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Preface to the Third Edition

There have been significant advances in the science and technology employed in
commercial systems and in both the scope and the range of applications of ultrasound
since the second edition of this book was published in January 1988. The present edi-
tion includes discussion of many of these advances and improvements; additional
figures and numerous new references are provided. In 1988, it became a require-
ment to write technical papers using the international system of units (abbreviated
as “SI” from the French Systeme International d’unites) rather than British units.
All the parameters reported are now completely described using SI units: Meters
have replaced feet, velocity is now expressed in kilometers per second, frequency
is expressed in hertz rather than in cycles per second, and so on. These updates and
inclusion of new material combined with the core content developed in the second
edition make this edition, in effect, a new book.

Chapter 1 provides a summary of the history of the development of ultrasonics,
which has been expanded when compared with that provided in the second edition.
It looks at where ultrasonics comes from and what has developed in the field, incor-
porating content that discusses developments made since the second edition was
published.

The scope of modern ultrasonics is set in the context of what is now an inter-
disciplinary field. Developments in ultrasonic systems have benefitted greatly from
advances in electronics: The devices used in power electronics and made from elec-
tronic chips and software have become more powerful, compact, and versatile, and
these advances have resulted in new and powerful computer-based devices for real-
time data capture, storage, analysis, and display.

Chapters 2, 3, and 4 review the basic equations of acoustics, starting from basic
wave equations and their applications and designs of vibratory systems and horns
used in high-power applications of ultrasonics. Chapter 2 has additional content,
compared to the previous edition, on scattering and numerical modeling of wave
propagation, as well as a new subsection titled “Measurement System Models” and
a number of new figures.

Chapter 3 contains added material on Rayleigh waves, and there are discussions
of the wave fields that transducers deliver and the subsequent interactions of these
fields with materials and discrete “targets.” Chapter 4 now includes additional mate-
rial on advanced horn and system designs. Improvements in transducer design coin-
cide with advances in and new applications for ultrasonics in various fields. A new
“giant magnetostriction” material, terfenol-D, has enabled considerable progress in
the use of magnetostriction in transducer development for underwater sound and in
certain commercial applications.

Chapter 5 discusses basic designs of ultrasonic transducers including piezo-
electric, magnetostrictive, aerodynamic, mechanical, electromechanical, and sur-
face acoustic wave devices. New and improved ceramic piezoelectric materials are
becoming available on the market. Some polymeric materials also have piezoelectric
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characteristics. The best known of these is probably poly (vinylidene fluoride). More
figures are added with a discussion of transducer wave fields and equivalent circuits.
In the discussion of high-frequency transducers, content is added on electromagnetic
acoustic transducers, laser ultrasonics, arrays, and wave fields.

Chapter 6 discusses properties of materials, which are important in the design of
transducers and which influence the transmission and characteristics of ultrasonic
waves. New discussion of methods to determine “approximate properties of materi-
als,” together with the consideration of water as a reference material, is included in
Chapter 6. Also, Chapter 6 includes new material on ultrasonic resonance spectros-
copy and new reports on the use of ultrasound to provide process parameters such
as density, viscosity, and particle size for emulsions, colloids and slurries. A large
portion of the second edition Chapter 6, which includes four tables covering the
acoustical properties of solids, liquids, and gases, has been expanded and moved to
a new appendix, Appendix A. Liquids are divided into two separate tables: tables on
(1) common liquids and molten materials and (2) organic liquids.

Chapter 7 is an introduction to nondestructive testing (NDT) dealing with basic
methods and general considerations of ultrasonic techniques used in nondestructive
testing. Additional nonconventional ultrasonic methods, including ultrasonic spec-
troscopy, are discussed. New material on flaw size determination and standards for
transducer evaluation and characterization are included.

Chapter 8 discusses the NDT of metallic structures. It is a general update of
the previous Chapter 8 and now includes solid-state bond inspection and acoustic
microscopy together with new material on in-service inspection of nuclear reactors.
Many additional references and new illustrations are added.

Chapter 9 covers the inspection of nonmetallic products and the special consider-
ations required for using ultrasonics in this area. Chapter 9 is updated in all sections
with some reordering. New material on the use of ultrasonics to characterize poly-
mer membranes, energetic materials (including solid rocket motors), and low-density
foams (areo-gel) is also included.

Chapter 10 describes some early methods of visualizing ultrasonic fields. Since
the second edition was written, acoustic holography, acoustic microscopy, phased
arrays, as well as digital B and C scan systems have all been developed to a much
higher level, particularly through the use of computer hardware and software capa-
bilities. However, the earlier measurement methodologies remain interesting and it
is worth taking a look at them. Acoustic imaging is now much more widely used
in the medical diagnostics area utilizing pulse-echo techniques and visual display
systems. Many new application examples have been added. The second part of the
chapter is restructured and discusses process monitoring measurement and control.
The scope of applications for process use is significantly expanded in this edition.
Discussion of high-pressure gas, to provide transducer—sample coupling, has been
added to supplement the second edition discussion of ultrasonics in air, which has
been expanded considerably.

Chapters 11 through 13 discuss many of the high-intensity applications of ultra-
sonic energy. Chapter 11 provides an introduction to high-power mechanical effects,
chemical effects including what is now known as “sonochemistry,” and metallurgical
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effects. Advances in theory and experiments for single- and multibubble phenomena
are included. A new section on diffusion through membranes has been added.

Chapter 12 has received a general update and now includes discussion of flip chip
bonding used in electronics. Also added are topics such as particle manipulation,
separation, and sorting, which are receiving much attention at the present time in
terms of the application of ultrasound for nanotechnology. Chapter 13 has a new title
“Application of Ultrasonics Based on Chemical Effects—Sonochemistry.” It has been
reordered and includes a new discussion of the development of sonochemistry and
the field’s major advances and trends.

Chapter 14 has been completely rewritten and reordered. It now includes the appli-
cation of ultrasound in tissue, power, and beam measurements; and discussion of
topics grouped as diagnosis, therapy, and surgery. New topics under therapy include
sonicated gene and drug delivery and activation. Under surgery, high-intensity
focused ultrasound (HIFU), shock wave lithotripsy, and a range of methods for tis-
sue dissection and ablation, together with dentistry, are discussed. The final section
of the chapter briefly reviews ancillary applications of biomedical ultrasound includ-
ing ultrasonic cleaners, emulsification, lysis (cell and spore disruption), bioreactor
and enhanced growth effects, biofilm imaging and characterization, and cell sorting.

The new Appendix A includes the updated set of tables on materials properties,
which is from Chapter 6 of the second edition, and Appendix B lists some Web-
based and other resources that the authors have found to be particularly useful.






Preface to the Second Edition

A person is indeed fortunate if he or she is able to devote an entire professional life to
a field that is always interesting, challenging, and enjoyable. I have had this privilege.
During the past 40 years, I have participated in more than 925 research studies in
ultrasonics. The study of ultrasonics is interesting because it is applied in so many
different fields of science and industry. In ultrasonic research, there is a need to learn
something about each of the fields in which it is applied. Research helps to satisfy
the innate curiosity of humankind. My curiosity certainly has been stimulated by
ultrasonic research in diverse fields such as materials forming, metallurgy, medi-
cine, agriculture, chemistry, electronics and communications, underwater sound,
intrusion detection, flowmetering, dewatering, and many others. These studies have
helped me maintain an enthusiasm toward my field that has led me to write this book.
Perhaps by reading this book the reader will conceive new ideas for applications in
fields familiar to him or her.

The first edition of Ultrasonics: Fundamentals, Technologies, and Applications
was published several years ago. Although basic principles do not change over the
years, technology and applications do. Many of the advances that took place in the
field of ultrasonics since the publishing of the first edition are directly related to
developments in electronics, data processing techniques, and market demands.

Nearly every chapter of this second edition has been expanded and revised from
the first edition to include recent developments in the field of ultrasonics. Equations
for wide horns and large area horns are included in Chapter 4. Large horns have been
developed particularly to meet needs in the ultrasonic bonding of plastic materials.
Design equations that include the damping term have been revised in order to use the
same definition of R,, that was used in equations for damping in a simple oscillator.
Compared with the first edition, new material is included in the tables of acoustical
properties in Chapter 6. The material is presented in such a manner that the reader
can expand it if necessary.

Presented in another chapter are a few basic principles of transducer design. No
proprietary information has been included, however. The material should be useful
to any beginner in the field of ultrasonics, but readers should consult other reference
works, including the literature provided by manufacturers of piezoelectric materi-
als, for more thorough discussions on transducer design. To avoid the publishing
of proprietary information and because oscillator and amplifier circuits are com-
mon knowledge among electronics engineers, no circuit diagrams are offered. The
matching circuitry for ultrasonic devices varies with the transducer, and the number
of circuit arrangements for the various applications can be as varied as the number
of applications.

A few block diagrams that describe the functions of elements of the circuit at
various points are presented in the chapters devoted to low-intensity applications
of ultrasonics. This topic too is the basis of several books. For example, books
devoted to the use of ultrasonics in nondestructive testing, of physical acoustics and
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the properties of matter, or acoustical holography are available. The applications of
microwave acoustics are bypassed and surface-wave applications are treated with
brevity in this book, although both topics are receiving considerable attention at the
present time. It was believed that these subjects could not be covered adequately in
the time and space available. Tables of acoustical properties are included.

Originally, the plan was to include a chapter on underwater sound. However, sev-
eral good books on this subject are available, and certain restrictions make whatever
information that could be included with the necessary brevity of little value. Those
who desire this type of information may find it in books such as Fundamentals
of Sonar by J. W. Horton, a Naval Institute publication, Annapolis, Maryland;
Principles of Underwater Sound for Engineers by Robert J. Ulrick, published by
McGraw- Hill Book Company; and Underwater Acoustics Handbook-1I by Vernon
M. Albers, published by The Pennsylvania State University Press. Anyone who has
the need to design equipment for underwater sound will have available the necessary
material for reference.

There are other chapters in this book devoted to high-intensity applications of
ultrasonics. A table of solvents used in ultrasonic cleaning is also provided. The final
chapter is devoted to the medical applications of ultrasonics, which include both low-
and high-intensity applications. The reader should find much useful information in
this book.

The author expresses his appreciation to his employer and many of his colleagues
for their encouragement and assistance in preparing the manuscript and to the indus-
trial organizations that contributed photographs for this book, as acknowledged
throughout the book. He is especially grateful to H. R. Ball for the many hours he
spent drawing the illustrations for this book.

Dale Ensminger
1988



’I Ultrasonics
A Broad Field

1.1 INTRODUCTION

The study of ultrasonics is the investigation of the effects of propagation, interaction
with matter, and the application of a particular form of energy—sound waves—at
frequencies above the limits of human perception.

Ultrasonics includes the basic science of the energy—matter interaction, the asso-
ciated technologies for generation and detection, and an increasingly diverse range of
applications, which are now encountered in almost every field of engineering, many
of the sciences and in medicine. It encompasses a citation literature with more than
200,000 references. Students in basic physics and engineering courses may receive
some introductions to sound, vibrations, and waves [1], but very few undergradu-
ate programs provide classes specifically on ultrasonics. There are some specialist
courses and text books available in many of the specialty application areas, such as
underwater acoustics, medical imaging, nondestructive testing/evaluation, and sur-
face acoustic wave (SAW) devices for electronics. Such courses, however, seldom
include a comprehensive treatment of the field. The result is that ultrasonics and its
applications, though a science or technology that many graduate students, scientists,
and engineers encounter and need to utilize during their career, is also a topic in
which they have received no formal academic education.

This book seeks to meet the needs of undergraduate and graduate students, pro-
fessional scientists, and engineers who seek to understand and employ the science
and technology of ultrasound, its breadth of applications, and one or more of its
many specific fields of use. It deals primarily with industrial and medical applica-
tions of both low-intensity and high-intensity ultrasonic energy and fundamental
principles pertaining to these applications.

Ultrasonics, which is a specific branch of acoustics, deals with vibratory waves
in solids, liquids, and gases at frequencies above those within the hearing range of
the average person, that is, at frequencies above 16 kHz (16,000 cycles per second).
Often, the hearing range of a young person extends above 20 kHz, so the setting
of the lower limit for the ultrasonic range is somewhat arbitrary. The acoustic fre-
quency scale covers the range from below 15 Hz to above 1 THz (10° GHz) [2], and
this is illustrated with examples of ultrasonic system operating frequency ranges
shown in Figure 1.1.

Ultrasonics, originally called supersonics, has a long history but can be said to
have only become a subject of scientific research since World War I (1918) when
Langevin invented the quartz ultrasonic transducer. It is now based on well-
established fundamentals in physical acoustics and is used in scientific studies of
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~103GHz (1 THz)

High resolution spectroscopy
in solids ~ 100 GHz

Acoustic microscopy
cryogenic~5GHz

Ultrasonic NDT 0.1-5 MHz

Medical imaging 2-7 MHz 4 ~500 MHz

Ultrasonic cleaning ~20—-40 kHz
Ultrasonic welding ~20kHz

Sonar ~10>Hz-10°Hz 4~20kHz

+~15Hz

FIGURE 1.1  Acoustic frequency scale and selected applications.

material properties, a diverse range of industrial applications, a wide range of sens-
ing modalities, and in medical applications for both diagnostics and therapy. It is
now employed in almost all branches of engineering for sensing and at higher powers
for processing. It has become the basic science and technology for specialist areas
that include underwater acoustics (SONAR), medical ultrasonics, physical acoustics,
sonochemistry, nondestructive testing/evaluation, and material characterization. All
of these areas of study are dependent on some form of ultrasonic transducer, which
is the “heart” of ultrasonic work, and many types can function as both sender and
receiver. Ultrasonic transduction can be achieved at frequencies that are still within
the higher audio range (~16 kHz) to above 100 GHz and can employ a range of
methods and phenomena including the piezoelectric effect, lasers, electromagnetic
coupling, and mechanical coupling. For many industrial ultrasonic applications, an
operating frequency near 20 kHz is employed. Ultrasonics has been demonstrated to
operate from cryogenic temperatures to above 1500°C.

It was the introduction of the first piezoelectric ceramic, barium titanate, in 1947,
which revolutionized industrial applications of ultrasonics by permitting the use of
higher powers at reduced costs [2]. The centrality of the ultrasonic transducer—the
electromechanical conversion element—is illustrated in Figure 1.2, which shows the
range of scientific and engineering disciplines where ultrasound technologies are
being employed. Over the past 60 years, a wide range of new and improved piezo-
electric transducer materials have been developed. Much of the materials research
in this area has been performed to meet the needs of the navy SONAR community.

Since the 1970s, advances in ultrasound technologies have been facilitated by
major advances in theoretical analysis, including computer modeling of wave propa-
gation and scattering, where the research was supported so as to meet the needs of
the aerospace, nuclear, defense, oil, and gas communities. Fundamental here was
the goal to make nondestructive testing (NDT) a more quantitative science-based
inspection capability, which has been renamed as nondestructive evaluation (NDE)
and quantitative nondestructive evaluation (QNDE).
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Materials science
Physics of solid and fluid state
nondestructive testing
cavitation, atomization, emulsification
metallurgical applications
chemical processing, soldering

Engineering Chemistry
SONAR, metal-forming Analysis, sample preparation,
electrical communications, leaching, filtration,
filters, frequency standards, crystallization, defoaming
delay lines, monitoring of sonochemical reactions
structures, drilling, welding process monitoring

The ultrasonic
transducer

Metrology
Instrumentation—flow, thermometers
thickness gage, level, viscosity, density
visualization—acoustic holography,
acoustic microscopy
process imaging

Biology
Medical—diagnosis,
therapy, and surgery

bubble detection, acoustic microscopy
dental treatments

FIGURE 1.2 Scientific and engineering disciplines overlapping with ultrasonics. (After
Stephens, R. W. B., An historical review of ultrasonics, Proceedings, Ultrasonics International
1975, 9-19, ICP Press, Guildford, UK, 1975.)

Recent decades have seen a second revolution in ultrasonics as modern electron-
ics used in transmitters and receivers has been combined with increasing digitization
and computer-based data processing and imaging capability to deliver unprec-
edented near-real-time processing and advanced display/visualization capabilities.
These advances have combined to facilitate new applications at both low and high
powers using modern instrumentation and analysis capabilities, and the result has
been major growth and diversification of applications in both industrial and medical
ultrasonics.

In reviewing the early literature, it is sometimes found that the term ultrasonics
is used loosely and erroneously to refer to applications of sound waves at lower
frequencies (significantly below ~20 kHz) where sound energy is used to produce
results similar to those that ultrasonic energy is capable of producing. In the
literature, the term macrosonics has also historically been applied to high-intensity
applications of sonic energy regardless of the frequency being employed.

Ultrasonic waves are stress waves, and for this reason, they can exist only within
mass media: sound (including ultrasound) does not transmit through a vacuum. The
energy in ultrasonic waves is transmitted from one “mass” or element of material by
direct and intimate contact between the masses. In this respect, they differ from light
and other forms of electromagnetic radiation, which travel freely through a vacuum.
In other respects, these two forms of energy, ultrasonic and electromagnetic, obey
many similar laws of propagation [3].
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Ultrasonic waves are also termed both acoustic and elastic waves. Acoustic
waves are compression waves that propagate in gases and many liquids. This gives
a shared theoretical base for many medical imaging, SONAR, and industrial appli-
cations involving fluids. The term elastic waves is, in many cases, considered to be
applied just to waves in solids and with propagation properties that depend upon the
elastic properties of the medium as they move in response to vibrations. Such waves
can occur in many forms including compression, shear, surface, and interface vibra-
tions. These waves again have a shared theoretical base, which goes well outside
ultrasonics and is encountered in fields of study as diverse as NDT/NDE, seismol-
ogy, and electronics. In interactions with structure, scattering, and the underlying
theory, depends upon the ratio between feature size and wavelength of the radiation.
Distinct scattering regimes are identified: for small features, where dimensions are
a small fraction of a wavelength, “Rayleigh scattering” applies; for larger features,
where dimensions are several wavelengths, “long wavelength scattering and ray
theory” apply; and in the interim regime, “mid-frequency scattering” features are
of the order of a wavelength and numerical methods have been used to solve many
otherwise analytically intractable problems. Recent years have seen a cross fertiliza-
tion in both forward and inverse scattering theories in several fields of study and
across many wavelength scales, and the diversity of these interactions is illustrated
in Figure 1.3 (after [4]). Fundamentals of ultrasonic wave phenomena are discussed
in Chapter 2.

¢ Equivalent circuit theory
e Application of microwave
and optical concepts
to design
o Signal processing

Bulk and surface
wave devices

Nondestructive
evaluation
(NDE)

- Seismology

Flaw characterization o Inverse problems
e Shape Applied mechanics o Time series analysis
o Size o Earthquake prediction|
¢ Orientation e Impulse response
e Location o Fracture and faulting
Prediction of remaining e Fracture and crack
life from growth
* Defect structure o Elastic wave scattering
o Stress analysis and diffraction
e Material properties e Plate vibrations
e Acoustic emission e Nonlinear effects

FIGURE 1.3 Fields of study involving elastic wave phenomena. (After Kraut, E. A.,
Applications of elastic waves to electronic devices, nondestructive evaluation and seismology.
Proceedings IEEE Ultrasonics Symposium 1976, 1-7, 1976.)
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The division of ultrasonics into categories can be achieved in several ways: one
that considers applications in terms of low intensity and high intensity is natural, and
it is this which is used in this book. Low-intensity applications are those wherein
the primary purpose is transmitting energy through a medium. The objective may
be to learn something about the medium or to pass information through the media,
but this is to be achieved without causing a change in the state of the medium in
which there is propagation. Typical low-intensity applications include nondestruc-
tive characterization of materials, electronic devices using surface waves, sensing in
industrial processes, measurements of fundamental properties of materials, medi-
cal diagnosis, and livestock and meat grading. Although many underwater sound
generators require significant power, marine applications such as depth sounding,
echo-ranging, communications, and both fish and submarine detection are also most
appropriately included in this low-intensity category.

High-intensity applications are those wherein the purpose is to produce an effect
on a medium, or its contents, through which the wave propagates. In many cases,
the interactions are nonlinear and can involve thermal, mechanical, shear force, and
cavitation phenomena. Typical high-intensity applications of ultrasonics include a
wide range of medical therapy and surgery applications, sonochemistry, sonolumi-
nescence, sorting and particle motion in fluids, atomization of liquids, machining of
brittle materials, cleaning, disruption of biological cells (lysis), formation and pro-
cessing of nanomaterials, welding of plastics and metals, homogenization, emulsifi-
cation, and mixing of materials.

1.2 BRIEF EARLY HISTORY

The early history of ultrasonics is a part of the history of acoustics. If the field of
musical acoustics is excepted, then the historical development of acoustics and in
particular ultrasonics, until relatively recently, can be said to have been compara-
tively unchronicled. A survey of pre—World War II texts (~1939) on the history of
science reveals little specific mention, if any, of science and technology of sound [2].
The foundations for ultrasonics as a field of science and application were in large
part laid between about 1930 and 1960. Recent decades have seen major develop-
ments in theory, in the range of ultrasonic applications, and in data processing and
display, which have been facilitated by modern electronics and computers. Two brief
histories of ultrasonics were provided in the 1970s by Stephens [2] and Graff [5]. A
set of reviews covering the aspects of acoustics, including ultrasonics, were written
in 1980, marking the fiftieth anniversary of the Acoustical Society of America; these
address research in the physical sciences [6], applications of acoustic (ultrasonic)
phenomena [7], and ultrasonic properties of gases, liquids, and solids [8]. A more
detailed history was provided in a 1982 book chapter by Graff [9].

The earliest record of a scientific examination of music is probably that of
Pythagoras, who, in the sixth century Bc, discovered that the shorter of two similar
stretched strings of unequal length emits a higher note than the longer one and that if
one string is twice the length of the other, their pitch differs by one octave. However,
records of the use of stringed instruments predate Pythagoras by several centuries.
Aristotle (fourth century BC) assumed that a sound wave resonates in air through
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motion of the air. Vitruvius (first century BC) determined the correct mechanism for
the movement of sound waves. Boethius (sixth century AD) documented several ideas
relating science to music, including that perception of pitch is related to the physical
property of frequency.

With the Renaissance, there came the real start of the development of a science
to understand music and musical instruments. The first explicit mention of sound
velocity appears to be by Sir Francis Bacon in 1627 [10]. A notable contribution to
the science of acoustics is a published observation by Galileo in 1638 that reports
pitch is associated with vibration. A Franciscan friar named Mersenne, who was a
contemporary of Galileo, was the first to actually measure the frequency of a long
vibrating string and to calculate the frequency of shorter ones from his observations.
Mersenne is also reported to have been the first to measure the speed of sound in air.
This was one of its earliest properties of air to be measured, and this is reported in
works published in 1635 and 1644 [11]. The need for a material medium to propagate
sound was demonstrated with a classic experiment by Sir Robert Boyle [12] who
placed a ticking clock in an air-filled glass vessel, which he evacuated.

A number of physicists and mathematicians contributed to laying the ground-
work for developing the science of acoustics during the seventeenth and eighteenth
centuries. Among the familiar names are Robert Hooke (1635-1703), the author of
Hooke’s law; Joseph Saveur (1653-1716), who first suggested the name acoustics
for the science of sound; Brook Taylor (1685—1731), the author of Taylor’s theorem
of infinite series; Sir Isaac Newton (1642—1727), who derived an equation for the
velocity of sound in air and his law of motion is basic to the wave equations used in
ultrasonics; Jean d’Alembert (1717-1783); Joseph Lagrange (1736-1813); and Jean
Fourier (1768-1830). The elementary wave equation of d’Alembert and the more
elaborate wave equation of Lagrange are basic to an understanding of wave motion.
The mathematical series proposed by Fourier, which is a method of expressing an
arbitrary function as a series of sine and cosine terms, is ideally suited to the analysis
of ultrasonic waves.

Sound in nature was also being investigated. Lazzaro Spallanzani, an Italian biol-
ogist, discovered in 1794 that the ability of bats to navigate in the dark was through
the use of high-frequency echoes achieved with inaudible sound [13]. Starting from
this early observation, the insights gained from the study of the occurrence of
ultrasound in the animal world, particularly with marine mammals, have become
increasingly important to give insights used in SONAR and other applications of
ultrasonics.

In 1822, Daniel Colladen used an underwater bell and successfully estimated the
speed of sound in the waters of Lake Geneva. In the later part of the 1800s, physicists
were working on transmission, propagation, and refraction of waves. In 1877, Lord
Rayleigh published his famous work The Theory of Sound [14]. This was a milestone
in the development of the science of acoustics. Rayleigh had worked in his home with
apparatus that was crude according to modern standards, but much of his treatise
that resulted from his research remains valid today.

Three nineteenth century discoveries were significant in the development of
methods for generating and detecting ultrasonic energy: first, very high-frequency
sound generated by Francis Galton (Galton whistle); second, magnetostriction
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revealed by Joule in a paper published in 1847 [15], which involves a change in the
dimensions of a magnetic material under the influence of a magnetic field; and third,
piezoelectricity, discovered by the Curie brothers in 1880 [16]. Piezoelectricity is
related to the electric charges developed on the surfaces of certain types of crys-
tals when the crystals are subjected to pressure or tension. The inverse effect in
which a voltage impressed across two surfaces of a piezoelectric crystal induces
stresses in the material is presently the most commonly used method for generating
ultrasonic energy in commercially available systems. It was the introduction of the
first polarized ceramic, barium titanate, in 1947, which revolutionized the industrial
applications for ultrasonics by permitting higher power generation and significantly
reduced device costs. High-power horns employing both magnetostrictive units and
piezoelectric stacks for process applications are discussed in Chapter 4. Basic design
of ultrasonic transducers, including the wide range of piezoelectric materials now
employed, are discussed in Chapter 5.

1.3 UNDERWATER SOUND (SONAR)

Ultrasonics as a specific branch of the science of acoustics had its birth in the study
of underwater sound. Underwater detection systems were developed for the pur-
pose of underwater navigation by submarines in World War 1. Within a week of the
sinking of the Titanic in 1912, Lewis Richardson filed a patent application with the
British Patent Office for echo-location/ranging in air and the following month fol-
lowed with a patent for the underwater equivalent. The first functioning echo-range
finder was patented in the United States of America in 1914 by a Canadian Reginald
Fessenden. Sound navigation and ranging (SONAR), however, has its origins deep in
the past. One of the earliest references to the fact that sound exists beneath the sea,
as well as in the air, occurs in a notebook of Leonardo da Vinci. In 1490, two years
before Columbus discovered America, he wrote: “If you cause your ship to stop, and
place the head of a long tube in the water and place the outer extremity to your ear,
you will hear ships at a great distance from you” [17].

Since World War II, there have been remarkable advances in the exploitation of
underwater sound in both active and passive systems for both military and nonmili-
tary applications. Theoretical and experimental studies have investigated ultrasound
propagation in the oceans, which is complicated by variation in salinity and tem-
perature, interactions with sea-bed and shore, including the effects of sea depth,
and interactions with “targets” as diverse as fish, ships, torpedoes, and mines. The
development of submarine “stealth” capabilities using a combination of application of
sound matching materials applied to submarines and need for better sensitivity from
SONAR have caused advances in theory, new materials, and sensors to be developed.

There is significant ongoing research in the various aspects of the science and
technology used in underwater acoustics, and this field has its own literature, user,
and R&D community. An introduction to underwater acoustics is provided by
Urick [18]. Some examples of nonmilitary uses of SONAR are shown in Figure 1.4.
The specific topic of underwater telemetry was reviewed by Kilfoyle and Baggeroer
in 2000 [19]. Both professional and more serious leisure seafarers now almost uni-
versally employ SONAR as a navigation aid for both depth and fish finding.
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Function Description

Depth sounding:

Conventional depth sounders Short pulses down—time echo return

Sub bottom profilers Use lower frequencies—bottom penetration

Side-scan sonar Side looking for mapping sea bed at right-angles to ships track
Acoustic speedometers Use doppler shift to get speed over sea bed
Fish finding Location of schools of fish and other targets: e.g. jumbo

shrimp (schools float above bottom)
Divers’ aids Hand-held sonar and underwater cameras

Position marking:

Beacons Transmit sound continuously
Transponders Respond when interrogated
Communication and telemetry Use for wireless communication and data transmission
Under water equipment control Sound-activated underwater equipment: e.g. well head control

FIGURE 1.4 Examples of some nonmilitary uses of SONAR.

1.4 MEDICAL AND BIOLOGICAL ULTRASONICS

Ultrasound has become pervasive in medicine: it is employed at low powers exten-
sively in diagnosis; at intermediate powers, it is used in therapy; and at higher pow-
ers, in several forms, it is used in surgery. It is also employed at a range of powers in
biomedical research, animal husbandry and related food industry, veterinary medi-
cine, biotechnology industry, and defense applications, such as spore lysis to facili-
tate enhanced pathogen identification.

The destructive ability of ultrasound was noted by Langevin in the 1920s, who
reported the destruction of schools of fishes in the sea and pain induced in the hand
when placed in a water tank and sonicated with high intensities. Research into ultra-
sonics for medical applications can be said to have really started with the work of
R. W. Wood and A. L. Loomis [20] who made a comprehensive study of the physi-
cal and biological effects of supersonic radiation. They demonstrated that vegetable
and animal tissues were all able to be disrupted by high-power ultrasonic energy.
The heating and disruptive effects of ultrasound in tissue were soon employed for
therapy. High-intensity ultrasound became an experimental tool in neurosurgery.

In the early 1940s, attention within the biomedical ultrasound community turned
to consider the use of lower powers for diagnosis. Developments in RADAR during
World War II were the direct precursors of two-dimensional SONAR and medical
imaging systems. The development of compound B-scan imaging was pioneered
by Douglass Howry at the University of Colorado, Denver, and an immersion tank
ultrasound system was produced in 1951. This apparatus was featured in LIFE maga-
zine in 1954 [21]. Although there were others also working in the field, this activity
can be said to have provided the basis for modern diagnostic ultrasound.

Numerous researchers rapidly recognized the potential for ultrasound in medical
diagnosis, and a wide array of devices followed. By 1956, Wild and Reid were report-
ing applications to breast examination [22]. Application to investigate abdominal
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masses was reported in 1958, and clear echoes of a fetal head were obtained in 1959.
Since these early beginnings, ultrasound has now become an essential and a routine
diagnostic tool in obstetrics and gynecology and is employed in a growing number
of other diagnostic applications.

Diagnostic applications of ultrasound share much in common with many of the
principles of NDE. There is transmission and reflection of ultrasonic energy from
interfaces, scattering from smaller structures, and selective absorption. Soft-tissue
imaging has required the development of numerous specialized transducers to meet
the requirements for access to image particular parts and organs within the human
body. Phased arrays, which share some common history with SONAR, are now used in
many applications both externally and for insertion into body cavities, including those
for transvaginal and transrectal scanning, and in catheters for access into blood vessels.

In addition to mechanical and electronic scanning to give images, technologies
such as ultrasonic holography have been adapted to meet diagnostic challenges,
such as breast imaging. Modern ultrasonic imaging incorporates data display using
advanced computer systems, false color imaging, and multidimensional near-real-
time images of body processes. Blood flow is also measured using the Doppler and
displayed to indicate the blood flow and motions of internal organs such as the heart.

With the growing use of ultrasonic imaging in gynecology and obstetrics, there
was also significant interest in ensuring the safety of ultrasound, the development of
exposure criteria and standards for power and beam measurements. The interaction
of ultrasound with living tissue is more complex than that with engineering materials.
Living tissue heat transfer properties are related to blood flow, and living systems also
have an ability to respond to and recover from a modest ultrasound dose. As a conse-
quence, the in vitro and in vivo responses are different. Ultrasonic effects on tissue are
a function of both irradiation time and intensity. The intensity, time, biological effect
parameter space, including regimes where bioeffects are believed to be possible, that
where no effect is expected, and the power regime used in diagnostic ultrasound are
all shown in Figure 1.5. Thermal mechanisms dominate in the ultrasound diagnostic
power ranges, and there are well-established safety criteria, dose models, and stan-
dards for equipment evaluation [23]. The physical principles for ultrasonic diagnosis
were presented by Peter Wells [24] in 1969, in what has become a classic text.

The potential therapeutic and disruptive properties achievable using high-power
ultrasound were also investigated. As power is increased, ultrasound—tissue inter-
actions become increasingly complex and nonlinear. It can involve thermal, cavi-
tational, mechanical, and sonochemical interactions. Such interactions with tissue
become complex functions of energy and its spatial distribution, which are optimized
to give desired effects, and minimize collateral damage. These phenomena are all
achieved through attention to the transducer designs employed and the electronics
and wave forms used to energize them. At higher powers, biomedical/biochemical
effects are induced that enable applications that include transdermal drug deliv-
ery, hyperthermia for cancer treatment, and controlled and targeted drug release.
U