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CHAPTER 1

INTRODUCTION

1.1 Objective

The use of ultrasonic waves in the field of medicine started initially with its applications

in therapy rather than in diagnosis, utilizing its heating and disruptive effects on animal

tissues. The destructive ability of high intensity ultrasound had been recognized ever

since the destruction of school of fishes in the sea was observed when a water tank was

insonated with high intensity ultrasound. High intensity ultrasound progressively

evolved to become a neurosurgical tool. The primary limiting constraint in the use of

ultrasound as a diagnostic tool is the propagation characteristics of ultrasound in the

medium of its application.

Ultrasound waves travel through any medium with a velocity that is controlled by

the medium itself. Elasticity and density of a medium are found to be the two basic

physical properties that govern the velocity of sound waves through the medium.

Therefore, though solids such as steel and glass are far denser than air, their elasticity is

comparatively greater that the velocities of sound in them are fifteen times greater than

the velocity of sound in air. Using elasticity as an indication of the speed of sound in a

given medium, we can conclude that sound travels faster in harder materials, slower in

liquids and slowest in gases.

Previous researches measuring the propagation properties of ultrasound in a fog

medium are extremely limited. The goal of this thesis study is to design and develop the

necessary hardware and software system to facilitate the measurement of the ultrasound

properties in a Fog medium.

1
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This thesis study can functionally be divided into four principal parts.

• Generation of Ultrasound using piezoelectric transducers.

• Generation and control of a "Synthetic Fog" medium.

• Ultrasound signal reception and storage.

• Data Analysis.

The primary function of the Software system was to initiate the production of

ultrasound pulse by controlling a single transducer, sequential triggering of multiple

transducers in increasing order of frequency, detect the reflected pulse and filter

unwanted part of the signal. The software system acts as an interface between the user

control and the hardware system.

The Hardware system was required to generate ultrasound, generate timed fog and

facilitate the sequential triggering of the transducers. In addition to that, the hardware

system was also required to time the triggering of transducers in an alternating fashion for

the generation of ultrasound. The objective of this thesis study was to design various

components of the Software system and the Hardware system and integrate both of the

systems to provide one unit that would control, receive and analyze the various

parameters required to characterize ultrasonic wave in a "Synthetic Fog" medium.

Imaging systems currently use conductive gels to improve skin conductivity to

facilitate the use of ultrasound-scanning systems. Such a requirement for an interface

between the transducer and the skin can be minimized, possibly reduced if we can

improve the medium of conduction. This study will determine whether fog can be used

as a medium of conduction to improve ultrasonic propagation.
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1.2 Fundamentals of Ultrasound

Ultrasound wave is a non-ionizing form of energy that propagates through a medium as

an organized series of interruptions. The nature of these interruptions is an oscillation in

the particles of the medium, causing them to be alternately positioned closer to and

farther apart from each other. The energy of a sound wave travels away from the source

through a series of molecular collisions parallel to the direction of the wave.

The oscillations and therefore the sound wave must be produced by a source and

will cross the medium in a straight line until a target is reached. This movement causes a

shift in several physical properties of the medium. The velocity of a sound wave depends

on the temperature of the medium and its elasticity. The properties of a given medium

heavily influence the manner in which sound moves or propagates through it. In the case

of ultrasound, the fundamental energy unit is the sound wave.

Ultrasound is useful for imaging structures in the body. Frequency for any

application represents a tradeoff between a) spatial resolution, dictating use of higher

frequencies, and b) the need to obtain adequate penetration in the tissue. The product

between the frequency and its wavelength gives velocity of the wave. Frequency of

ultrasound remains constant during propagation whereas the intensity decreases with

propagation.
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1.2.2 Wave Equation

Several variables are used to visualize and quantify the sound wave. The two most

important in terms of ultrasound are amplitude and frequency. Where, amplitude is the

change in pressure from rest to maximum compression and from rest to maximum

rarefaction. Similarly the cycle used in calculating frequency is the process of shifting

from maximum compression to maximum rarefaction and back to maximum compression

the length of time for this cycle to occur is called the period. Frequency is calculated as

the inverse of period and is a measure of how fast the oscillations occur.

A standard format for expressing these two variables when describing a sound

wave is known as the wave equation.

Here, S represents sound as a function of time t, amplitude is represented by A,

frequency is represented by and phase 'w' is represented by '0'. The audible range for

humans is from 20Hz to 20 kHz. The greater the frequency of sound wave the higher its

pitch will be. The term ultrasound refers to sound waves above 20 kHz and thus above

the audible range of humans. In ultrasound imaging the sound waves used to acquire

images of the body range typically from 2 — 10 MHz, beyond the audible range of

humans.
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1.2.3 Quantitative Properties

In addition to the basic properties of amplitude and frequency, there are several other

variables that define a sound wave. These variables can be explained on the basis of time,

space and magnitude. The three additional variables describing the properties of sound

will be discussed below

1.2.3.1 Time. Period is best described as the amount of time required for one cycle to

pass. It is also equal to the inverse of frequency, and measured in seconds. Phase is the

amount of offset or delay. This can be expressed with respect to the origin or with

respect to another waveform of equal frequency and is measured as a fraction of the full

period.

1.2.3.2 Space and Wavelength. Space is the rate at which one point of the

waveform progresses through the medium. This is a function of the properties of the

medium and is expressed as a distance over time, usually m/s. Wavelength is similar to

period, but in the spatial domain. The wavelength describes the distance covered by one

cycle of the waveform as it progresses through the medium. It is calculated as the speed

times the period. Again, period is the duration of one oscillation while wavelength is the

length of one oscillation.

1.2.3.3 Magnitude. Intensity is more commonly used instead of amplitude to quantify

the magnitude of displacement imposed by a sound wave. Intensity is equal to the power

carried by the sound wave averaged over a given period of time. It represents how "loud"

the sound is, and is expressed in decibels.
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1.2.4 Pulse-mode

Another common method of ultrasound generation is Pulse-Mode generation or pulsed

ultrasound. Pulse-mode is preferred over continuous-mode since it takes advantage of the

properties of sound and simplifies the processes of sound generation and detection. Pulse

is a short burst of sound containing a few cycles. Each pulse is made up of several sound

waves, with different frequency, superimposed upon each other and lasting for few

cycles. In pulse-mode, the transducer is triggered to generate pulses of sound at set time

intervals

In analyzing the entire signal that is output from the transducer, each pulse is

viewed as a single, discrete unit. Instead of treating one full cycle of the continuous sine

wave as an event, in pulse — mode one pulse is treated as an event. Thus the same

quantifiers used to describe the oscillations in continuous mode are translated to describe

the pulses in pulsed-mode.

• Pulse repetition frequency - The number of pulses per second.

• Pulse duration — Duration required for one pulse to be transmitted.

• Pulse repetition period - The time duration between pulses. Duty factor, which is

the inverse of pulse repetition period, is another important parameter.

1.2.5 Generation of Ultrasound

Generation of any sound requires the displacement of particles in the surrounding

medium to generate an adjustable waveform. Such an activity is achieved by a device

known as a transducer. The initial form of energy in ultrasound wave generation is a

controlled electrical voltage and the final form is mechanical energy. Materials used to

produce this desired activity are called piezoelectric materials.
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The Piezoelectric property can be natural to a material or can also be artificially

produced. Quartz crystals have a particular form of electrical construction that causes

reshaping in the presence of an external voltage. Artificial methods include polarization

of a ferroelectric material, followed by heating and slow cooling in the presence of an

electric field. Such materials are called polarized ferroelectrics.

The piezoelectric crystals used in ultrasound applications are flat and circular in

shape and vibrate at the natural resonant frequency of the material when electrically

stimulated. The applied voltage of varying magnitude will cause a sound of varying

intensity to be produced at the set frequency of the material.

Resonant frequency is inversely proportional to crystal thickness, therefore in

order to change the frequency of the sound generated, a piezoelectric crystal of different

thickness must be used.

1.2.5.1 Beam Formation. While a sound wave comprises of a single straight line of

activity that moves through its medium, in ultrasound practice many sound waves are

used together, encompassing a certain thickness called a beam. A sound beam can be

described as the region in front of the transducer that can receive or transmit. The

properties of the ultrasound transducer govern the shape of the beam. The radius and

resonance are two major properties that affect the beam profile. Resonant frequency is the

function of a transducer's thickness, thus the output can be completely controlled by the

physical dimensions of the piezoelectric crystal.

The beam generated by the transducer may be considered as the sum of the beams

generated by an infinite number of point sources. In the case of sound, each point source
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generates sound equally in all directions creating a spherical wave. The summation of

these spherical waves forms the beam profile of an ultrasound wave.

An ultrasonic beam converges around a region called the near field and diverges

through a region known as the far field up to infinity. Two quantifiers controlling these

two regions are the radius of the transducer and its frequency. Adjusting either of the two

quantifiers will control the beam profile.

1.2.5.2 Noise. Noise generated in the transducer due to backwardly transmitted sound is

reduced by means of providing the transducer with a backing. Particularly in the case of

Pulse-Mode ultrasound, the transducer is expected to generate short, distinct sound

waves. Backing material allows it to turn on and off quickly without any vibration.

Backing element is placed on the side of the transducer across from the beam to be

generated. The purpose of a backing element is to absorb vibration from the transducer

and to remove any sound directed backwards.

1.2.6 Effects of Medium

At the initial stages of image acquisition, sound is produced by a transducer, introduced

into a medium, and allowed to propagate. The target medium and its components govern

the events that occur during this period of propagation. In general ultrasound

applications, the medium in question is the human body as well as the space between the

transducer and the human body. This combinational medium is extremely non-

homogenous.

The projected sound wave will interact with the target medium and will return a

signal, which will be received at the transducer. The principle interactions that take place

between the sound wave and its medium are classified as attenuation and reflection.
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1.2.6.1 Attenuation. As sound propagates, the particle oscillations that it causes require

energy, causing the wave to lose energy mostly in the form of heat. The wave's intensity

is a unitless quantity that is often taken to be unity at the transducer. When expressed in

decibels the rate of attenuation becomes a linear function. Each time the sound wave

covers a certain distance, a known degradation of intensity will occur. The larger the

attenuation coefficient, the more rapidly the intensity of the sound wave will decrease.

1.2.6.2 Reflection. Reflection occurs at the interface between two media with the

amount of reflection depending on the acoustic impedance of both. Impedance is

mathematically equal to the product of two other material properties namely, density and

acoustic velocity. Density is the weight per given volume and acoustic velocity specifies

the speed at which sound naturally propagates through a given material.

An interface can be defined as the surface joining two adjacent mediums having

different impedance values. However, upon reaching a typical interface, the sound wave

will not be reflected entirely, only a fraction of it will bounce back while the remainder

will continue to pass in the original direction and into the second medium. The two

partial sound waves will have less pressure amplitude relative to the initial sound wave.

Amplitudes of which can be calculated from the above equation where RF is the

reflection coefficient and Z1 and Z2 are individual impedances of medium 1 and medium

2. Since intensity is proportional to the square of pressure, the same beams can be

expressed by their intensities using the same terms. These equations define the behavior
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of the initial sound wave upon transmission into a medium and by using these

information properties of the medium can be discovered.

1.2.7 Sound Propagation and Interaction with Target

1.2.7.1 Refraction. Sound waves are reflected off of any flat, perpendicular interface.

But, the majority of surfaces encountered in the human body do not meet these criteria.

The transmitted beam apart from being reflected also undergoes another process known

as refraction. The differential impedance causes refraction across the interface. As the

sound beam, strikes this interface at a non-perpendicular angle it is slowed at a rate not

uniform across its width, causing redirection of the beam.

1.2.7.2 Scatter. Scattering occurs when small imperfections cause seemingly

random reflections and refractions of the sound wave in all directions. Scattering can be

due to both rough surfaces at impedance boundaries or suspended particles in the

medium. The amount of scatter that will occur is dependent on the number of scattering

particles, the average size of the scattering particles, and the amount of impedance

difference between the particles and its surrounding or adjacent medium. While these

imperfections do not greatly degrade the properties of the sound beam, their effects are

significant.

1.2.8 dB notation

Unlike frequency, which is a numerically calculable and measurable quantity, the

magnitude of the sound wave is a unitless term. In practice, these fractional terms can

span a range of exponential proportions, so the decibel format is used. One decibel is an

arbitrary magnitude that has been chosen as the standard, base unit for sound.
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1.2.9 Mechanisms of Reception

A transducer converts the received ultrasound signals into an electrical stimulus. In this

case, the piezoelectric crystals respond to a mechanical deformation caused by sound to

produce electrical current. The magnitude of this output is proportional to the degree of

deformation of the crystal, which translates to the amount of oscillation in pressure or the

intensity of the incoming sound. The greater the sound wave, the greater is the

corresponding electrical output.

When ultrasound signals are transmitted and received in pulse-mode, the process

is simplified in that the transducer receives separate, discrete pulses of data rather than a

continuous stream of information. Each echo pulse is separable and can be stored

digitally in both the time and magnitude domains, and the signal can be represented by a

sequence of discrete values. Once the sound wave has been converted into this digital

signal, it can be computationally analyzed, stored, and otherwise processed by computer

in order to ultimately produce an image.
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1.3 Introduction to Fog

Various ultrasound applications depend on the particle size distribution of suspensions.

The interaction between sound waves and suspension particles is similar to light but

sound waves have an advantage that they can travel through concentrated suspensions.

When sound wave pass through a particulate system, changes occur to the wave, as well

as to the two phases of the medium. A particle presents a discontinuity to sound

propagation and wave scatters with redistribution of the acoustic energy through the

volume before being detected at the receiver. In addition to scattering, absorption

phenomena also occur due to relative particle movement in the suspending medium

resulting in a loss of mechanical energy.

The interaction of ultrasound with a heterogeneous dispersed system involves

various thermodynamic, hydrodynamic effects. Ultrasound interacts with dispersed

medium using six different mechanisms, which are explained below.

1. Viscous mechanism is hydrodynamic in nature and is related to the shear waves

generated by the particles oscillating in the acoustic pressure field. The difference in the

densities of the particles and the medium creates these shear waves. This mechanism is

important for acoustics. It causes losses of the acoustic energy due to the shear friction.

2. Thermal mechanism is thermodynamic in nature and it is related to the

temperature gradients generated near the particle surface. Temperature gradients are due

to the thermodynamic coupling between pressure and temperature. Dissipation of the

acoustic energy caused by thermal losses is considered to be a dominant attenuation

effect.
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3. Scattering mechanism is essentially the same as in the case of the light

scattering. Acoustic scattering does not produce a dissipation of acoustic energy. Particles

simply redirect a part of the acoustic energy flow and as a result this portion of the sound

does not reach the sound transducer. The scattering mechanism contributes to the overall

attenuation.

4. Intrinsic mechanism is the part of acoustics. It causes losses of the acoustic

energy due to the interaction of the sound wave with the materials of the particles and

medium as homogeneous phases on a molecular level. It must be taken into account when

overall attenuation is low which might have happened for the small particles or low

volume fractions.

5. Electro kinetic mechanism describes the interaction of the ultrasound with the

double layer of particles. Oscillation of charged particles in the acoustic field leads to the

generation of an alternating electrical field, and consequently to alternating electric

current. This mechanism is a basis for electro acoustics. It turned out that its contribution

to the acoustic attenuation is negligible.
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1.4 Background

An optimal method of sound velocity determination is to measure the time of flight of a

single pulse or consecutive pulses of a resonator in a given specimen of known thickness.

The time of flight refers to the time taken by a single pulse or consecutive pulses of a

resonator to travel from the excitation transducer to the reception transducer. As an

improvement of this conventional method, Neubauer and Dragonette [1] proposed that

the distance between the transducer and the reflector be changed in a controlled way,

which relates to the change in specimen thickness affecting the corresponding time of

flight.

Sound velocity determination in gel-based emulsions, was discussed previously

by Ammann and Galaz [2] using through transmission methods. The measurement of

sound velocity can be made by placing the specimen between a pair of coaxial

transducers of similar frequency characteristics. A pulsed electric signal excites the

excitation transducer producing ultrasound wave trains and the response is acquired at the

reception transducer.

Each specimen surface generates a pair of intermediate echoes between two

successive main echoes. The generated pair of echo can be attributed to the reflection of

the main pulse in the forward direction and the backward direction. The full set of

echoes is obtained by taking the signal of interest between consecutive main echoes. In

the absence of a specimen, the through-transmission configuration generates a train of

echoes produced by the acoustic pulse bouncing forth and back between the excitation

and reception transducers. The time of flight of the pulses reflected at both specimen

surfaces and the distance between these two surfaces will determine the sound velocity.
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In order to understand the properties of ultrasound in a fog medium, it is essential

to understand the properties of ultrasound in suspensions. Dependence of ultrasonic

attenuation on the material properties has been discussed by Babick et al [3]. In a

homogeneous media, sound waves propagate straight from the source, thereby steadily

loosing part of their energy by sound absorption in the medium. In the presence of a

heterogeneous media, similar to suspensions a qualitative shift in the character of sound

propagation is observed. Each individual particle then behaves as a sound source

radiating sound waves in all directions due to reflection, refraction and diffraction. This

general wave phenomenon is called scattering.

Sound propagation is primarily influenced by the scattering due to mechanical

and thermal coupling effects between the continuous and disperse phase. The mechanical

and thermal coupling effects affect sound propagation in two ways 1) They alter the

scattering profile 2) Reduce the total amount of the wave due to dissipation. The material

properties of phases and the particle size will affect the magnitude of the coupling effects.

Scattering as well as dissipation contributes to the extinction of the sound wave in the

forward direction causing the measurable sound attenuation.

The total attenuation of sound in a given medium can be described by the

following equation.

a = CE int -E CE th -E CE vis 1- a sca

Here a int stands for the intrinsic losses namely the sound absorption in the

continuous and disperse phase, a th and a v i s describe the thermal and viscointertial losses,

respectively and a sea is the contribution by scattering.



16

Table 1.1 Description of Material Properties

Material Sound speed

(m/s)

Water 1483

Water 1497

Olive oil 1440

Corn oil 1150

Ethanol 1360

Silica 2190

Steel 5250

Oxygen 316

Carbon-di-oxide 259

Air 343.2

Dry Air (0°C) 331.29

The theoretical results show, that in the case of watery dispersions only of the two

dissipative coupling processes, thermal and viscointertial contributes significantly to the

overall attenuation [4]. In suspensions with solid particles, the attenuation is almost

completely governed by viscoinertial effect, whereas thermal losses can be neglected. In

addition the intrinsic losses are only important for low particle concentration.

The following influence the material properties of the attenuation of ultrasound:

Fluid sound speed Cf

Particle sound speed Cp


