause steady flow of the fluid medium
surrounding the bubble named microstreaming [75]. If the microstreaming velocity is

large enough, shear stress could be sufficient to damage the cell.

In low frequency sonophoresis, using acoustic spectroscopy, stable and transient
cavitation has been quantified [76-77]. It is found that the strong role of low frequency
sonophoresis is caused by transient cavitation. The dependence of transient cavitation on
ultrasound intensity was found to be similar to that of conductivity enhancement [76-77].
According to Mitragotri and Kost [78], transient cavitation may have three mechanisms to
enhance the skin permeability as shown in Figure 2.11. In Figure 2.1 1 (A), a spherical
bubble produces shock waves that could potentially disrupt the stratum corneum when it
collapses. However, the amplitude of the shock waves drops rapidly with distance. Figure
2.11 (B) shows that microjet may cause the change of the lipid bilayer of the stratum
corneum without penetration. Figure 2.11 (C) shows that microjet induced by bubble
collapsing near the surface of the stratum corneum that may physically penetrate the skin
and change the structure. Specifically, there exists a threshold energy for stable and
transient cavitation. The behavior of cavitation threshold values is summarized as follows
[74].

1. Cavitation activity increases with increasing acoustic intensity.

2. Cavitation threshold increases with increasing frequency.
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3. Cauvitation threshold increases with increasing ambient pressure.

4. Cavitation threshold decreases with increasing gas content in liquid.

5. Cavitation threshold decreases with increasing liquid temperature.

6. Cavitation threshold increases with increasing liquid viscosity.
Currently, the effect of spherical collapses as well as microjets on the skin permeability
enhancement has been studied. It is concluded that both types of cavitation events might

be responsible for the low frequency sonophoresis[78].

A B C
O N Y

Figure 2.11. Three possible modes through which inertial cavitation may enhance SC
permeability. (A) Spherical collapse near the SC surface emits shock waves, which can
potentially disrupt the SC lipid bilayers. (B) Impact of an acoustic microjet on the SC
surface. The microjet possessing a radius about one tenth of the maximum bubble
diameter impacts the SC surface without penetrating into it. The impact pressure of the
microjet may enhance SC permeability by disrupting SC lipid bilayers. (C) Microjets may
physically penetrate into the SC and enhance the SC permeability [78].

25.1.2 Thermal Effect

The acoustic parameters of biological tissues are described by velocity and
attenuation coefficients. The energy of the ultrasonic beam is attenuated by its passing
through the tissues. There are two main mechanisms by which the acoustic energy is lost,

absorption and dissipation. In the different regions of tissue, the acoustic impedance is
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different, which reflect the acoustic beam to varying extents and scatter energy out of the
primary beam to surrounding material. Some of this energy will be absorbed and lead to
temperature increase locally. It is known that in soft tissues the attenuation coefficient is
approximately proportional to the frequency, high frequency acoustic beams are more

attenuated than the lower frequency acoustic beams [74].

Ultrasound induced heat is expected to enhance the transdermal delivery of
various drugs by increasing skin permeability, body fluid circulation, blood vessel wall
permeability, and drug solubility. Generally, it is known that heat could increase the
kinetic energy of the drug molecules and the proteins, lipids in the cell membrane. During
low frequency sonophoresis, the local temperature increase will dilate penetration
pathways in the skin, increase kinetic energy and the movement of particles in the treated

area, and facilitate drug absorption.

However, the experimental results show that a temperature increase of 10 °C
causes about 2-fold increase in the estradiol skin permeability. Because the typical skin
temperature increase in the sonophoresis experiments is less than 7 °C, it can be
concluded that thermal effects are not a significant phenomenon that could cause the 13-
fold increase in estradiol skin permeability. Thus, the thermal effect cannot play an

important role in sonophoresis[12].

25.1.3 Convective Effect

Fluid velocities are generated in porous medium exposed to ultrasound due to
interference of the incident and reflected ultrasound waves in the diffusion cell and
oscillations of the cavitation bubbles. Fluid velocities generated in this way may affect

transdermal transport by inducing convective transport of the drugs across the skin,
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especially through hair follicles and sweat ducts. Experimental findings suggest that
convective transport does not play an important role in the observed transdermal

enhancement [12].

25.1.4 Mechanical Effect

Ultrasound is a longitudinal pressure wave inducing sinusoidal pressure variations
in the skin, which induce sinusoidal density variation. At the lower frequency, the density
variations can grow into a gas or vapor bubble and produce the cavitation. At higher
frequency (> 1MHz), the density variations occur so rapidly that a small gaseous nucleus
cannot grow and cavitational effects cease. But other effects due to density variations
such as generation of stresses because of density changes that ultimately lead to fatigue of
the medium may continue to occur. These stresses can easily disrupt the structure of lipid
bilayers, which result in an increase in the bilayer permeability. However, non-significant
mechanical effects do not play an important role in higher frequency sonophoresis. Thus
cavitation induced lipid bilayer disordering is found to be the most important cause for

ultrasonic enhancement of transdermal transport [12].

2.5.2 Bio-effect

Ultrasound enhanced drug delivery is to deliver the drugs to the diseased tissue
with ultrasonic irradiation. However, the interaction between an ultrasound wave and the
tissue can be attended with deleterious biological effects, especially at high wave
intensities and lower frequencies. The most deleterious non-thermal bioeffects are
produced by acoustic cavitation. Pressure waves of high intensity are capable of rupturing
blood vessels and tissues as a result of the formation and oscillation of cavities. It is found
that these cavitation bubbles are responsible for hemolysis[79-81], hemorrhage [82], and

DNA fragmentation [83]. Cavitation generation is a threshold process and significantly
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depends on the presence of nuclei in the liquid. The more the quantity of nuclei in the
liquid, the smaller the wave amplitude needed for cavitation generation. Like any natural
liquid, blood has cavitation nucleation agents, and therefore sufficiently high-amplitude

ultrasound pulses can cavitate it.

Previous research [84] has reported the data identifying cavitation thresholds for
tissue. Encapsulated microbubbles, especially of very small size, can be considered as
additional cavitation nuclei. The administration of microbubbles in blood should therefore
decrease its cavitation thresholds and enhance the risk of biological damage [85-86].
Actually, hemolysis and hemorrhage generated by ultrasonically activated contrast agents

was detected at moderate pressure amplitudes both in vitro [87-88] and in vivo [80-81].

2.5.3 Combined methods

While all these above-mentioned enhancers have been individually shown to
enhance transdermal drug delivery, their combinations have been demonstrated to be
more effective compared to each of them alone. Over the last ten to twenty years several
papers have been published to support this. Specifically, the following combinations have
been used for transdermal drug delivery (Figure 2.12 [89])

Chemicals + iontophoresis [90-91]
Chemicals + electroporation [92]
Chemicals + ultrasound [5] [93-94]

lontophoresis + ultrasound [95]

Electroporation + ultrasound [96]

S o~ w Do

Electroporation + iontophoresis [97-98]
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[90-911

Chemical
Enhancers

Tontophoresis

[51[93-94]

[97-98]

Eletroporation

Figure 2.12. VVarious combinations of enhancers that have been studied. The four circles
indicate the major enhancements that are used for transdermal transport, the lines indicate

the various combinations that have been reported.

In addition to increasing transdermal transport, a combination of enhancers should
reduce the severity of the enhancers required to achieve the desirable drug flux [89]. The
enhancement induced by above-mentioned enhancers depends on their strength, the
higher the strength, the higher the transdermal transport rate. But, high enhancement
strength is always fraught with safety problems. By combining two more enhancers
together, maybe this can reduce the strength of each enhancer. Table 2.1 and Figure 2.13
[89] show the features of each combination and the possible mechanisms for the

combined enhancers.
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Chemical enhancers
e Ehanced partitioning
e Lipid bilayer disordering
e Keratin denaturation

Reduce skin impedance
Increase enhancer deposition
Reduce size selectivity

Inotophoresis
e Electrophoresis

Reduce skin impedance

e Lipid bilayer disordering
e Electroosmosis

Reduce size selectivity
Enhanced electrophoresis

Enhanced cavitation e . -
Increase enhancer deposition educe size selectivity
Enhancer dispersion Reduce skin impedance
Ultrasound Increase enhancer deposition

Electroporation
e Pore formation
e Electrophoresis
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Enhanced convection
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Figure 2.13. Possible mechanisms of various enhancers and their combinations [89].

Various enhancers including chemicals, electric fields, and ultrasound have been
used to enhance transdermal drug transport . As an individual enhancer, the chemical one
maybe faster than other individual enhancers, such as electric field and ultrasound.
However, the chemical enhancer will cause potential safety problems with prolonged use
because the chemical enhancer is also delivered into the human body at the same time
with drug transportation and produces chemical concentration accumulation under the

skin.

In addition to chemical enhancer, ultrasonic enhancer (sonophoresis) and electric
field (iontophoresis) can also be used to enhance the delivery of drugs through the skin.
Sonophoresis offers several advantages over iontophoresis. First, iontophoresis requires
ionization of the substances to enhance delivery while sonophoresis does not. Second,
ultrasonic wave produced during sonophoresis can penetrate much deeper into the tissue
than iontophoresis does. Third, the drugs can reach their desired dosage level in the

bloodstream faster than using iontophoresis to enhance delivery. Thus, sonophoresis

36



ATTENTION: The Singapore Copyright Act applies to the use

D
=]

of this document. Nanyang Technological University Library
CHAPTER TWO: LITERATURE REVIEW

4

method for transdermal drug delivery is the best way among these methods. Although
their combinations are significantly more effective compared to each of them alone,
potential problems will be produced with the higher effectiveness. Table 2.1 has already
elucidated the limitations of the various combinations. The common limitations are
complex device and safety problems. So, what we should aim for is to use a single

enhancer to enhance transdermal transport with a multifunction and user-friendly device.

Table 2.1 Features of various combinations.

Advantages Disadvantages
1. Chemicals will be delivered deep into

lontophoresis | Higher effectiveness than each of them

: S the skin and cause safety problems. 2.
+ chemicals alone and ease of application

Complicated device.

Higher effectiveness and reduction of
the required voltagefcurrent to achieve
the desired flux with ultrasound
apllication alone

Ultrasound +
chemicals

Relatively complex device compared to
each of them alone.

" Higher effectiveness and reduction of |- Relatively complex device compared
Ultrasound + | 4y e required voltagefcurrent to achieve |10 8ach afthem alone. 2. Both of them

glectroporation the desired flux with ultrasound are bilayer disrupting agents, thus
apllication alone cause their combination unnatural.

lontophoresis | Because of the difference between the
+ mechanisms of action of both enhancer,
alectroporation the comhination is natural

Relatively complex device compared to
each of them alone.

. . . 1. Chemicals will be delivered deep into
: Higher effectiveness and the device
Electroporation

_ requirements are not significantly  [the skin and cause safety problems. 2.
+chemicals | gifforent than those for electroporation
alone Complicaied device.

Higher effectiveness and reduction of |1- Relatively complex device compared
Ultrasound + | e required voltage/current to achieve to each ofthern alone. 2. Both of them
iontophore sis the desired flux with ultrasound are bilayer disrupting agents, thus
apllication alone cause their combination unnatural.

2.6 Review of Existing Sonopohresis Devices

Research in the last two decades has dramatically increased the understanding of
ultrasound and its effects on skin and transport of pharmaceutical agents. Many types of

sonophoresis devices have been invented and patented. In this section, some typical
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conventional sonophoresis devices are reviewed according to their different working

principles and functions.

2.6.1 Disposable Piezoelectric Polymer Bandage Type

There are many types of polymeric materials, such as Polyvinylidene fluoride
(PVDF), which exhibit piezoelectric effects and have the characteristic of being flexible
rather than brittle, and in quantity are much less expensive than conventional
piezoceramics[14]. A bandage type sonophoresis device that has the coupling between
thickness and longitudinal mode in such piezoelectric polymers was invented by Fox
[14]. Figure 2.14 (a) shows the detail structure of this type of device. The bandage
member includes an annular element of the piezoelectric polymer operating in the
thickness-longitudinal mode, and the central layers of piezoelectric polymers operating as
bimorphs. The drug is stored in the annular body and central layers. The adhesive layer

sticks the bandage member on the skin surface.

The basic concept of the operation is illustrated in Figure 2.14 (b). The annular
polymer element pulls back and stretches the surface of the skin while the bimorph
elements, operating at the same time, drive the drug into the enlarged pores. This action
creates a number of conditions favorable to the enhanced passage of medicament through
the skin surface [14]. Maybe it is possible to use external mechanical force to open and
close the pores on the skin surface, but it only changes the outskirt dimension of the pores
whose shape will be changed as shown in Figure 2.14 (b). Furthermore, the density and
average dimension of pores are different from person to person, maybe it is difficult to
use this device to maintain constant drug concentration in the bloodstream with various

medical applications.
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Figure 2.14. (a). A schematic illustration view of a bandage type sonophoresis device and

the pores and follicles of the skin. (b). A similar view of (a) after stretching of the

underlying skin by the ultrasonic vibration [14].

2.6.2 Active transdermal system with stimuli components

In 1995, Lipkovker [16] invented a new and improved transdermal drug delivery
system using ultrasonic wave to stimulate the nervous system of the skin. Accordingly,
there are various paths that exist for drugs to move from the surface of the skin into the
cell. One path is through the hair follicles and sweat glands to the capillary loops.
Another path to the capillary loops is through the extracellular fluid that surrounds body

cells. The third path is through inter and intracellular channels of cells. The primary path
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for transdermally administrated drugs is through the follicles and glands, the next most
significant path is the extracellular way [16]. Using ultrasonic pulses to excite or
stimulate the nervous system of the skin, the stimulation causes both the dermal-
epidermal junction membrane and the capillary endothelial joints to open so that the

drugs can be moved through the skin.

The active transducer drug delivery system has a cone-shape structure that is made
by two types of ultrasonic transducers: stimuli transducer and pumping transducers. The
stimuli transducer is on the top of the cone, which has a flat, circular shape. The wall of
the cone is defined by a number of transducer segments each of which forms a pumping
transducer. Figure 2.15[16] shows the cone-shaped ultrasonic assembly and its
development. The resonance frequency of flat stimuli transducer is less than that of

pumping transducers.
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Figure 2.15. A cross-sectional, pictorial view of the ultrasonic transducer drug delivery
system[16].
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The control electronics apply ultrasonic stimuli pulses to the skin by energizing
the stimuli transducer at low frequency ranging from 5 kHz to 1 MHz for a predetermined
period of time (10-20 seconds). Between the stimuli pulse periods, the control electronics
apply variable frequency signals to pumping transducer segments, the frequency of the
ultrasonic pumping pulses lie in the 50 MHz to 300 MHz. And also, there are some short
pulses between the stimuli pulse periods produced by the infrared (IR) emitter or laser
emitter in order to improve the drug delivery effectiveness. The IR or laser emitter can
improve the operation of the system by heating the skin to increase the blood flow. This

causes the drug being delivered to dissipate faster through the body.

In essence, ultrasound is used by this new transdermal system to open the
channels in the skin surface and then pushes the drug through the channels into the skin
via stimulating the nervous system of the skin. According to its basic operation concept,
the ultrasound application area should be large enough, which includes more nerve ends,
sweat glands and hair follicles. However, the more nerves ends there are, the higher the
sensitivity of the skin, and the system cannot apply higher ultrasonic energy to the skin,
otherwise, there will be pain. Another limitation of this system is the manner in which the
structure is constructed. The ultrasonic assembly has one stimuli transducer and many
pumping transducer segments. All these segments work together with extra IR or laser
pulses, the skin local temperature will rise fast. According to Lipkovker’s investigation
[16], 20 seconds ultrasonic pulse application will keep skin opening its dermal-epidermal
junction membrane and capillary endothelial cell joints and pores for approximately 20
minutes. During this period of time, drug will continue to diffuse passively into the skin
via the opened pores although the skin temperature sensor or the analysis sensor stops

ultrasound application to the skin surface. The system cannot control the drug release
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dose precisely. Furthermore, after the first use, the air or vacuum gap appears between the
top stimuli transducer and drug liquid because the device does not have refilled channels,
almost all the ultrasonic wave is reflected by this gap. There is not enough ultrasound
energy applied to stimulate the skin nervous system, skin may not open its capillary
channels for drug delivery. And also, with further use, the effective contact area between
drug liquid and transducer segments becomes smaller and smaller, only part of the
ultrasound energy produced by transducer segments is utilized for transdermal transport

of the drug. The effectiveness of the system will decrease gradually.

263 Transdermal Drug Delivery Device with Circulating System

Transdermal drug delivery device with circulating system was invented by Shunro
Tachibana in 1989 [99]. It is an endermic application device for external medicine that
comprises a liquid retaining section, a pump for supplying drug from additional drug
container to drug delivery container, a drug permeable layer attached to the drug delivery
container to cover the bottom opening, and an ultrasonic oscillator located inside the drug

delivery container (Figure 2.16).

10- Oscillator

11- Flat container
12- Terminal

13- Oscillator device
14- Permeable layer
15- Drug liquid

16- Inlet

17- Tube

18- Retaining section
19- Pump

20- Outlet

21- Retaining section
22- Tube

Figure 2.16. An explanatory cross-sectional view of a portable type endermic application

kit [99].
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Normally, the drug to be applied onto the skin is encompassed in a closed cavity, in
which a pump and an additional drug container are utilized to apply the drug continuously
to the drug delivery container and keep it full during the time the device is used. Also, it
is possible to easily change concentration of the drug or applied to the patient, or change
one drug to another drug without interruption of the operation. In addition to these two
advantages, since the drug liquid flow through the drug delivery container, the ultrasonic

oscillator is always cooled. As a result, a powerful ultrasonic oscillator can be used.

2.6.4 Transdermal Drug Delivery Device with Transfer Promoting

System

It is well known art to employ ultrasound energy for affecting and enhancing the
delivery of the drugs. And also, it has been found that certain foregoing and related

objects can be combined to make a novel and even unexpected device.

Figure 2.19 shows a novel apparatus invented by Flanagan in 1991 [100]. The
apparatus transfers the substances through the skin at a treatment site, which is promoted
by the combined effects of ultrasonic energy and positive and negative pressure. The
apparatus comprises two major chambers: interior chamber and surrounding annular
chamber. The treating substance is supplied into interior chamber that is subjected to the
positive pressure and ultrasonic energy. A piezoelectric bimorph is mounted on the wall
of the interior chamber, which is adapted to vibrate at ultrasonic frequency when supplied

with electric power and leads a flexible diaphragm to vibrate.
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Figure 2.17. A diagrammatic view of a novel apparatus invented by Flanagan in 1991

[100].

The surround annular chamber whose four tubes connect to a vacuum source
applies the vacuum negative pressure on the skin surface, which serves to stretch the skin
and to increase the exposure surface and to open the pores, glands and follicles.
Vacuumization is believed to generate a sub-epithelial force that draws the applied

substance into the skin.

Actuation of the drug and nitrogen gas supply will cause the treating substance to
be delivered under pressure to a zone of the interior chamber; actuation of the electric

signal causes the piezoelectric bimorph and diaphragm to vibrate, which will subject the
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central area to the ultrasonic energy. The combined effects of the applied gas pressure, the
ultrasonic energy, and the maintained vacuum negative pressure may cause the delivered
substance to permeate to the skin in a highly effective manner. However, the supplied
pressure nitrogen gas will stay between the diaphragm and drug liquid resulting an
acoustic impedance mismatched layer, which causes the ultrasonic energy to reflect back,
and almost no ultrasonic energy is combined with other transfer promoting elements. This
condition will cause the delivered substance to permeate the skin in a low efficient

manner.

2.6.5 Transdermal Drug Delivery Device Using Multiple
Frequency

In transdermal delivery, one frequency is preferably chosen to enhance the
permeation of the substance through the stratum corneum layer of the skin. In general,
tissue penetration is inversely proportional to the ultrasonic frequency [101]. Ultrasonic
energy at a frequency chosen to maximize diffusion across the straturn corneum may not
provide sufficient penetration to significantly enhance diffusion to the target underlying
tissue [102]. It is limited in its ability to deliver a wider variety of drugs to the deeper
layers of the skin. This limitation was identified by Shimada who provided a new concept

to use multiple frequencies in one transdermal delivery device.

The method of Shimada’s invention uses two or more distinct frequencies of
ultrasonic energy simultaneously to enhance permeation of substance through the tissue
below the outmost layer of the skin. By using multiple frequencies to control and enhance

the diffusion allows the delivery of a large number of substances to the site to be treated.
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This method can also decrease the time required to administer substances using diffusion

and reduce the cost of administration.

As described above, ultrasonic energy is the key point for enhancing diffusion
through the skin. Figure 2.18 shows the relative energy of two different frequencies, 7; at
1 MHz and f; at 3 MHz, has a different axial energy that varies over the distance. The
energy typically does not coincide and, as a result, the use of a multiple frequency system
can provide a more uniform axial energy over a greater distance than a single frequency
ultrasound system can. For example, at the distance 4, the energy of f; is 0% while the
energy of £5 still remains at about 80%. This graph shows the major advantage of this
multiple frequency device in that deep penetration maybe possible due to the differences

in axial energy as a function of axial distance.

RELATIVE AXIAL INTENSITY

E

RELATIVE INTENSI

AXIAL DISTANCE

Figure 2.18. The relative axial intensity of the ultrasonic energy produced by a dual
frequency ultrasound system as a function of axial distance [102].

Figure 2.19 shows the transdermal delivery device with an ultrasonic transducer
that is mounted in a slide-type housing attached to a pouch. The transducer is backed by
an insulating, acoustically reflective material that focuses the ultrasonic energy toward the

treated area. The multiple frequency device in which the transducer is on the top of the
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cavity, has a similar structure with reference [99]. However, when a single piezoelectric
transducer is used to generate multiple frequencies, only one operating frequency is
fundamental resonance frequency and the others are sub-harmonic frequencies resulting
in potentially low energy transformation efficiency. The whole device requires a large
amount of power to achieve suitable penetration enhancement and most of the electric

energy is converted into heat that makes the temperature rise rapidly.
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Figure 2.19. A schematic illustration of the apparatus [102].

2.6.6 Sonophoresis Device with Controlled-release and Recover

Function

The basic structure of the sononphoresis device with controlled-release and
recover function is given in Figure 2.20 [17]. It consists of three parts: an ultrasonic skin-

conditioning device, a constant volume flexible sleeve and a power supply.

The ultrasonic skin-conditioning device comprises a piezoelectric transducer in a
plastic housing and connecting wire. The piezoelectric transducer is designed to operate
at two frequencies. In the range of 15 kHz to 25 kHz, the transducer operates at one of

sub-harmonic frequencies of its natural resonance frequency. The low-frequency
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ultrasonic pressure waves are applied to the skin of sufficiently high intensity to cause
cavitation in the skin that disorders the skin lipid bilayers and enhances the transdermal
transport of the medicaments. At the megahertz frequency range, the transducer operates
at its natural resonance frequency. Ultrasonic waves generate very short wavelength
vibration in the keratin fibers and surrounding lipid bilayer to augment the body’s natural
function to reestablish the order of the lipid bilayers in the stratum corenum, and seal the

body against further permeation [17].

Another feature of this sonophoresis device is to control the penetration depth of
the therapeutic agents using a particular ultrasonic burst width. Bock [17] found that the
depth of penetration of therapeutic agents for a certain frequency is proportional to the
burst width of this frequency. So his suggestion was “when a burst is terminated and the
ultrasonic pressure waves are stopped, the molecules passing through the passageways
will also stop” [17]. Previous study [11] indicated that ultrasound-induced cavitation
disorders the structure of lipid bilayer and causes the skin electrical resistance to decrease,
which forces the skin to lose its barrier function temporarily. Moreover, the temporal

losing barrier function cannot be recovered as long as the ultrasonic waves are stopped.

I 11 - Slan
' 12B - Disordered lipid bilayers
12D - Internal structure
13 - Wide-band transducers
14 - Housing
15 - Wires connect to power supply
Ry 16 - Ulrasonic waves
PR S 4128 17 - Therapeutic agent
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Figure 2.20. A diagrammatic view of the sonophoresis device with controlled-release and
recover function [17].
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2.6.7 Sonophoresis Device with Focused Ultrasound Beam

Application of low-frequency ultrasound appears to induce cavitation inside as
well as outside the skin and disorganize the stratum corneum lipid bilayers thus
enhancing transdermal transport. Transdermal transport enhancement induced by
ultrasound increases with increasing ultrasound pressure amplitude. However, application
of high ultrasound intensity is prohibited by the discomfort associated with it. The device
described in Figure 2.21 [20] [103] provides a new method to utilize low-frequency

ultrasound for enhancing transdermal transport.

The ultrasound transducer is made hemispherical shaped and defines the drug
cavity, as shown in Figure 2.21 (A). The radius of curvature of the transducer is designed
to focus the ultrasound beam to an area around 10 mm in diameter on the surface of the
skin. Focused ultrasound beam can also be achieved by using array of transducers as
shown in Figure 2.21 (B). The transducer array consists of multiple individual transducers
arranged to form a hemispherical wall. Each transducer of the phased array is individually
activated and the whole device is operated in the range of 20 kHz to 200 kHz. Thus, the
number of pain receptors within the ultrasound application site decreases as the
application area decreases. The application of ultrasound to a small area will produce less
sensation and will allow higher ultrasound intensity to be administrated on the skin

surface with a little pain or discomfort.
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53- Hemi-spherical transducer

54/ 57- Backing material

55/ 58- Couplingmedium

56- Array consists of multiple individual transducers

Figure 2.21. (A). A schematic view of an ultrasound chamber with a hemi-spherical
transducer, (B). A schematic view of an ultrasound chamber with an array of transducers

arranged hemi-spherically [20] [103].
2.6.8 Sonophoresis system with feedback phase-tracking loop

As shown in Figure 2.22 [104], the sonophoretic drug delivery system comprises a
power source, a control system, at least one high frequency generator, an acoustic

transmission line, and a wide-band ultrasound transducer.

The feedback-phase loop is designed to ensure that the frequency of the wide-
band transducer matches the frequency of the amplified input signal [104]. The feedback-
phase loop senses the response of the transducer to the frequency of the amplified signal
and locks in a frequency to give the maximum match. This feedback-phase loop may
avoid the under-utilization of the amplified electrical signal and also avoid the additional

electrical power converting into heat.
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4- Battery

6- Control system
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12- One transducer
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16- Drug reservoir

Figure 2.22. A patient wearing the sonophoretic drug delivery system [104].

The acoustic transmission line relative to the transducer contacts the skin directly.
When a drug reservoir is used, the end of the transmission line may contact the drug
reservoir that in turn contacts the patient’s skin. The major application of the acoustic
transmission line is for sanitary purposes. It is necessary to discard and replace the
transmission line and drug reservoir after transferring the drug. The acoustic transmission
line can lead the ultrasound energy to any place on the surface of the body. The drug
reservoir can be made into different shapes and sizes to adapt to the different sites, which

the ultrasound transducer is placed at a fixed place, such as on the wrist.

2.6.9 Standing wave type sonophoresis device

All previous work using ultrasound to enhance permeation and mass transport
through the skin are based on ultrasonic traveling wave technology. However, “traveling
waves do not enhance mass transport of the interstitial fluids. High velocity gradients
exhibited by a standing wave sound field can provide enhanced mass transport

specifically at the boundary layer and at air-fluid interface within the structure of skin”

[18].
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According to Elstrom, standing waves differ from traveling waves in radiation
force and the radiation force generated by a standing wave is larger than that produced by
a traveling wave [18]. So there are several advantages of using standing waves in
enhancing skin permeability and mass transport. First, the energy required for enhancing
skin permeability is less than that required for traveling waves. Second, a standing wave
uses significantly less intensity but effectively to produce the necessary permeability and
mass transport effects [18]. Finally, the acoustic effect of standing waves can be localized
within the stratum corenum whereas the low frequency waves tend to penetrate deeply

into skin significantly beyond the stratum corenum.

In short, the sonophoresis device uses a surface acoustic wave device to generate
the standing waves with the stratum corenum region as a means for enhancing
permeability and mass transport across the skin. However, the mechanism still remains

unclear.

2.6.10 Sonophoresis Device with Floating Mass Transducer

For transdermal drug delivery, sonophoresis is usually achieved using
piezoelectric ultrasound transducer that is mechanically coupled to the drug or drug
reservoir device. Piezoelectric ultrasound transducers generally operate only on a single
primary frequency, thus limiting the ability to change the frequency for different
applications or change the frequency during the course of a single procedure with a
particular patient. According to their option, it would be desirable to provide sonophoresis
drug delivery systems which allow the frequency to be changed for different purposes in a
single procedure. If a piezoelectric transducer does not work at its first resonance

frequency, it is relatively inefficient, which can result in excessive power consumption
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from electric power. Additionally, piezoelectric transducer requires relatively high

voltage for excitation.

Ball et al. designed a new sonophoresis device with a floating mass transducer as
shown in Figure 2.23 [19]. The floating mass transducer includes a magnet disposed
inside a housing. The magnet generates a magnetic field and is capable of movement
within the housing. A coil is mounted in the housing, unlike the magnet, the coil cannot
move within the housing. When an alternating current is provided to the coil, the coil will
generate an alternative magnetic field that interacts with the magnetic field of the
permanent magnet, causing the magnet and housing to vibrate relative to each other. This
vibration of the housing is transferred to the drug or drug reservoir device to enhance the

permeation of the skin.

The advantages of this sonophoresis device with a floating mass transducer are as
follows. First, the driver may be oscillated at a wide of range of frequencies depending on
the frequency of the electrical driving signal which is applied to the coil. Additionally, the
coil magnet oscillatory driver of this device may be programmed to operate at different
frequencies at different periods during the treatment. Last, the oscillatory assembly of this
sonophoresis device can be fabricated at relatively low cost, provide for efficient
conversion of electrical energy into mechanical energy, provide a relatively large
amplitude compared to piezoelectric transducer, and furthermore operated at a lower

voltage.

53



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
CHAPTERTWO: LITERATURE REVIEW

32 20 52 /10 4j 12
\ :72 &n 77y 77 u,J 7z
<X \\\\/\'\ Ve
s gs 54
NG ‘\§ A
1IN
23 —> 3 / L,
4 J b
4 N i / 9“// s
-—-,th L7 /// s\ \{
N7 — K
T A7 \
aws
16 22 30 2
10- Housing 32- First face
12- Magnetic assembly 34- Second face
14- Coil 42- Permanent magnet
16- Air gap 44- First cylindrical pole piece
20- Silicone button 46- Second pole piece
22-Interior wall 48/ 50- End
23- Outer wall 52- Bottom of second pole piece
26- Wires 54- Parallel wall of second pole piece

30- Air space

Figure 2.23. A pictorial view of the sonophoresis device with floating mass transducer
[19].

The applications of this sonophoresis device are based on the structure and
material. The device can be made into cylindrical capsule shape having a diameter in the
range from 0.5mm to 4 mm and a thickness in the range from 2mm to 4mm, and is made
from biocompatible material such as titanium. Thus, the device can be implanted, semi-
implanted or stick on the skin surface with pump/micropump, drug reservoir, flowing

tubes, and electrical power, as shown in Figure 2.24 (a), (b) and (c).
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Figure 2.24 (a) (b) (c). Applications of the sonophoresis device with floating mass
transducer [19].

2.6.11 Horn Type Sonophoresis Device

The SonoPrep® device shown in Figure 2.25 consists of a battery operated power
and control unit, a hand piece containing the ultrasonic horn and the disposable coupling
medium cartridge, and a return electrode [105]. It is a hand-held device that allows a user
to enhance the skin permeability through a brief application of low frequency ultrasound.
The ultrasound frequency of 55 kHzis applied to the skin using a liquid coupling medium
that mediates the disorganization of the lipid-bilayer of the stratum corneum via
cavitation. The device contains a unique feedback technology that monitors changes in
the permeability of the stratum corneum in a painless manner without causing skin

irritation.
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SonoPrep Skin Permeation Device

Return Electrode

Figure 2.25. SonoPrepB Skin Permeation Device [105].

2.7 Limitations of Existing Sonophoresis Devices

Based on this literature review, it is found that most of the sonophoresis devices
consist of four major parts: ultrasound transducer assembly, drug reservoir, electric power
signal, and control system. Almost all the devices are based on two basic concepts:
stimulating the skin nervous system to open the pores or using ultrasonic energy to
disrupt the skin structure temporarily to make the aqueous channels. Despite the
difference in design, fabrication technology and device components used, the existing

sonophoresis devices have the following common shortcomings.

2.7.1 Large physical size and heavy weight

Current sonophoresis technology uses low frequency ultrasound ranging from 20
to 100 kHz and the piezoelectric material is operated in the axial direction. The thickness,

tiezo OF the piezoelectric material is simply defined as:
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Where, v is the sound velocity for longitudinal waves in the plate material, and f; is the
fundamental resonance frequency. For example, if a transducer is made from zirconate
piezoceramics (PZT-5A), in which the longitudinal wave velocity is about 3880 m/s, the
thickness of the piezoelectric material is in the range from 19.4 to 97.0 mm. Thus, the
transducer becomes large in physical size and the corresponding weight of the device also

increases.

On the other hand, the conventional sonophoresis device is constructed of a
converter and a horn section. The converter is made up of a stack of piezoelectric disks
designed to vibrate in an axial direction. This so-called horn type device, although it is
quite efficient at producing permeation enhancement, is typically about 150 to 200 mm
long and weighs as high as one kilogram. These large and heavy devices are cumbersome

and obviously would not be desirable for wearable applications.

2.7.2 Power consumption

There is another type of conventional sonophoresis transducer device which does
not have converter and horn section. It only relies on one or a small number of
piezoelectric disks that vibrate in a simple axial mode. This is the second type of
sonophoresis device called disk type device. Although the sonophoresis transducer can be
relatively small and lightweight, it is generally not operated at its fundamental resonance
frequency and thus it is very inefficient. It requires a large amount of power to achieve
suitable permeation enhancement. Moreover, even if a suitable high power source is

available to use with a disk type device, there may be a serious problem with heat
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generation. Much of the energy used by a sonophoresis transducer operating in an axial
vibration and non-resonant mode is converted into heat. When the amount of power
required is too high relative to the size of the device, it becomes so hot that can cause

scald.

2.7.3 Low efficiency

The drug reservoir, such as hemi-spherical shaped [20] [103] or truncated-cone
shaped drug reservoir [16], is large enough to contain drug liquid for prolonged use. The
ultrasound transducers are mounted on the top and around the reservoir as shown in

Figure 2.26.
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Figure 2.26. Structures of conventional large drug reservoir and ultrasound transducer.

Air gap will exist in the drug reservoir when the drug is discharged. The ultrasound

reflection coefficient, R.o.p IS expressed as:
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Where, Z; and Z, are the characteristic impedance of ultrasound transducer and air,
respectively. If the air gap exists, Eq. (2.2) gives rise to 99.99% reflection coefficient.
Most of ultrasound energy is reflected back by the air gap and thus very limited
ultrasound energy will be applied on the skin surface. The insufficient ultrasound energy
could not change the skin structure effectively to enhance the skin permeability. For the
energy produced by ultrasound transducers surrounding the drug reservoir, only the
energy emitted from the effective contact area can produce transdermal transport effect.
Moreover, the effective contact area reduces with respect to the duration in use. The
ultrasound energy is not adequate to enhance the transdermal delivery if the effective
contact area is reduced significantly. This will result in remnant of drug liquid left in the

reservoir (i.e. “dead” drug solution).

2.8 Summary

The background knowledge and advantages of FEA have been briefly reviewed in
this chapter. Several commercial FEA softwares such as PZFLEX™, ATILA™ and
ANSYS™ are available to provide the analyses of the electromechanical modeling. Many
types of ultrasound transducers with different boundary conditions and assumptions have
been modeled and analyzed using FEA methods. In this study, it was decided to use

ANSYS™ for the structural analyses of the flat flextensional ultrasound transducer.

Techniques in drug delivery, ultrasound, and its application in transdermal drug
delivery have also been reviewed in this chapter. It was found that the enhancement of

transdermal transport induced by ultrasound varies from a few percent to several orders of
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magnitude [8-9, 12]. Low frequency ultrasound of less than 100kHz has been found to be
the most effective in enhancing the transdermal transport. As compared to the other
enhancing methods such as iontophoresis or electroporation, sonophoresis has the
following advantages:

1. Not immunologically sensitizing

2. Not ionizing the drugs

3. Ideal for the delivery of both low and high molecular weight drugs
On the other hand, the efficacy of low frequency ultrasound in enhancing the transdermal
transport of drugs can be increased synergistically with the addition of the chemicals.
Synergistic effects were also observed when ultrasound is combined with iontophoresis or
electroporation. However, combination increases the complexity of the drug delivery
devices. In this study, only ultrasound effects were considered to be used for drug

delivery application.

In considering the types of ways to generate the ultrasound, some substantial
selections have to be undertaken since there are many types of ultrasound transducers
available. The emphasis on ultrasound enhanced drug delivery allows the research project
to be restricted but some consideration such as future developments must be made. For
this reason the types of transducers have been narrowed down to:

1. Piezoelectric transducers

2. Magnetostrictive transducers
In comparison with magnetostrictive transducers, piezoelectric transducers are more
efficient and structurally simple than their counterparts. Thus, in this study, piezoelectric

transducer was selected to generate ultrasound for drug delivery application.
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The literature which concerned sonophoresis devices has also been reviewed in
order to determine the current state of the art of the techniques used in sonophoresis
devices and to provide a reference point for the original work which is undertaken in this
study. The investigation of the conventional sonophoresis devices found to be limited by:

1. Large physical size and heavy weight

2. High power consumption

3. Low efficiency
In order to overcome or minimize the shortcomings of the conventional sonophoreis
devices, the objective of this study is to develop a new ultrasonic transducer device for
drug delivery application, which is not only aimed in achieving simple structure and light
weight but also to generate high ultrasonic energy with low power requirement to

enhance the drug delivery rate with high efficiency.

In the next chapter, the characteristics of the flat flextensional ultrasonic
transducer are discussed in light of the potential use in ultrasound enhanced drug delivery.
The acoustic field induced by dual flat flextensional transducers is analyzed in order to
find a solution to increase the output acoustic intensity and reduce the power requirement

simultaneously.
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CHAPTER THREE
FLAT FLEXTENSIONAL ULTRASOUND
TRANSDUCER

In the preceding chapter, the limitations of conventional sonophoresis devices
have been illustrated. In order to overcome the shortcomings, in this chapter, two new
methods of using flat flextensional transducer for ultrasound enhanced drug delivery are
presented. The feasibility of the flat flextensional transducer for ultrasound enhanced drug
delivery is discussed. The theoretical analysis of the acoustic field produced by dual flat

flextensional transducers is studied in this chapter.

3.1 New Method 1: Using Flat Flextensional Transducer
for Ultrasound Enhanced Drug Delivery

Flextensional transducers were first developed in the 1920s and have been used as
underwater transducers since 1950s[106]. They consist of an active piezoelectric or
magnetostrictive drive element and a mechanical shell structure. The shapes of the shell
of the flextensional transducers are categorized into seven types as shown in Figure 3.1
[107]. However, all these flextensional transducers have quite complex structures and
fabrication processes, which are difficult to be used as portable or wearable

sonopohoresis devices.

An ideal ultrasonic transducer should be simple enough to be integrated with a

control system and a drug reservoir to form the sonophoresis device that can be
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positioned on thearm or waist. The flat flextensional ultrasound transducer, which is
often used as ultrasonic distance or obstacle sensors and transducers for telephonic
application [108], produces a vibrating flexible action in response to an electrical voltage
signal rather than a simple expansion and contraction action. As compared to the
traditional seven classes of flextensional transducers, the structure and fabrication process
of the flat flextensional transducer are very simple, easy and inexpensive for mass-

production.

Clags | la ] Class ¥ {overted or barrel-stave)

Clags Vil

Figure 3.1. Seven classes of flextensional transducers for underwater application [107].

Flat flextensional transducers have various designs. A typical flat flextensional
transducer, in its simplest form, comprises at least one circular vibrating plate bonded to
at least one piezoelectric material disk layer, which is sometimes referred to as a
unimorph as shown in Figure 3.2 (a). Multiple layers of vibrating plates or piezoelectric
layers may also be used. The construction of one vibrating plate sandwiched between two
piezoelectric layers is referred to as a bimorph as shown in Figure 3.2 (b). When a flat

flextensional transducer is driven electrically with the field parallel to the poling
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direction, the piezoelectric material expands axially in proportion to the material's
piezoelectric longitudinal coefficient (ds3). In addition, the lateral dimension contracts as
a function of the piezoelectric transverse coefficient (d31). The lateral contraction is
amplified and transferred to the axial direction through the flexible vibrating plate. This
results in an addition of ds3 and ds; effects. In general, the flat flextensional transducer is
usually supported at the periphery and vibrates at its flexure vibration mode as shown in

Figure 3.2 (c).

Piezoelectric material Piezoelectric material

Metal vibration plate

(a) (b)

Piezoelectric material

Metal vibration plate

(©)

Figure 3.2. Simplest form of flat flextensional transducers. (a). Unimorph (b). Bimorph

(c). Schematic drawing and vibration mode of a flat flextensional transducer.
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Thus, the flexible vibrating plate converts and amplifies the small radial
displacement of the disk into a much larger axial displacement normal to the surface of
the vibrating plate. When operated underwater this contributes to a much larger acoustic
pressure output than that produced only by piezoelectric materials[109]. Arising from the
literature review in section 2.5.1.1, more acoustic cavitation, which is the main role to
enhance the drug transportation rate, would be induced when higher acoustic pressure is
generated underwater at the fixed ultrasonic frequency. For these reasons, the flat
flextensional transducer was decided to be used for ultrasound enhanced drug delivery

application in this study.

3.2 New Method 2: Using Dual Flat Flextensional

Transducers for Ultrasound Enhanced Drug Delivery

3.2.1Introduction

Arising from the literature review, in most of drug delivery applications the device
has to operate at around its fundamental resonance frequency to provide sufficient
acoustic power. Since the dimensions of an ultrasound transducer inside a sonophoresis
device is smaller than the acoustic wavelength in water at the resonance, it has low
radiation resistance and relative high reactance, which means that the transfer of radiated
acoustic power from surface of the transducer to the water is inefficient. Generally, the
radiation resistance is proportional to the radiating surface area of the ultrasound
transducer. Enlarging the radiating surface increases its physical size resulting in
enhanced radiated acoustic power. But these poor radiation characteristics often call for
high electric power for the device to work. The downside to this is it may result in

mechanical fracture and fatigue, heat generation and depolarization [110]. Furthermore,
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this will pose a safety concern to patients when the device is applied in such a manner.
Thus, it is necessary to develop a new ultrasonic device that could generate higher

acoustic power with lower required electric power.

3.2.2 Acoustic intensity induced by dual flat flextensional
transducers

Many acoustic sources can be treated as a combination of point monopoles that
radiate the acoustic waves that are only a function of the radial distance from the acoustic
source. The analytical method presented here can be extended to more complicated

acoustic sources.

Observation point

= l'l
Acoustic source 1
et
—HE~ 0 r .
~ -

1- Stainless steel vibrating plate, 2- Piezoelectric ring, 3- Stainless steel body.

Figure 3.3 Two point monopoles on the surface of the two flat flextensional transducers.
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Consider two point monopoles separated by a distance of 2d on the surfaces of

two flat flextensional transducers as shown in Figure 3.3. The total of velocity potential

¢(r.t)_for two point monopoles is the sum of the individual velocity potentials. Thus,

$(r1) =9 (), +6 (100, 6.

Where r is the distance from the center point of two acoustic sources to the observation
point, t is time and »; and r, are the distances from acoustic source 1 and 2 to the
observation point respectively. According to the law of cosine, »; and », could be

expressed as:

r.=~r* +d* —2rd cosf (3.2a)

r, =\r* +d* +2rd cosf (3.2b)

If the observation point is in the far field (r>>d), then Eq. (3.2a) and (3.2b) can be

approximately redefined as:

r=r—dcosd (3.3a)

r,=r+dcosf (3.3b)

In general, the velocity potential, ¢ (rt),of the point monopole is the function of source

strength and it is expressed as:
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¢(r,t)= ———Q(t) e
4y (3.4)
Where k is the wave number and defined as k=2, Q1) is the source strength of the
o

point monopole that defined as the surface area times the surface velocity of the point

monopole. Substituting Eqg. (3.4) and (3.3) into Eq. (3.1) yields:

#(r.1),, LU, L, (3.5)

4rn 4rr,

If r, r1 and r, are very large, then r, ~, ~r. Therefore, in the expression ¢(#,z) and

¢(n.t),, r,=r =r. However, it is necessary to maintain the expressions for r; and 7, in

the complex exponential expressions for each acoustic source in order to account for the
time difference when two acoustic waves travel from two acoustic sources to reach the

observation point. Thus Eq. (3.5) is rewritten as:

%e—ﬂc{r—dmse} _ 0 (t)z e“".fk(rm'cosﬁ')
dxr Azr

o(r.t),, =— (3.6)

If the acoustic sources are two harmonic point monopoles, in Eq. (3.6), O): and Q1)

can be expressed as:
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0, =0
(3.7)

0(), =0

Where ¢ is the total phase angle between two point monopoles. Substituting expressions

of O¢r); and Q)2 in Eq. (3.7) into Eq. (3.6) and yields:

Q ej(mt—kr) j(kdcos(ﬂz) Q ej(wt_kr) —j(deOSH‘*gj
1 e 2 ___z.____e 2

¢ (r )s””’ 4rr Arxr (3:8)

Noting that
ij(kdcosﬁ+£) (0 ¢

e 2 =cos(kdcos:9+—2—)ijsin(kdcos@ﬁ—z) and let then Eq. (3.8)
becomes

Q ej(wt—kr) @ @

o(r.r), = _1_4_{(1 + Q)cos(kd cos@ + -2~) +j(1- Q)sin(kd cos + EH (3.9)
r

The velocity potential can be related to the acoustic pressure, p, and the particle

velocity, u, using the following expression

0
p:—-po—agzzou (310)
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Where, z, is called characteristic acoustic impedance. p, is equilibrium density.

Substituting Eq. (3.9) into (3.10) yields the acoustic pressure and the particle velocity in

the acoustic and geometric far field.

(wt—kr)
p(r.t), = %%;_[ (1- Q)sm(kdcos@+ )+](1+Q)cos(kdcosl9+¢):|

(3.11)

.y j{wt-kr)
u(r,t) :.Qlﬂ"___[—(l—g)sin[kdcoséJr%]+j(1 +Q)cos(kdc056' +£;—]] (3.12)

4y

Acoustic intensity is defined as the time-averaged rate of energy transmission
through a unit area normal to the direction of propagation[111]. Since the signals
associate with the present discussion are harmonic and p(#, #)sum and u(¥, t)sum are complex

quantities, the intensity can be expressed as:

10)an = 5Rel(B0, 1), 7)., (3.13)

Where, p(r,t),, and u(r,t), represent the complex numbers of p(r, )sum and u(r, t)sym

sum Sum

respectively and #(r,?),,, is the complex conjugate of u(7, )sum. Thus, acoustic intensity

in the acoustic far field is written as:
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Q](rnis)2k220 2 2 ] 2 .09 ]
I(r)‘"’"_w (1+ Q) cos (kdcosﬂ+3]+(l—Q) sin (kdcost9+5)

K’z
- M{HQZ +2Q[cos2 [kdcos@Jr%}—sinz(kdcosQJr%]]} (3.14)

167%?

_ Ql(rms)zkzzo

6272 [1 +0* +20cos(2kd cos 6§ + qo)]

And the acoustic intensity for each point monopole is expressed as:

Ql(rms)zkzzo
I(r)l = 167T2F2

(3.15)

Qz(rms)2k220
)= 6nr

So if two point monopoles have the same source strength (Q;msg™ Qams))> the ratio of

acoustic intensity radiated from two point monopoles divided by the acoustic intensity

from a single point monopole is

!:S;_*"—:2+2cos(2kd0059 +9) (3.16)

According to above equation, if two acoustic sources are in phase (¢ =0)and kd

is very small (i.e. kd — 0), then the total radiated acoustic intensity is four times the
intensity of a single point monopole of equal source strength. For this case (kd — 0), it is

indicated that the two point monopoles already combine together resulting in a point

monopole with double source strength. On the other hand, at @ =909 (along the center
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line in Figure 3.3), the radiated acoustic intensity of the two point monopoles is always

four times the intensity of a single point monopole of equal source strength.

For another case, when the observation point is very near to the two point
monopoles (r<<d ), this observation point is considered to be placed in the geometric
near field. For ultrasound enhanced drug delivery application, generally the ultrasound
transducer is placed 1to 5 mm above the diffusion membrane, so it is necessary to

determine the interference effects of point monopoles in the geometric near field.

As shown in Figure 3.3, in the geometric near field, Eq. (3.3) is not suitable for
simplifying Eq. (3.2). The sum of the acoustic pressure of two point monopoles now is

written as

J'(wt~kr1 +§) j( wt-kry —%]

. Qe ., O,e
rt) =k 2y ke
p(r.t), = jkz, o Jjkz, p

(3.17)

And according to Eq. (3.13), the total acoustic intensity is given as
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2 2 9
1(r),, = ;2;02 {Q_l + Q_22 L 99 { Slknn)0] | - j[(r,_rz)_ﬂ}}

2
A p) nn

2
16z K A Kr

272 2
=M{L+%+£[msk(q —:’:{:)cosa;aJf-sink(r1 —P&)Sin(o]}

_Q](rms}zkzzﬂ L o’ gg_ N
_7{ +=+ rcos[k(rl 7) (o]}

2 2 2
16z K 2 i

(3.18)
Therefore, Eq. (3.15) and (3.16) are changed to
Ql(rms)2k220
I =
(r)l 167[27'12
(3.19)
Q2(rms)2k220
I =
(r)z 1672'27"22
I, 1 9 20
= 2 {r_ﬁ?+r—rcos[k(r1 -—rz)—qo:]}
1 1 2 172
When r, =r,, Egs. (3.20a) and (3.20b) are written as:
Loum =]°ﬂ=1+Q2+2Qcos¢ (3.21)
L
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From Eq. (3.21), if the two point monopoles are in phase (¢ =0) and have the same
source strength (Q =1), it is clearly shown that the sum of the radiated acoustic intensity

along the center line as shown in Figure 3.3 is always four times of the acoustic intensity

generated by single point monopole.

Therefore, in the geometric near or far field, as long as the point of interest is
placed on the center line of the acoustic structure as shown in Figure 3.3, the total
radiated acoustic intensity is always four times higher than that produced by single point
monopole. Extending this analysis to two flat flextensional transducers, it is concluded
that the output acoustic intensity along the centerline normal to the surface of the
transducer is increased four times, which provide more acoustic intensity to enhance the
permeability than that of a single ultrasound transducer. Hence, if the effect of enhanced
permeability and ultrasound application area remains unchanged, the required electrical
power to operate the individual ultrasound transducer will reduce because of the dual

ultrasound transducers induced constructive interference.

3.3 Summary

In this chapter, the characteristics of the flat flextensional ultrasonic transducer
have been discussed. It was found that the flat flextensional transducer is more efficient to
generate a larger axial displacement and higher acoustic pressure underwater than that of

the piezoelectric disk transducer.

Two typical structures of the flat flextensional transducers namely unimorph and

bimorph were described. In comparison with unimorph transducer, bimorph transducer
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has more complex structure and may not be much suitable for drug delivery application
due to the following reasons:
1. It is necessary to electrically insulate the piezoelectric material in the drug
solution.
2. ltisnecessary to prevent the plumbum leakage into the drug solution.
In this study, the unimorph type of the flat flextensional transducer was selected for the
development of sonophoresis device. It is the first effort to use the flat flextensional

transducer for ultrasound enhanced drug delivery application.

Due to the poor radiation characteristic of a single transducer, another new device
was first proposed based on the acoustic interference principle. It consists of dual flat
flextensional transducers in one sonophoresis device. The detailed theoretical analysis of
the acoustic field produced by the dual flat flextensional transducers has been
investigated. Theoretically, it was found that the dual flat flextensional transducers have
the capability to increase the output acoustic intensity and simultaneously reduce the

required electric power.

The next chapter deals with the development of the finite element models, which
is aimed to study the effects of materials’ properties and dimensional changes on the

performance of two newly proposed ultrasonic devices with flat flextensional transducers.
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CHAPTER FOUR

FINITE ELEMENT ANALYSIS OF THE FLAT
FLEXTENSIONAL TRANSDUCER

The development of new ultrasonic devices with a single and dual flat
flextensional transducers for drug delivery application is presented in this chapter. The
results of the finite element analysis of the flat flextensional transducers are described
and compared with experimental results where possible. The effects of material
properties and dimensional changes on the performance of the flat flextensional
transducer are studied. In the last section of this chapter, the fabrication process of the

new ultrasonic devices is briefly described.

4. 1Introduction

The simplest structure of a flat flextensional transducer consists of a piezoelectric
material bonded to a metal vibration layer. The preferred piezoelectric material
comprises a piezoceramic or other piezoelectric materials such as piezoelectric polymers.
The metal vibration layer serves as a mechanical transformer that transforms the high
impedance and small extensional motion of the piezoelectric material into low
impedance and larger flexural motion of the metal vibration layer. The selection of
materials will depend on the particular intended applications. For the ultrasound
enhanced drug delivery application, the bottom surface of the metal vibration layer in
contact with medical solution or other chemicals is preferably made of a material that

does not react with the liquid and resist the erosive effects that can be caused by
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cavitation. Furthermore, the flexible metal vibration layer could be joined to the
piezoelectric material in several ways such as riveting, encasement and adhesive
bonding. Viewed from these points, if the flat flextensional transducers have the same
physical size with different constructive materials or bonding conditions, the
performances of the transducers will be different. On the other hand, various types of
possible structures of the transducers could be developed to achieve the same intended

applications. Thus, it is quite difficult to choose a better structure for the transducer.

Finite element analysis allows the designer to manipulate and test the effects of
all the possible design variables using computer analysis rather than by the more tedious

alternative of building and testing prototype designs.

4.2 Finite Element Analysis

4.2.1Principle

The finite element analysis of the flat flextensional transducer was performed
using ANSYS® software package version 7.0. Due to the underwater application of the
sonophoresis device, the vibration of the structure in contact with water is transferred to
the water motion and results in a discernible increase in the kinetic energy of the total
system. It is generally known that the natural frequencies of a structure that are in contact
with water decrease significantly compared to the natural frequencies in air [112]. This
problem is referred to as the fluid-structure interaction problem. In addition to the
standard structural analysis, the ANSYS® analysis code also has the capability of
simulating coupled-field phenomena (such as piezoelectricity) as well as acoustic fluid

and fluid-structure interaction effects.
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For piezoelectric coupling analysis, the electromechanically constitutive
equations usually given by manufacturers or available in published data are rewritten in

the form of a matrix:

S}=[s* [{T}+[4){E} 4.1)

{D}=[a] {T}+[¢" |{E} (4.2)

Where,

D} - Electric displacement vector (three components X, Y, z)

{S}: Strain vector (six components X, y, z, yz, Xz, Xy)
{E} : Electric field vector (three components X, y, z)

T}: Stress vector (six components X, Y, z, Yz, Xz, Xy)

[d]: Piezoelectric matrix relating strain and electric field

[d] : Transposed piezoelectric matrix relating strain and electric field
[51: Dielectric matrix evaluated at constant stress

[s”}: Compliance matrix evaluated at constant electric field

However, ANSYS® requires data in the following forms [37]:

{T}=["]{s}-[el{E} 4.3)
{D}=[e] {S}+[&° |{E} (4.4)

Where,

[cE:] - Stiffness matrix evaluated at constant electric field
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[e] : Piezoelectric matrix relating stress and electric field
[e]’ : Transposed piezoelectric matrix relating stress and electric field

[es]: Dielectric matrix evaluated at constant strain

In order to convert the data presented in the forms of Egs. (4.1) and (4.2) to the forms

that are suitable for Egs. (4.3) and (4.4), the following manipulations are performed:

[s" )T} ={s}-[d]{E} (4.5)

[T s}-[s" T [l

Substituting { T} into Eq. (4.2) and yields

=[] {r}+[<" {E)
(p}=[a] ([s"T" {8}~ [s* T TalE})+ [« (B} (46)

(D} =[a] [s"T" {5} +([e" 1~ 141 [* T '[a1){E}

Upon comparison of Egs. (4.6) and (4.5) with Egs. (4.3) and (4.4), the relationships

between manufacturer-supplied data and ANSYS® required data are given as follows:
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)= [T
[e5]=[¢"]-[a][s*] [d] 4.7)
[e]=[s [a]=[a] [*T

These equations will form the basis of the conversion routes to transform
published data to the forms accepted by ANSYS®. Note that the published data has
mechanical vector in the form (X, y, z, yz, Xz, xy} where ANSYS’s mechanical vector is

in the form {x,y, z, Xy, yz, Xz}.

In acoustic fluid-structure interaction problems, the structural dynamics equation
needs to be considered along with the Navier-Stokes equations of fluid momentum and
the flow continuity equation [113]. It usually involves modeling the fluid medium and
the surrounding structure. Typical quantities of interest are the pressure distribution in
the fluid at different frequencies, pressure gradient, particle velocity, the sound pressure
level, as well as, scattering, diffraction, transmission, radiation, attenuation, and
dispersion of acoustic waves. Basically, it assumes that the fluid is compressible, but
allows only relatively small pressure changes with respect to the mean pressure. Also,
the fluid is assumed to be non-flowing and inviscid (that is, viscosity causing no
dissipative effects). Uniform mean density and mean pressure are assumed, with the

pressure solution being the deviation from the mean pressure, not the absolute pressure.

ANSYS® also has the capability of performing different types of structural

analysis such as static, modal, harmonic, transient dynamic, spectrum and bulking. The
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harmonic response analysis determines the steady-state response of a linear structure to
loads that vary sinusoidally with time. The objective is to calculate the structure’s
response at several frequencies and to obtain a graph of some response quantity (usually
displacements) versus frequency. The modal analysis is used to determine the natural
frequenciesand mode shapes of a structure. The results discussed in section 4.3 are all

obtained from these two analytical methods.

4.2.2 Modeling

4.2.2.1 Structures of portable sonophoresis devices

Two types of ultrasonic devices for drug delivery application were proposed in
this research project. They were named device ‘A’ and ‘B’. Device ‘A’ consists of a
single flat flextensional transducer that comprises a piezoelectric ring and a vibration
metal plate bonded together. The whole flat flextensional ultrasonic transducer was
assembled onto a rigid stainless steel body (Figure4.1). The height of the body was

decided by the drug delivery experimental setup.

As mentioned in Chapter 3, in order to increase the output acoustic intensity and
at the same time reduce the required electric power for the transducer, the sonophoresis
device ‘B’ with dual flat flextensional transducers was proposed based on the acoustic

interference principle. The detailed structure is given in Figure 4.2.
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1- Ring-shaped PZT; 2- Metal vibration plate; 3- Stainless steel body; 4- Threaded hole

(M6).
Figure 4.1. Schematic structure of the sonophoresis device ‘A’.

1- Ring-shaped PZT; 2- Metal vibration plate; 3- Stainless steel body; 4- Threaded hole
(M6).
Figure 4.2. Schematic drawing of the proposed sonophoresis device ‘B’ with double flat

flextensional ultrasonic transducers.
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As shown in Figure 4.2, device ‘B’ consists of double piezoelectric rings and a
metal vibration plate bonded together. The whole structure will be assembled onto a rigid
stainless steel body that has two blind holes with the same diameter and depth, separated
at a fixed center-to-center distance. The separated blind holes accommodate two
structurally independent flextensional ultrasound transducers and each piezoelectric ring
is concentric with respect to the blind hole. This assembly theoretically, if each
transducer is suitably controlled, can provide acoustic intensity four times higher than

that of single transducer due to the above mentioned acoustic interference theory.

4.2.2.2 Simplified structures of the flat flextensional transducers for

the finite element analysis

Ultrasound frequency at a range of 20 to 100 kHz has been shown to enhance
transdermal transport of a variety of drug molecules. The enhancement is determined by
various parameters, including frequency, ultrasound intensity, duty cycle, and application
time. The most important parameters are ultrasound frequency and intensity applied on
the skin surface [33]. Previous research work showed that significant transdermal
transport of model drug such as insulin (MW=6000 Da) has been achieved using 20 kHz
commercial sonicator operating at intensities from 12.5-225 mW/em® [9]. Thus the
sonophoresis device should be operated at its first vibration mode at a frequency similar
to that of the commercial sonicator with intensities that have been shown to
transdermally deliver drugs such as insulin. From this point of view, in order to design
the proposed structure as shown in Figure 4.1 and 4.2, the following dimensions as
shown in Figures 4.3 and 4.4 must be determined:

1. Thethickness ¢, of the piezoelectric ring

2. Inner diameters d; of the piezoelectric ring

3. Outer diameters d, of the piezoelectric ring

83



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 4:FINITE ELEMENT ANALYSIS OF THE FLAT FLEXTENSIONAL TRANSDUCER

4. The distance Shbetween two piezoelectric rings
5. The thickness ,, of the metal vibration plate
6. The diameter d,, of the vibrating zone of the metal vibration plate

The following conditions are assumed:

1. The diameter of the sonophoresis device is 29.6 mm. This dimension is limited
by the inner diameter of the donor compartment of the Franz diffusion cell (31.0
mm).

2. The frequency range is about 20 to 40 kHz, which is frequently used in
ultrasound enhanced drug delivery experiments [8] [11] [93-94] [114].

3. Only the first vibration mode of the metal vibration plate is considered, and the
first resonance frequency should be in the above-mentioned frequency range.

Unless otherwise noted, the simulation results reported in this chapter are for single flat

flextensional transducer with various materials properties and dimensions. The detailed

finite element analysis model, selected element types, boundary conditions will be

presented in the next section.

4.2.2.3 Finite element analysis model of the flat flextensional

transducer

As shown in Figure 4.3, the device ‘A’ with a single flat flxtensional ultrasonic
transducer exhibits axisymmetry about its central axis, it was modeled as a two
dimensional axis-symmetric body, which offers the advantages over the corresponding
three-dimensional model with lesser numbers of the elements and processing time. The
corresponding two-dimensional axis-symmetric FEA model is given in Figure 4.5 (a).
The FEA model for simplified structure of the proposed ultrasonic device ‘B’ is shown
in Figure 4.5 (b). Both FEA models consist of the following components:

1. Ring-shaped PZT
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2. Metal vibration plate

3. Stainless steel body

4. Interface elements between fluid elements and structural elements

5. Interface elements between fluid elements and skin

6. Interface elements between fluid elements and glass wall Fluid domain

without structural elements

Ring-shaped PZT
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>
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