Professor Leszek Filipczynski



ARCHIVES OF ACOUSTICS
19, 4, 423—433 (1994)

Scientific biography is an accumulation of facts and titles, often so numerous,
and so swiftly each other that it is not easy to understand, how a single individual
might be able to initiate and perform so much work. Scientific profile should contain
more than such a biography: apart from listing the achievements, titles, and awards,
it should reflect individual features of a man, and first of all his virtues which should
be regarded as a source of his scientific achievements. In the case of Professor Leszek
Filipczynski — full member of the Polish Academy of Sciences — there is such a lot
of both scientific and organizational achievements, that it is easy to guess what
stands behind them: unusual mind, unusual industry, rare ease to contact people,
and an exceptional organizational skills.

Leszek Filipczynski was born 23-th of December 1923 in L.6dz. The outbreak of
the war forces the 16 years old secondary-school pupil to undertake a manual work;
he chose a profession of metalworker. Five years of occupation spent in a mechani-
cal workshop developed certain attitude of the future scientist’s mind: a sense of
pragmatism and awareness of importance of experiment, which is to verify a theory.
This attitude of Prof. Filipczynski is to be detected throughout all his further
scientific activity; his every scientific discovery involved a definite application:
elaborated research methods were always implemented in practice together with an
instrumentation to their practical realization.

After the war, in 1945, L. Filipczynski began his study at a Faculty of Physics of
the L6dz University. He continued his studies at the Gdansk University during the
years 1945—1948 (mechanics, electrotechnology), and completed in 1949 at the
Warsaw Technical University, obtaining his master’s degree in radiotechnical
engineering.

He started his work before completing studies as an assistant at the Telecom-
munication Faculty of the Warsaw Technical University, at the Radiolocation
Chair, and afterwards as a research worker at the State Institute of Telecom-
munication (1948 —1949). Then L. Filipczynski became a close collaborator of
Prof. Ignacy Malecki — the pioneer of acoustics in Poland. They organized together
the Laboratory of Acoustics at the Central Institute of Technical Physics in Warsaw
(1950 —1951), which was in 1952 transformed into the Department for Vibrations
Research, and in 1953 incorporated into the Institute of Fundamental Technological
Research of the Polish Academy of Sciences. L. Filipczynski has been linked with
this institute ever since till now; he held the positions of a head of the Laboratory of
Passive Applications of Ultrasounds (1953 —1969), a head of Ultrasonic Depart-
ment, a deputy director for scientific problems (1969 —1994), and a general director
of the institute (1969 —1974).
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Organization of the ultrasonic technology in Poland, first for industry and
afterwards, for medicine as well as designing new types of ultrasonic instrumenta-
tion, was harmonized with the scientific analysis of the foundations of this
technique. The L. Filipczynski’s research studies, being original, world-wide unique,
and always performed at the highest scientific level, were the ground of his quick
scientific career.

In 1955 he obtained a doctor’s degree, the title of his thesis being: Electroacoustic
transformation and radiation of acoustic waves for the purpose of ultrasonic
defectoscopy (Prof. 1. Malecki conferred the degree). In 1957 L. Filipczynski was
given a title of an associate professor for his research publications on ultrasonic
scattering in solids, in 1962 a professor, in 1969 a full professor and a corresponding
member of the Polish Academy of Sciences (at the age of 46). Since 1976 professor
L. Filipczynski is a full member of the Polish Academy of Sciences, and since 1993
also a member of the New York Academy of Sciences.

Prof. L. Filipczynski is an author, coauthor or editor of 12 monographs, and
over 240 original publications and scientific reports, printed in Polish and foreign
periodicals (among others: Acustica, Ultrasound in Medicine and Biology, IEEE
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, Archives of
Acoustics, Journal of Technical Physics) and in Conferences Proceedings. These
works concerned the following subjects:

1. Theory and experimental research of pjezoelectrxc and magnetostrictive
ultrasonic transducers.

2. Radiation of elastic waves into a solid medium, reflection of waves on
inclusions, waves in spiral systems, ultrasonic focussed Gaussian beams.

3. Materials fatigue testing using ultrasonic frequencies.

4, Theoretical and experimental foundations of ultrasonic defectoscopy and
determination of the strength of concrete by ultrasonic method.

5. Studies on electroacoustic parameters of ultrasonic transmitting-receiving
systems.

6. Absolute methods of measuring of displacements, acoustic velocity and
intensity of elastic waves of various types.

7. Visualization of internal organs by means of ultrasounds.

8. Echoencephalographic examination of the brain.

9. Ultrasonography and ultrasonic ophtalmoscopy.

10. Ultrasonography of the heart.

11. Ultrasonic methods of measuring of liquid flows and blood flow.

12. Detectability of pathological structures by means of ultrasonography (e.g.
microcalcifications in female breasts, etc.).

13. Thermal effects generated by ultrasonic beams of low and extremely high
pressures.

14. Investigation of ultrasonic shadow.

15. Generation and propagation as well as development of metrology of shock
waves for lithotripsy (non-invasive disintegration of renal stones).
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Beside the works listed above, which have been in line with the basic scientific
activity in the field of ultrasonics and its applications. Prof. L. Filipczynski is an author
of numerous designs of ultrasonic instrumentation, namely: ultrasonic defectoscopes
and concretoscopes, ultrasonic spectroscopes, an unique ultrasonic device for testing
fatigue of materials by means of ultrasonic flexural waves, ultrasonograph for
visualization of abdominal cavity, ultrasonic ophtalmoscopes for examination of the
eye, echoencephalograph for examination of the brain, ultrasonocardiograph for
examination of the heart, ultrasonic detector of the pulse of the fetus and the state of
the placenta, instrument for disintegration of kidney stones by shock waves lithotripsy.

The mentioned instruments, and also a number od measuring and diagnostic
methods (applied in medicine), have been created on the ground of 62 patents of
Prof. L. Filipczyniski. These instruments, unique throughout Poland and the world,
have been manufactured for the home industry and medicine by the enterprises:
INCO, RADIOTECHNIKA, TECHPAN, SONOPAN. The users of the instru-
ments were the following: metallurgy, aviation, mining and, first of all, numerous
medical institutions, hospitals, clinics, and many others. All home manufacturers
which produce ultrasonic diagnostic instrumentation for medicine have their roots in
the activity of Prof. L. Filipczynski and his followers.

The initiating and creative contributions of Prof. L. Filipczynski, his scientific
and organizational achievements were arwarded many times; he obtained: (twice, in
1966 and 1978) the Collective Second Class State Prize, the Prize of the Chairman of
the Committee for Science and Technology (1967, 1968), five times the Prizes of the
Scientific Secretary of the Polish Academy of Sciences (1971, 1975, 1977, 1980, 1984),
and the PAS department prizes (1977). He was also awarded several high state prizes,
among others: the Commander’s Cross, the Officer’s Cross, the Cavalier’s Cross of
the Revival od Poland. He was also distinguished by the Nicolaus Copernicus Medal
of the Polish Academy of Sciences, by Medal of the Mining and Metallurgy Academy
in Cracow, and recently by the Medal of the Naval Forces of the Polish Republic.

The high scientific and organizational dignities achieved, and the necessary
duties involved, have not lowered the scientific activity of Prof. L. Filipczyniski. On
the contrary, his talent and passion for science resulted in a dynamic idea of creating
foundations of ultrasonic medical diagnosis. After a few years this difficult task has
been completed, and its creator was a member-promotor and a member of the
Technical Council of the International Society for Ultrasonic Diagnostics. He was
honored during the International Congress for Acoustics in London in 1974 with the
task of delivering the plenary lecture on the ultrasonic medical diagnosis.

The outstanding output of Prof. L. Filipczyaski, his discovering achievements in
application of ultrasonics to medicine have been once more appreciated in 1988,
when he obtained in Washington the Diploma of Pioneer of Ultrasonics in
Medicine, granted by the American Institute for Ultrasonic in Medicine.

Recognized by the world-wide scientific authorities as a pioneer in this branch,
Prof. L. Filipczynski is also considered a ,,father”” of the Polish School of Ultrasonic
Medical Diagnosis’.
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He promoted 10 doctors, his closest collaborators and continuators of his
activity in Poland. A special emphasis should be placed upon the fact that
Prof. L. Filipczyniski, using his knowledge and authority, pushed forward in home
medical environment a notable group of specialists physicians (including 3 profes-
sors, 4 associated professors, 10 doctors). Ultrasonic medical diagnosis became to
grow as an avalanche; and Prof. L. Filipczynski’s merits were also the organization
of the First International Conference on Ultrasonics in Medicine and Biology
UBIOMED-I1 in Jablonna (1972), continued afterwards in several countries of the
Central Europe, co-organization of scientific societies — the Section of Ultrasonics
in Biology and Medicine at the Polish Acoustical Society and the Polish Ultrasonog-
raphic Society.

Prof. L. Filipczynski is a Polish acoustician particularly estimated abroad. Apart
from the above mentioned membership of the International Society for Ultrasonic
Diagnosis, he was granted Honorary Medals of the Technical Universities in Prague
and the University in Brno twice, a Honorary membership since 1972 of the
American Institute for Ultrasonics in Medicine, the Yugoslavian Society for Ultraso-
nics in Medicine, and the German Society for Ultrasonics in Medicine. He is since
1974 a member of advisory editorial board of the periodical ,,Ultrasound in
Medicine and Biology” (Pergamon Press) and was also a member of the Commission
for Standardization of the International Electrotechnics Society. In years 1975-1979
he was a vice-chairman of the European Federation for Ultrasonics in Medicine, and
also a member of the International Commission for Acoustics ICA (1974 —1980).

He has been always active and full of initiatives, the duties he was performing in
Poland might be an evidence of it: a member of the Polish Committee for Acoustics
of the Polish Academy of Sciences, and its chairman since 1972, memeber-founder of
Polish Acoustical Society, and its vice-chairman in years 1975—1978, acutally its
Honorary Member (since 1992), also a Honorary Member of the Polish Ultrasonog-
raphic Society (since 1992) a chairman of the Scientific Council of the Institute of
Fundamental Technical Problems of the Polish Academy of Sciences in years
1989 —1993, a chairman of the Scientific Council of the Institute for Biocybernetics
and Biomedical Engineering of the Polish Academy of Sciences since 1982 till now.
In former years a member of scientific councils of the Center for Medical Techno-
logy and the Tele-radiotechnical Institute. ‘

The obligation of scientist is to bring up his deputies and successors.
Prof. L. Filipczyniski, since the beginning of the sixties, has been lecturing at the
Warsaw Technical University, Department of Electroacoustics of the Faculty of
Communication (later Electronics) the following subject: ultrasounds and, later on,
at the Department of Fine Mechanics of the Warsaw Technical University, the
subject: ultrasounds in medicine. He lectured also at the Doctor’s Studies at the
Institute of Fundamental Technical Problems of the Polish Academy of Sciences. He
looks after the recruitment of talented people to his team, he is also exquisite in
scientific co-operation, organizes and conducts seminars, confers and reviews
scientific work form the branch of ultra-acoustics at the Institute of Fundamental
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Technological Research of the Polish Academy of Sciences, and outside the
Institute.

He is a man of high erudition and modesty, theorist and experimentator,
exacting and just as a boss, cordial colleague and friend for many ones, respected by
everyone who knows him, and respecting others.

Prof. L. Filipczynski beside his virtues, so typical for representatives of exact
sciences, is a man of personal charm — he is a humanist, suscepptible to beauty,
connoisseur of arts, playing piano with deep feeling...

This article contains quotations from the publication of Prof. J. WEHR, Scientific personalities among
the members of the Polish Academy of Science: Leszek Filipczynski, Nauka Polska, 2, 83 —86 (1976).

J. Etienne and J. Ranachowski

Doctors conferred by Prof. L. Filipczynski

1. Grazyna Lyeacewicz, Electroacoustic problems of ultrasonic transducers applied
in medical diagnosis (1970).
2. Bogumil Pexsko, Ultrasonic method of fatigue testing of wires and ropes (1972).
3. Jerzy Kore¢, Elaboration of ultrasonic method of brain testing utilizing instrumen-
tation with type B presentation (1973).
4. Andrzej Nowicki, Ultrasonic Doppler impulse method and instrumentation for
measurements of blood flows in cardiovascular system (1976).
5. Tadeusz Powarowski, Measurements of flow of liguids by means of ultrasonic
Doppler Continuus wave method (1976).
6. Jerzy ETienNE, Selected problems of application of ultrasounds in obstetrics (1977).
7. Anna Markiewicz, Analysis of impulse transmit-receiving ultrasonic systems for
the purpose of medical diagnosis (1978).
8. Tamara MarRuk-Kuiawska, Dynamic focussing of ultrasonic beam by means of
annular transducers (1980).
9. Maciej PiecHock1, Ultrasonic Doppler methods of measuring of disturbed blood
Sflows (11983). ]
10. Jerzy Litniewski, Signal from the acoustic microscope during work beyond th
Jocus and its application to interpretation of biological images (1990).
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This paper discusses a new Doppler device for measuring blood flow in small vessels.
The ultrasound frequency applied is 20 MHz. Two different ultrasound probes were
designed with transducer diameters of 0.9 mm and 1.6 mm. The transducers were located at
the point of a catheter. As measured at 1.5 mm depth, the lateral resolutions were 1 mm
and 1.7 mm, respectively. The flowmeter is very sensitive. Compared with standard
flowmeters (from 2 to 8 MHz), signals from subcutaneous vessels are greater by 10-20 dB.

1. Introduction

The ultrasound Doppler measurement of the blood flow rate in small vessels is
an important clinical issue both in the evaluation and diagnosis of the Raynoud
disease as well as in the course of intraoperative vessel identification, e.g., during
neurological operations and plastic surgery applied to hands and other organs.
Because of the required high lateral resolution, the ultrasound beam should be
narrow. The flows under study are often very slow; this, in turn, affects the choice of
the ultrasound frequency, one which is several times higher than the one commonly
used in standard flowmeters for the diagnosis of large peripheral vessels. Usually,
flow rate measurements are taken for large peripheral vessels using 2-8 MHz
frequencies.

HarTLey and CoLE [5], and the Green et al. [4] applied a pulsed Doppler method
at 20 MHz for the intraoperative estimation of blood flow in small vessels.
CaTtriGNoL ef al. [3] developed a device working at a similar frequency, but one with
more limited measuring volume. Pyng [12] presented the results of blood flow rate in
skin, an organ which is part of the thermoregulation system. In his research, Payne
evaluated the usefulness of heat conductivity, xenon clearance, a Doppler laser
flowmeter and the ultrasound Doppler working at 15 MHz and 30 MHz [11].
However promising, the results of the Doppler measurements showed that the
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spectra of Doppler signals measured in small arterioles fall much below 50 Hz,
making it difficult to process and, as a result, to evaluate them quantitatively.
BersoN et al, [2] greatly enhanced the frequency used, up to as much as 113 MHz,
expanding the spectra measured up to about 1 kHz, but limiting the probing depth
down to that of several hundred microns.

2. Method and Apparatus

2.1. Frequency selection

The ultrasound reflected from moving red cells returns to the ultrasonic
transducer at a frequency which varies depending on the transmitted wave frequen-
cy. The frequency difference is expressed by the formula

Ja=2fr —i— cos 0 (1)

where f is the Doppler frequency, f7 is the transmitted wave frequency, v is the
ultrasound propagation in blood and 0 is the angle between the ultrasonic wave
propagation direction and the blood flow direction.

The selection of the optimum ultrasonic frequency is a compromise between
atter.uation by the medium being investigated and the wave energy being scattered
by red cells. Mc Leop [8] gave a dependence describing the signal/noise ratio (SNR)
as a function of scattering (an increase in signal with the fourth power of frequency),
attenuation (an exponential signal drop with increasing frequency) and electronic
noise which grows approximately linearly with increasing frequency.

S N f; e —2afyd

N f,d

The optimum frequency f;, (maximum SNR) can be calculated by differen-
tiating expression (2) over frequency and zeroing the result

3
L”=ZQ (3)

@

If attenauation « is denoted as k, in dB/MHz/cm, expression (3) becomes

30loge
S = @

The mean damping in soft tissue is about 1 dB/MHz/cm and, therefore,
fopr=15/d MHz. The experimental results [1, 3] indicate that in modern low-noise
apparatus f,, can be even twice as high. The ultrasonic frequency as determined
from formula (4) falls between 15 MHz and 30 MHz for the wave penetration depth
down to 1 cm.
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2.2. Ultrasonic probe

As an effect of the technological limitations of polishing very thin piezoelectric
(PZT 5) ceramic plates, the frequency of 20 MHz was chosen. At this frequency, the
resonance thickness is about 0.1 mm. Attempts to produce thinner plates proved to
be hardly repeatable.

Because of the intraoperative flow measurements in small vessels the probe
should be as small as possible. In the C.W. method, the probe consists of two
transducers, the transmitting and receiving ones, each having its own coaxial wiring
to connect the transducer with the transmit-receive system. In the pulsed method,
the ultrasonic probe has only one transmit-receive transducer connected with the
transmitter and receiver equipped with the same wiring. It makes it possible to
reduce greatly the external dimensions of the probe or catether.

HarTLey and Coik [5] describe a pulsed Doppler 20 MHz system designed for
intraoperative blood flow rate monitoring in dogs’ coronary vessels. The transducer
was fixed to a narrow and thin band wound round a vessel.

The basic problem which emerges as an intraoperative 20 MHz probe is built is the
preparation of the transducer. The piezoelectric ceramics PZT-5A, which is universally
used in medical diagnosis has good efficiency, and is readily available and cheap. It is
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Fig. 1. Design of the tiny 20 MHz ultrasonic probe. 1) glass plate, 2) conducting glue layer, 3) ceramic
transducer, 4) polyurethane foam, 5) glue, 6) coaxial cable, 7) pvc catheter.
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necessary, however, to select the ceramics carefully, for at the required frequency of
20 MHz, its resonance thickness is lower than 100 pm and the grain thickness and
brittleness of the ceramic sinter will begin to play an esential role. In successive operations,
it is well-advised to eliminate the ceramics in which faults occur. What is particularly
significant are the faults, revealed in the course of polishing, which can cause short circuits
between electrodes, by filling the space with conducting glue. In the first instance, these
transducers were polished to appropriate thickness using methods applied in optical glass
processing. The result is an element which maintains polarization and has an electrode on
one side. It was easiest to reduce the transducer diameter by gradual edge crushing until
the desired dimensions were attained — 1.6 mm or 0.9 mm. The transducer was placed
ona BK7, 0.2 mm thick glass plate, which was a substrate for the very delicate ceramic
element. To improve the acoustic probe-water impedance matching, the glass plate was
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Fig. 2. General view of the miniature catheler probe.

polished until a maximum pulse was gained from a metal reflector submerged in
water. On one side, the glass was covered by a gold layer on a chromium substrate.
A transducer and electric wiring were fixed to the gold side without an electrode
(with the conducting Elpox glue). The second electrode was connected with a coaxial
50 Q cable. The glass electrode was connected with the screen of this cable. This
structure was stabilized with polyurethane foam. In addition, the screen was
supplemented by covering the polyurethane foam surface with conducting glue.
Then, the structure developed in this way was glued in (with Araldit resin) inside
a 1.6 m long PVC catheter, with an external diameter of 1.6 mm or 2.5 mm,
depending on the transducer diameter. Over the section inside the catheter, a special
concentric 50 Q cable (Filotex Alcatel) was applied. At the site of connection with
a standard RG 174 cable a parallel inductance was applied to compensate for the
capacity of the transducer and cable. The probe and device were connected by
a cable 1.95 m long.

The probe impedance was measured using a Network Analyzer HP 3577A
bridge, comparing the measurement data with the impedance of a model whose
parameters were changed so as to generate as similar curves as possible [6]. Figure
3 shows the modelling results. The differences between the measured and calculated
model curves are caused by difficulties in defining the load on the back surface of the
transducer and the thickness of the glass plate. A change in the layer thickness by
several percent causes a very significant impedance change; and in the case of a layer
with variable thickness, as a result of manual polishing, the resulting error cannot be
calculated.
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At the frequency of 20 MHz, the near field of a transducer with a 1.6 mm
diameter is 8 mm. Down to this depth, it can be assumed that the emitted ultrasound
beam has a cylindrical shape with a diameter equal to the transducer aperture. The
lateral resolution was determined using a calibration phantom. In the phantom, the
flow was simulated with the motion of a thin thread submerged in water.

The probe was placed 1.5 mm over the thread and then shifted alongiside in keeping
with the direction of the thread’s motion; from —5 mm to + 5 mm using 0.05 mm steps.
At all positions, Doppler signals corresponding to the movements of the thread were
registered (Le Croy 9450). It was assumed that the efficient beamwidth was equal to the
section along which the probe should be shifted over the thread so as to obtain a half of the
maximum Doppler signal amplitude. As expected, themeasured width (6 dB) was equal to
the transducer aperture, that is 1.7 mm and 1 mm for a transducer with a diameter
@ =1.6 mm and, respectively, ®=0.9 mm. The transmitter signal was decreased as much
as to provide for the Doppler signal amplitude which would not be higher than 30 dB than
the noise amplitude, thus, bringing the phantom signal closer to in vivo measurements.

2.3. Block diagram

The significant advantages of the pulsed method include the possibility of
moving the sample volume over some distance from the catether so as to decrease
the effect of possible flow disturbances caused by the use of a catether. A disadvan-
tage of the pulsed method as performed on the skin surface is the fact that a small
sample volume should be set exactly in the vessel under investigation. What it
requires is not only a correct ultrasound beam direction, but also the positioning of
the sampling gate at an appropriate depth. Some facilitation is such a widening of
the sampling gate that it can cover a much larger area than the inside diameter of the
vessel under study. But this causes axial resolution losses as well as the deterioration
of the quality of the signal being measured, because noise increases.

In the device, three functional units have to be distinguished: the part which
transmits and receives ultrasonic echoes, ultrasonic probe, amplifiers and low-
-frequency filters and digital control circuitry.

The transmitter generates periodically repeated pulses which stimulate an ultrasonic
transducer. Each pulse with an amplitude of 10 V rms. contains 16 periods of sinusoid
at the frequency of 20 MHz. The duration of such a pulse is 0.8 pum and the repetition
period is 12.8 ps. The echoes are amplified at a tuned amplifier with a 20 MHz center
frequency and a 600 kHz bandwidth. The receiver contains a sampling gate with a delay
which varies with respect to the transmitted pulse and lets through echoes over 1.6 ps.
Due to the gate delay adjustment, echoes can be received from a chosen depth at which
the blood vessel is located. The receiver gating improves the Doppler signal-to-noise
ratio of the receiver and enhances the resistance of the flowmeter to interference.

The space in which the blood flow is recorded is called the sample volume, and is
cylindrical in shape. For a pulse of 0.8 ps duration, the cylinder height is about
0.5 mm. Its diameter depends on the ultrasound beam width, and is 1 mm for
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Fig. 5. Principle of the Doppler pulsed method of blood flow measurements.

a transducer with a 0.9 mm diameter in the near field. The distance of the sample
volume from the probe surface is adjusted between 1 mm and 4 mm.

Amplified echoes are then detected by a quadrature detector-mixer [10]. The reference
signal frequency in the mixer is equal to that of the transmitted signal, namely 20 MHz.
This frequency can be obtained by dividing the frequency of a 40 MHz signals, shifted in
phase by n/2, which are necessary for quadrature detection. In addition, this digital
system generates transmitter pulses and a receiver sampling gate with variable delay.

The use of a passive modulator enhances the dynamics of signals received, but restricts
the receiver amplification in order to prevent mixers from saturation. Therefore, directly
after mixers, there is a two-stage direct current amplifier with a very low noise level.

High-pass filters (cut-off frequency > 100 Hz) eliminate 50 Hz pick-up and the
slowly variable components corresponding to echoes from blood vessel walls. By
limiting the bandwidth, noise is reduced and the Nyquist frequency (39.6 kHz) is
filtered aut. After filtration, the signal can be sent to an FFT spectrum analyser or
subjected to further digital or analogue processing.

A phase shifter introduces an additional phase shift between channels by /2.
The sum and the difference between signals at the output of frequency detectors
correspond to flows towards and away from the ultrasonic probe. These signals are
also connected to a stereophonic earphone amplifier and a loudspeaker amplifier.
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Description of the block diagram of the 20 MHz doppler flowmeter.

Master oscillator — a quartz generator working at 40.0 MHz, a frequency which
is the source of the reference of all the flowmeter blocks.

The PRF generator — a digital frequency divider by 512, generating the
repetition frequency PRF equal to 78 125 Hz.

Burst length — transmitter bursts, containing 16 periods of 20 MHz carrier
frequency with 0.8 ps duration,

Range gate delay — a receiver gate with 1.6 ps duration and delays of 1.6 ps,
3.2 ps, 4.8 ps and 6.4 ps, with respect to the outset of the pulse transmitted. The
delay is switched on by a four-position switch situated on the front panel of the
flowmeter. Delays correspond to the measurement ranges of 1-2 mm, 2-3 mm,
3-4 mm and 4-5 mm.

Digital frequency divider, transmitter pulses and receiver gates are implemented
in one programmed digital EPLD device.

Transmitter — a push-pull transmitter of ultrasonic pulses which generates
a sinusoidal signal with an amplitude of 10 V rms. The output resistance of the
transmitter is 15 Q.

Receiver — a receiver of ultrasonic echoes, a narrow-band high-frequency
amplifier with a frequency of 20 MHz and a bandwidth of 500 kHz. The receiver is
gated by the digital signal Range Gate Delay, which switches the receiver on only
when the receiving gate is active. At the receiver input, there is an in-series resonance
circuit with a diode limiter, which enhances the receiver sensitivity and separates the
receiver from the transmitter during the transmission. The receiver consists of
a two-gate MOSFET transistor and a monolithic buffer amplifier.

Quadrature generator — two digital frequency dividers by 2, controlled by a 40
MHz clock with inverse bias. As an effect, at their output there are 20 MHz signals
with their phase shifted by n/2, which provides for quadrature detection.

DC amplifier — a post-detection signal is amplifed by a two-stage amplifier with
a low noise level and full amplification of 27 dB.

High-pass filter — a first order high-pass filter which eliminates the D.C.
component of the signal as well as the slowly variable components originating from
blood vessel motions. The cut-off frequency of the filter is 80 Hz.

Low-pass filter — a Bessel fourth-order low-pass filter which eliminates the
repetition frequency and prevents aliasing. The cut-off frequency of the filter is
16 kHz.

Phase shifter — a five-stage phase shifter which ensures the phase difference
between channels I and Q equal to /2 with an accuracy of 0.5% over the frequency
range of 150 Hz-15 kHz.

Frequency detector — a zero crossing integrated detector, its output voltage is in
direct proportion to the second moment of the input signal spectrum.

Headphone amplifier — a stereophonic headphone amplifier which makes it
possible to hear separately flows towards and away from the probe.
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3. Evaluation of the size of the signal scattered in blood

An attempt will now be made to estimate the effect of the sampling gate duration
on the signal-to-noise ratio of the Doppler signal. If an ultrasonic wave is incident
on a single blood cell, which is small compared with the wavelength, the scattered
wave propagates in all directions as a spherical wave. A blood cell has the shape of
a disk with an average thickness of 2.5 pm and a diameter of 8 pm. The average
erythrocyte volume is about 90 um3. A sphere of this size would have a radius equal
to 2.78 pm.

The strength of the scattered wave can be calculated from the product of the
effective scattering surface 4 and the incident wave intensity.

At Y
I = (x;ﬂ)(47cx2)e oo )

where P, is the transmitted signal power, « is the wave attenuation coefficient in the
medium and A4 is the transducer surface area.

The first term is responsible for the intensity of the wave incident on a blood cell
with the scattering surface 4, located at the distance x from the transducer. The
second term accounts for the spherical wave propagation.

The determination of the power scattered by a large number of blood cells
requires some discussion. The scattering cross section of a particle with dimensions
much smaller than the wavelength can be determined from the expression given by
Morse and INGARD [9]

5 _ 4mk*a [(xk_x)2+ 1(3pk—p)2], ©
9 K 3\ 2p+p
where k=2n/A is the wave number, a is the blood cell radius, x, is the adiabatic
compressibility coefficient of the blood cell equal to 34.1 x 107! m?/dyne, « is the
adiabatic compressibility coefficient of plasma equal to 40.9 x 1073 m?/dyne, p, is
the blood cell density equal to 1.092 x 10° kg/m? and p is the plasma density equal
to 1.021 x 10? kg/m? [13].

At 20 MHz, the scattering cross section 4 (20 MHz) of one blood cell is equal to
9.24 x 1071 m2, 1% HMTC is equivalent to 1.07 x 10'# blood cells in 1 m?, hence
the scattering coefficient n (HMTC=40%, f=20 MHz) is n=06(20 MHz)x
% 1.07 x 40=3.96 m~!. Since for normal hematocrit (HMTC from 40% to 45%)
the average distance between two blood cells is about 10% of their diameter; with
such packing the blood cells cannoot be considered independent scattering sources.
SHUNG et al. [13] showed that the scattering coefficient # grows linearly with
increasing hematocrit only up to HMTC of 8%, and then an increase in 7 is slower,
to reach a plateu for HMTC of 24-30%, and then to drop. From the scattering
coefficients determined by SHuNG et al., over the frequency range of 5 to 15 MHz,
the value of # was approximated at 20 MHz, to obtain n=1.32 m™!, three times
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lower than the value derived from formula (6). Since our purpose is only to
estimate approximately the power scattered by blood cells, although some poten-
tially large error can be made, it is justifiable to adopt the latter value in further

calculations.
As a further step, the total intensity of the scattered signal can be determined as
PA> ¢t

Foiimtlls

T —4dax
A T PN T AP (7)

In formula (7), the total radiation power, P,, is unknown. The accuracy of
measurements of the ultrasonic field distribution and the calculations of the power
radiated as made on this basis depend on the dimensions of the active measuring
component of the hydrophone. The available hydrophones include an active
measuring component equal to about 0.5 mm, which is exceedingly large for
transducer measurements taken in this case. Therefore, the scattering intensity was
estimated only theoretically. The following calculation procedure was followed. On
the basis of the measured impedance of the two probes, the coefficient of elect-
romechanical coupling k,=0.5 and the dielectric constant é=900 were determined.
These data were introduced to the equivalent model of piezoelectric transducer, acc.
to Mason [7]; the acoustic pressures and powers as well as the intensities of the
radiated wave and of the wave reflected from an ideal reflector at a distance of
1.5mm from the transducer were calculated. The average skin absorption,
a=2.3 dB/em/MHz was adopted. When expressed in nepers, the total attenuation,
after covering a distance twice as long as 1.5 mm, is 0.08 N/MHz. The calculated
results are shown in Table 1.

Table 1. The calculated values of pressure, intensity, transmitted and
received power and the receiving voltages al the transducer [or two
dilferent 20 MHz piezoelectric transducers

Transducer

F=0.9 mm F=1.6 mm
Transmission voltage [V,,,] 30 30
Radiated acoustic pressure
[N/m?] 0.79 x 108 0.46 x 108
Received acoustic pressure
[N/m?] 0.15% 108 0.89 x 10°
Transmitied wave intensily
[W/m?] 0.21 x 10° 0.72x 108
Received wave intensily
[W/m?] 0.74 x 10* 0.26 x 10*
Radiated acoustic power P,
W] 0.13 0.14
Received voltage [V,,] 0.865 0.854
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For comparison, echoes from an ideal reflector were measured for the
amplitude of the transmitted pulse, as in the simulation V,,=30 V. The amplitude
of an echo from an ideal reflector submerged in water was 1.5V, (for the
transducer with ¢=0.9 mm). Taking into account the skin attenuation, instead
of one in water, the echo in question would amount to 04 V., slightly
twice lower than the modelled one. Bearing in mind the fact that the model
considered only the impedance of the transmitter and receiver, the twofold
difference between the calculated and measured values can be accepted. In
the scattering calculation, it was assumed that if the voltage 0.865 V,, corresponds
to the radiated power of 0.13 W, then the radiated power of 0.028 W corresponds
to the voltage of 0.4 V,,. Respectively, the intensity of the scattcred wave
received is 0.16 W/cm?2.

By substituting t=0.8 x 1079 s, «=2.3 dB/em/MHz, n=1.32 m™!, the trans-
ducer surface area 4=6.36 x 1077 m? (for a transducer with @=0.9 mm) and
x=1.5 mm, the intensity of the scattered wave [,=1.05 x 10™* W/em?, which is
about 1520 times lower than that of a wave reflected from an ideal reflector. The
voltage generated by the scattered wave would be almost 40 times lower, that is,
10 mV,,.

In the pseudo-continuous mode, that is, without sample and hold gate, the noise
signal detected in a time equal to the repetition period T, is added to the Doppler
signal from the vessel under study. In this case, the sampling gate is on throughout
the time between successive transmitted pulses. During the repetition period
T,=12.8 ps the ultrasonic wave will travel, from here and back, a distance of
19.2 mm, corresponding to the penetration depth of 9.6 mm. The duration of the
transmitted pulse 7 is 0.8 ps.

Let the vessel under study be 0.75 mm wide and located at a distance
of 1.5mm from the probe. The ultrasonic pulse travels a distance from the
anterior wall to the posterior wall of the vessel and back (when neglecting
the angle between the beam and the vessel) over 1 ps. The duration of a signal
scattered by a blood cell is then 0.078 of the repetition period T,. In studies
on small vessels, it is well-advised for the sampling gate to account for the
whole vessel. Accounting for small displacements of a vessel in the course
of measurements, in practical applications, the length of the sampling gate
is slightly longer so that it can begin before and end after the wave has
crossed a vessel. The length of the sample gate in the present system is
1.6 ps (0.125 T). ;

As estimated, the intensity of the wave scattered by blood cells is
1.05 x 10~* W/cm? and, respectively, the voltage at the transducer is U,=10 mV,.
When refereed to its input, the effective voltage of the receiver noise is 6.6 pV rms.
(18 pV,,). The input signal is the sum of the Doppler component which corresponds
to scattering and noise, Uy, = Ugop+ Unoise, With voltages equal respectively to 10 mV
and 18 pV.
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10mV for2/10 T <t <3/10T

Use = 0V fort<210T,¢t>310T ®

These values correspond to those measured in a blood cell with an 0.5 mm
diameter, located 1 mm under the skin surface. Upyys=18.5 pV between the
end of one transmitted pulse and the beginning of another, that is, practically,

over the time T,
The Doppler component at the output of the integrating gate is equal to

3
RT
Ugep = 71— jmmvm = 5mV 9)
=]
16 2:

on the other hand, the averaged noise voltage is

4
1§ T
Unoise = zi .[ 185pVdt = 185uV (10)
6" 2y

The signal-to-noise ratio, SNR, for such a signal is

2
SNR = 10 log U""" = 48 dB

noise

The correct Doppler frequency measurement by the zero-crossing method (ZCC)
requires SNR which is greater than 10 dB (a Doppler component three times
greater than noise). The FFT spectrum analysis makes it possible to carry out
measurements for smaller signal, SNR >6dB, that is, when Doppler signal is twice
as big as noise. The device is sufficiently sensitive even in the continuous mode, that
is, when the sampling gate is open throughout the repetition period. In the
continuous mode, without a sampling gate (or when it is open throughout the
repetition time), the Doppler signal voltage is much lower (by a factor of five, in this
case), because it is averaged over the time T, whereas the noise component remains
at the same level. Even in this case, SNR is very high and exceeds 30 dB. In the
continuous mode, it is much easier to locate a vessel. Figure 7 shows examples of
Doppler signals recorded in the continuous mode from the digital artery, the radial
artery and the upper palm vein. Therefore, e.g., the voltage of the signal scattered in
a vein was about 2.7 mV,, With the sample and hold gate this voltage would
increase by a factor of 5 up to 13 mV, the value being very close to 10 mV,,
theoretically calculated.
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(1)

(2]

Fig. 7. Spectra of Doppler blood [low signals recorded subcutaneously at 1) digital artery at 2.5 mm depth,
2) hand vein at 2 mm depth.

4. Conclusions

Laboratory measurements confirmed the theoretically predicted, much larger
amplitudes of Doppler signals compared with standard flowmeters working over the
frequency range from 2 MHz. Special attention was paid to the design of the probe
in order to achieve good lateral resolution. The total loss in the reflection of the
radiated wave from an ideal reflector was lower than 26 dB.

The preliminary results of blood flow measurements in small vessels proved to be
very promising. The high transversal and longitudinal resolution made it possible to
locate and distinguish vessels under study, opening up a new application range of the
Doppler technique in the intra- and post-operative control of the correctness of
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vessel reconstructive surgery and the patency of the very narrow vessels sewn
together in plastic surgery as well as in the course of and after bone replant
operations in order to control the effect of perforators. Some other potential
applications include the diagnosis of damaged flow in small hand vessels and
intraoperative blood flow control in cranial vessels in the course of neurological
operations.
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The elasticity of common carotid arteries was examined on the basis of noninvasive
ultrasonic measurements of the diameter of the carotid artery and the systlic and diastolic
pressures as determined by a culf on the brachial artery. The measurements were performed for
a group of 20 males, aged from 27 to 45 years. The examines were fighter plane pilots. The
examinations were carried out for different systolic and diastolic pressures which were recorded
along with measurements of the diameter of the carotid artery during rest, following an exercise
test. This paper presents the results of measurements of the maximum and minimum diameters
of the common carotid artery for different systolic and diastolic pressures in the brachial artery.
Good coincidence was gained belween the experimental results and the logarithmic function as
described by Powarowskr. The coeflicient of the determination R? fell between 0.993 and 0.999.
On the basis of the results of the measurements of the artery diameter and the blood pressure,
the values of coefficients describing the elastic properties of the common carotid arteries were
defined. The investigated coefTicients included: the elastic modulus E,, the arterial distensibility
coefTicient DC, the cross-sectional compliance CC and the logarithmic stiffness coelficient o.

KEY WORDS:
Arterial wall elasticity, carotid artery, ultrasound

1. Introduction

The evaluation of the elasticity of arteries was based on the examination of
changes in the transversal dimensions of the vessel which are caused by blood
pressure variations. It involves differently defined coefficients which are often applied
in references to characterise the elastic properties of arterial walls. E.g., they include:

1) the elastic modulus E, as described by PeTerson in 1960 [14]:

AP Dd
E, = T (1.1)

where AD/Dd is a relative increase in the vessel diameter as a function of the blood
pressure growth AP;
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2) the arterial distensibility coefficient DC and the cross-sectional compliance CC
as applied in 1986 by RENemaN et al. in carotid wall studies [19, 20]:

_ 24D/Dd

DEm =—mrm, (1.2)
nAdD Dd

Experimental studies performed on large arterial vessels (the aorta, the carotid
artery, and the femoral artery) by BerGEL [3], Loon [9], Simon [22] and HavasHi [6]
demonstrated that there is a nonlinear dependence between the change in the
transversal artery dimensions and that in the blood pressure. This means that the
coefficients described by formulae (1.1)—(1.3) depend on the blood pressure,
making it difficult the comparatively evaluate the arterial wall elasticity studies
performed on their basis.

So far there has been no unambiguous agreement on the form of the
analytical dependence between the blood pressure and the change in the transversal
arterial dimensions. Most of the functions proposed in the references are
empirical in nature. They include the functions described by Loon [9], Havasxi
[6], StertLer [23], Meister [11], LanGeEwoutersT [8] and Powarowski [15, 16,
17]. Out of these functions, it is only the one proposed by Powarowski that
can be determined via noninvasive measurements of systolic and diastolic
blood pressures and the maximum and minimum vessel diameters. It has
the following form:

i
2 3 2 5 1 e
D2 (P) = Dd [1 +-In Pd}, (1.4)

where o is defined as the logarithmic coefficient of arterial wall stiffness, in the

following form:
Dd? Ps
o = D—ﬁsz—Ddzln(Ei)’ (15)

where Ds and Dd are vessel diameters for the systolic pressure Ps and the diastolic
pressure Pd, respectively.

The coefficient « proposed by Powarowskl is an attempt to take into account the
effect of the blood pressure on the stiffness coefficient in comparative examinations.

The coefficients described by formulae (1.1)—(1.3) and (1.5) are applied in
evaluating the elasticity of arterial walls in noninvasive studies [1, 17, 19, 20]. In
these studies, the ultrasonic method is used to determine the maximum and
minimum arterial diameters. Cuff-measured systolic and diastolic pressures are
subordinated to the above values. As the common carotid arteries are examined, the
blood pressure is measured with a cuff on the brachial artery of a patient in a lying
position.
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The purpose of the work is to examine ultrasonically the dependence between the
maximum and minimum diameters of the common carotid artery and the blood
pressure in the brachial artery as well as to analyse the coefficients E,, DC, CC and
a for different blood pressures.

2. The results of research and discussion

The examinations were carried out on the common carotid arteries of a group of
20 men, aged from 27 to 45. The patients were fighter plane pilots. (The study was
performed at the Military Institute of Aviation Medicine in Warsaw).

The examinations were performed using the measuring system, called the
Vascular Echo Doppler, elaborated by the present authors. Its block diagram is
shown in fig. 1. The equipment consisted of a pulsed ultrasound system tracking
displacements of carotid artery walls. The accuracy of arterial wall displacement
identification was 7 pm. The internal artery diameter was determined on the basis of
digital measurements of the time between selected echo slopes detected from the
internal layer of the arterial wall [5, 18].

RF anterior wall tracking unit blood
signal
pressure
i meter
echo
system posterior wall tracking unit 1
t
e =
Cideo I1BM-PC
signal A/D FIFO "' 486
f
L a
A/D c
Doppler audio o
system |signal 5 monitor
A/D

Fig. 1. A block diagram of the measuring system: A/D — an analog-to-digital converter; FIFO — memory
(First Input, First Oulput) applied for collecting echo image data.

The frequency of the transmitted ultrsound was 6.75 MHz. The ultrasound was
focused at the 1 —3 cm depth from the surface of the skin. The width of the ultrasound
beam at the focus was 1 mm (defined for the sound pressure of —20 dB compared
with the maximum value on the beam axis). The width of the transmitted pulsed
ultrasound was 0.3 ps (2 cycles of a high-frequency transmitter), representing its
length of 0.45 mm in tissue. As an effect, it was possible to gain single echoes from the
external and internal surfaces of the walls of the common carotid artery under study.
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To facilitate the location of the artery under study in the course of the measurements,
the pulse probe was mechanically coupled with that of a c.w. Doppler flowmeter. The
pulse probe was set perpendicular to the artery, assuming as the measure of perpendicular
position the gaining of the maximum amplitude of echoes from the blood vessel walls.

In the course of the evaluation, the measured data were displayed on the screen
of an IBM PC connected on-line with an ultrasound system and memorized by this
computer (Fig. 2). Along with the ultrasonically measured data, the values of the
systolic and diastolic pressures which were cuff-measured were entered into the
computer’s memory.

The measurements were performed on a lying patient before and after exercise.
The exercise examinations were carried out on a cyclometer. Directly following the
exercise, the high blood pressure gradually dropped during rest, to reach after 8—10
minutes the pressure measured before the exercise test.

a) U_J :

b) '_I'TIllll|l]Ilr||\lIl'l|ll1l!l||Illlll-l’lr?(
0 10 20 30 mml 40

fem/ss]

25t

Fig. 2. The data presented in the course of the measurement on the monitor of an IBM PC: a) echoes from

the walls of the common carotid artery, b) internal artery diameter, c) artery diameter variations (scale

0.5 mm), d) blood flow velocity; psys and pdia are the systolic and diastolic blood pressures (mm Hg) in the
brachial artery.
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The pressure was measured every minute. The pressures between the successive
measuring points were calculated using linear interpolation. The intervals of systolic
and diastolic pressures measured for particular examines are shown in Table 1.
Changes in the systolic pressure were greater than those in the diastolic pressure,
falling between 14 mmHg and 60 mmHg.

Table 1. The results of measurements of the systolic Ps and the diastolic Pd brachial blood pressures and the

diameter D of the common carotid arteries in patients: R* — the coellicient of determination calculated for

the evaluation of the degree of approximation of the results of experimental research using the logarithmic
function D (P) (formula (1.4)) D min, — the mean value of the minimum diameter

Age s - D min
a 2
No. fieari] . [mm Hg] ! [mm Hg] o] R
min max min max
1 27 75 80 125 150 7.59 0.999
. 28 84 90 141 164 6.44 0.997
3 30 69 71 118 146 7.19 0.999
4 32 58 64 128 152 6.35 0.998
-] 33 68 78 120 156 6.98 0.997
6 33 60 69 122 136 5.73 0.998
7 35 69 i 2. 118 139 7.60 0.999
8 35 82 90 128 160 7.29 0.999 -
9 36 68 76 122 162 2.25 0.998
10 38 88 90 134 159 7.69 0.999
11 39 85 91 128 178 7.69 0.999
12 40 72 80 118 167 7.07 0.998
13 40 80 86 130 190 7.64 0.999
14 40 59 74 130 157 6.96 0.993
15 40 60 66 112 133 6.90 0.998
16 42 64 70 121 146 7.01 0.998
17 43 76 80 122 156 6.36 0.998
18 43 78 80 126 142 7.96 0.998
19 44 68 76 H2 156 6.98 0.996
20 45 62 70 122 155 5.98 0.998

Examples of the distributions obtained for the experimental points (the relations
between the artery diameter D and the blood pressure P) for systolic and diastolic
pressures are shown in Fig. 3.

The distribution of the experimental points was described using the logarithmic
function D (P) as obtained from formula (1.4). The coefficient of determination R?
for the group of the people examined fell within the interval between 0.993 and 0.999
(see Table 1). The scatter of the majority of the experimental points round the
theoretical curve fell in the interval of values corresponding to error of roughly
+ 14 pm as the change in the vascular diameter was measured.

The high coincidence between the results of the studies and the logarithmic
function as described by Powarowsk1 indicates that the latter function can be adopted
as the basis for the evaluation of the elasticity of common carotid arteries performed
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Fig. 3. The results of measurements of the dependence between the diameter D of the common carotid artery
and the blood pressure P in the brachial artery for three patients numbered 9, 10 and 16 (compare Tables
1 and 2). The maximum and minimum carotid diameters were subordinated respectively to the systolic and
diastolic pressures. The solid line represents the logarithmic function D (P) determined [rom formula (1.4).
The figure shows the mean values of the stifTness coefficients & (formula (1.5)) calculated [or patients as well
as the coeflicient of determination R? calculated for the evaluation of the degree of approximation of the
experimental research results as a [unction of the logarithmic function D (P).

on the basis of measurements of the maximum and minimum diameters of the
carotid artery and the systolic and diastolic pressures as measured in the brachial
artery.

The logarithmic function D? (P) is an empirical one, which, as its author [17]
showed, corresponds with good accuracy (R?=0.9868) to the results of examina-
tions performed directly in the carotid artery over the pressure range from 25 mmHg
to 200 mmHg.

Assuming for the common carotid artery the values of the systolic and diastolic
pressures determined in the brachial artery, it is necessary to discuss this type of
comparative evaluation. The pressure wave which propagates along the vascular
system changes its shape. As Mc DonaLp [10] noticed, in moving from the aorta
towards the lower-lying peripheral vessels, the systolic pressure is observed to
increase as the diastolic and mean pressures drop slightly. There have been, e.g.,
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attempts to explain this phenomenon with the effect of summation of the progressive
and reflected pressure waves. Thus, the question arises whether a similar phenome-
non takes place in the case of vessels in the upper part of the body and what are the
possible blood pressure differences between the aorta and the brachial artery. The
common carotid artery is very close to the aortic arch, and it can be assumed that
the blood pressure difference between these vascular points can be neglected.

In 1955, in examining the blood pressure when using a catheter simultaneously in
the brachial artery and the aortic arch, Kroeker [7] observed that for the same heart
work cycle the systolic pressure in the brachial artery was 9% greater, and the diastolic
pressure was 4% lower than the analogous pressures in the aorta. Some doubts have
on the other hand been raised by the fact that when measuring in a similar way the
blood pressures in the radial and femoral arteries this author obtained for all of the
three arteries almost the same blood pressure differences between them and the aortic
arch. Referring, in turn, to the experimental work performed by ArnpT [2], RiLEY [21]
noted that the pressure difference between the common carotid artery and the brachial
artery can be neglected. A very significant argument for this view is provided by the
research results presented in 1982 by Borow [4]. They apply to comparative evaluation
between the blood pressure in the brachial artery determined noninvasively by the
oscillometric method (the automatic cuff method) and the blood pressure measured
using a catheter in the ascending aorta. These studies, carried out on a group of 30
persons aged from 30 to 83 years, indicated that for a lying patient the differences in
the systolic and diastolic pressures between the aorta and the brachial artery are 1%
and 1.7% (the mean value), respectively, so they can be neglected in practice.

In the light of the research mentioned, it should be said that the method applied
for the evaluation of the systolic and diastolic pressures in the common carotid
artery as based on measurements of these pressures in the brachial artery should not
introduce significant error into the noninvasive examination of the elasticity of the
carotid arteries.

On the basis of the studies performed, in keeping with formulae (1.1)—(1.3) and
(1.5), the values of the coefficients E,, DC, CC and « were determined. The mean
values of the coefficients and the relative changes in their values are shown in
Table 2. These results indicate that the relative changes in the value of the coefficient
o are several times smaller than the changes in the values of the other coefficients.
Figs. 4—7 represent the relative (with respect to the mean value) values of particular
coefficients as a function of the systolic pressure. They indicate that the value of the
coefficient a does not depend significantly on the systolic pressure but the pressure
has a distinct impact on the values of the coefficients E,, DC and CC. The coefficient
E, increases, whereas the coeffcients DC and CC decrease as a function of the
systolic pressure.

The effect of the diastolic pressure on the values of the coefficients under study
which describe the elastic properties of arteries is difficult to identify in an
experimental way, because the diastolic pressure changes in the patients examined
were slight. Assuming as the starting point of discussion the previously considered
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Fig. 4. The relative (with respect to the mean value of «,) value of the logarithmic stiffness coeficient  as
a function of variations in the systolic pressure Ps as calculated from examinations of a 39-year-old man
(no. 11, see Tables 1 and 2). The correlation coefTicient is 0.167.
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Fig. 5. The relative (with respect to the mean value of E ) value of the elastic module E, as a function of
variations in the systolic pressure Ps calculated on the basis of examinations performed on a 39-year-old
man (No. 11, see Tables 1 and 2). The correlation coeficient is 0.946.
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Fig. 6. The relative (with respect to the mean value of DC,) value of the arterial distensibility coelTicient DC
as a function of variations in the systolic pressure Ps calculated from examinations of a 39-year-old man
(No. 11, see Tables 1 and 2). The correlation coeficient is —0.937.
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Fig. 7. The relative (with respect to the mean value of CC,) cross-sectional compliance CC as a function of

variations in the systolic pressure Ps calculated on the basis of examinations performed on a 39-year-old man
(No. 11, see Tables 1 and 2). The correlation coeficient is —_0.944.
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Table 2. The mean values and relative changes of the values of the coefficients e, E,, DC and CC calculated
on the basis of measurements in the common carotid artery (see Table 1)

Age o, o E, 25 DC, s C(_:" _—

No. « E, DC | x107m? | ccC
[years] [%] [MPa] [%4] [1/MPa] [%] MPa [%]

1 27 3.76 7.2 0.106 18.5 18.89 18.5 8.55 17.3
2 28 342 8.3 0.113 12.5 17.70 12:5 5.77 12.0
3 30 2.69 3.5 0.073 ¥5.2 27.39 15.2 11,12 15.8
4 32 2.83 7.9 0.076 11.6 26.45 11.6 8.37 132
5 33 3.27 1.3 0.090 19.0 22.16 19.0 8.47 18.8
6 33 3.32 7.6 0.087 14.9 23.14 14.9 5.96 11.5
7 35 291 6.7 0.077 14.1 26.05 14.1 11.82 14.4
8 35 3.66 5.7 0.113 21.0 17.87 21.0 745 18.1
9 36 533 8.6 0.095 26.3 21.10 26.3 8.70 258
10 38 2.56 9.3 0.082 15:5 24.46 155 11.35 15.5
11 39 3.40 8.8 0.111 292 18.27 29.2 8.49 313
12 40 3.66 7.4 0.102 30.6 19.68 30.6 1.72 274
13 40 4.27 Val. 0.133 32.6 {4 &) 326 6.93 32,6
14 40 ki) 2T 0.103 12.3 19.42 12.3 7.40 19.1
15 40 4.05 L7 0.098 17.6 20.39 17.6 7.63 15.5
16 42 4.31 10.0 0.114 18.6 17.60 18.6 6.80 20.5
17 43 4.48 9.3 0.130 15.4 15.44 154 4.90 16.7
18 43 357 72 0.091 9.8 22,12 9.8 11.00 10.9
19 i 3.28 5.6 0.086 28.5 23.34 28.5 8.91 23.5
20 45 447 9.2 0.120 14.1 16.71 14.1 4.67 16.4

logarithmic function between the square of the vessel diameter and the blood
pressure, it should be said that the diastolic pressure affects the values of all the

elasticity coefficients under study. In the case of the stiffness coefficient a,

for Pd = Pn

for Pd < Pn

for Pd > Pn

o increases.

o =

o, — In(Pn/Pd),

o, + In(Pd/Pn),

where Pn is the pressure Pd at the reference point.
It results from formulae (2.1) that the effect of the diastolic pressure on
the value of the coefficient grows smaller when the value of the coefficient

@.1),
@1),

@.1),

The evaluation of the effect of the blood pressure on the values of the particular
elasticity coefficients is significant in comparative studies. An example of such
studies in the references is the search for a correlation between the arterial elasticity
and the age of patients [1, 12, 13, 17, 19, 20].
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Fig. 8. The logarithmic stiffness coefTicient o determined for common carotid arteries as a function of the
age of patients. The solid line represents the linear regression [‘uncl.ion (Table 3).
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Fig. 9. The elastic modulus E, determined for common carotid arleries as a function of the age of
patients. The solid line represents the linear regression [unction (Table 3).
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Fig. 10. The arterial distensibility coefficient DC determined for common carotid arteries as a function of
the age of patients. The solid line represents the linear regression function (Table 3).
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Fig. 11. The cross-sectional compliance CC determined for common carotid arteries as a function of the
age of patients. The solid line represents the linear regression function (Table 3).
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Figures 8—11 show the values of particular coefficients as a function of age.
Linear regression was applied in analysing this dependence. For the group of the
persons examined it is only the stiffness coefficient o that correlates significantly
(p<0.05) with age (Table3). As was demonstrated previously, the value of this
coefficient do not depend on systolic blood pressure variations in the course of the
examination.

Table 3. The coeflicients describing the linear regression

function (ax+ b) for dependencies between the values of

@, E,, DC and CC and the age of patients; r — the
correlation coeflicient

¥y a b r

o 0.0509 1.6360 0.477
E, 0.0011 0.0579 0.347
DC —0.2360 29.4335 —0.348
&C —0.0730 10.8113 —0.191

3. Conlusions

It is difficult to verify the noninvasive method for the evaluation of the elasticity
of common carotid arteries because of the many factors which affect the ultimate
result of measurements of the elasticity coefficients. They include: a) the function
between the blood pressure and a change in the transversal dimensions of the
common carotid artery; b) the relation between the systolic and diastolic pressures in
the common carotid artery and the brachial artery; c) the accuracy of the brachial
blood pressure measurement using cuff; d) the accuracy of acrotid artery diameter
measurements using ultrasound. Instead of an analysis of particular factors the
authors proposed a comprehensive evaluation. It consisted in ultrasonic measure-
ments of the diameter of the common carotid artery for different blood pressures
and in investigating the relation between the diameter of the common carotid artery
and the blood pressure measured in the brachial artery.

The results of the measurements and calculations indicate that;

1) The distribution of points: the artery diameter - the blood pressure could be
represented with high accuracy by the proposed logarithmic function described by
formula (1.4). The coefficient of determination R? varied between 0.993 and 0.999
(Table 1). The scatter of most experimental points round the theoretical curve fell in
the interval of values corresponding to an error of roughly +14 pm in the
measurement of vessel diameter changes.

2) The effect of the systolic pressure on the value of the logarithmic stiffness
coefficient a (formula (1.5)) can be neglected. The calculations were carried out for
a group of 20 persons for whom the systolic pressures fell between 112 mmHg and
190 mmHg, and the systolic pressure variations came between 14 mmHg and
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60 mmHg (Table 1). The relative changes in the value of the coefficient « as
a function of the systolic pressure in patients never exceeded 10% (Table 2 and
fig. 4).

3) The logarithmic stiffness coefficient « is a more objective indicator of the
mechanical properties of the wall of the common carotid artery than the parameters
used so far, including the elastic modulus E,, the arterial distensibility coefficient
DC or the compliance CC. Its value does not change significantly as a function
of the systolic pressure when the value of the coefficient E, grows as a function of
the systolic pressure and the values of the coefficients DC and CC decrease as
a function of that pressure (Figs. 4—7). The relative changes in the values of the
coefficients E,, DC and CC as a function of variations in the systolic pressure were
from 1.2 to 5.1 times larger than the changes of the value of the logarithmic stiffness
coefficient a.
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INFLUENCE OF THE ELECTICAL PARAMETERS
ON THE ULTRASONIC PROBE IMPEDANCE AND THE REFLECTED PULSES

G. LYPACEWICZ

Ultrasonic Department, Institute of Fundamental Technological
Research, Polish Academy of Sciences
(00-049 Warszawa, Swigtokrzyska 21)

Basing on the modified Mason's equivalent circuit of an ultrasonic transmitling-receiving
probe [3], [4] the influence of compensating inductances, a coaxial cable, wire conductors and
parallel resistance on the probe immitance and the reflected pulses is discussed.

The influence of the wire conductors connecting a transducer with a coil or a coaxial
connector for large diameters (i.e. 20 mm) and high frequencies (i.e. 10 MHz) on the probe
immitance should be taken into account.

The influence of the coaxial cable on the probe immitance and the reflected pulses
depends on the electrical impedance of a probe.

The compensaling circuit containing three inductances — two in series and one parallel
is discussed.

The influence of the parallel resistance on the reflected pulse is shown and compared
with the influence of transducer backing.

1t was shown that the length of transmitting burst should be chosen depending on the
frequency band-width of the probe.

1. Introduction

The design principles of transducers with matching layers was described in the
previous paper [5]. In this work the influence of electrical parameters: compensating
inductances, a coaxial cable, wire conectors, a parallel resistance and input impedan-
ces of a transmitter and a receiver on the reflected pulse is discussed.

Calculations are carried out, modified Mason's model described in [4] being
assumed (Fig. 1). Because in this paper only the PZT ceramic transducers are
discussed, the mechanical and dielectrical losses can be neglected. All quantities are
relative (dimensionless).

e frequency x=11//1,,

e mechanical impedance of the investigated medium R,= R/ R,

e mechanical impedances of the matching layers R, =R, /R,,

R,,=R,/R,
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Fig. 1.

Here:

Equivalent circuit of the transmitting (a) and receiving (b) probe circuit (parameters described in
the paper). :

electrical impedance of the transmitter Rij=R,/Z,,
electrical impedance of the receiver R;=R,/Z;,
characteristic resistances of the cables:
R.=R,|Z (coaxial cable),
R..=R.,/Zy (wire connectors),
impedance of the parallel resistance Ry, =Ry./Zp,
reactance of the inductances Z,,=k? x/I1*m? (parallel)
Zyy=kixL}/IT?
Zi,=k?xL%/I1? (in series),
thickness of the matching layers n=d,, [A.,,,
P=dy;3[ Aoz,
length of the cables ®.,=/.,/A.,
@c =lc/’13!
voltage of the transmitter output E;=E,/N,
amplitude of the pulse reflected from an ideal reflector
E=E|E,
mechanical force in the investigated medium F,,
transmitting-receiving transfer function H (assuming the pulse reflection from
the ideal reflector).

Zp=1/Real[Y,(f,)] — the electrical probe impedance.

N?=2k*f,, C, R, — turns ratio of the electromechanical transformer E, — vol-
tage of the transmitter (on the electrical side of the electromechanical transformer),
Jm — mechanical resonance frequency, f, — electrical resonance frequency (for f, the
imaginary part of mechanical impedance of a loaded transducer is equal to 0 [4]),
A — transducer area, R,=Ap,c,, Ry=Ap,c,, R,=Ap,c, Ry =Ap,Coy;
Ry, =Ap,y,c,, — mechanical impedances of the transducer, investigated medium,
back loading and two matching layers, respectively, Ad.y;, 4ep; — acoustic wave-
lengths in the matching layers, d,,, d,, — thickness of the matching layers, C,
— clamped capacitance of the transducer, m, L,, L, — parameters of inductances:
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parallel and in series, k, — electromechanical coupling coefficient for the thickness
vibration, Y,(f,) — electrical admittance of the probe (without inductances and
cables), R.,, R, — characteristic resistances of the wire connectors and the coaxial
cable, R,, — parallel resistance, domew, Aeme — €lectromagnetic wavelenghts in the
wire connectors and in the coaxial cable, /,,, /. — length of the wire connectors and
the coaxial cable.

As one can see all quantities describing the probe are dimensionless — the
frequency is related to mechanical resonance frequency, the mechanical impedances
are related to the transducer mechanical impedance, the electrical impedances are
related to the electrical impedance of the probe for the electrical resonance frequency
(calculated for the probe without cables and inductances), the thicknesses of
matching layers are related to the acoustical wavelength, the lengths of cables are
related to the electromagnetic wavelength and the reflected pulse amplitude is related
to the transsmitting pulse amplitude.

2. Coaxial cable, wire connectors

For the ultrasonic medical diagnosis transducers of 3—50 mm diameter opera-
ting at 2—20 MHz are used. The probe impedance (defined as Z;=1/Real[Y,(f,)]
depends on the transducer dimensions (the thickness and the diameter), on the
piezoelectric material parameters (see Table 1), on the acoustic load of the trans-
ducer (an investigated medium, a back loading, matching layers) (Figs. 2, 3) and on
the compensating circuit (see Sec. 3).

Table 1.
Adidhe Relative Electromech.
Piezoelectric Density : dielectric coupling
material x 10%kg/m? impelance constant coelTicient
x 10%kg/m?s & X
r T
quariz 2.65 15.1 4.6 0.09
PZT 5A 13 337 830 0.49
BaTiO, &7 31.2 1260 0.38
LiNbO, 4.65 34.2 30 0.49

Ultrasonic probes for the medical diagnostic application are made usually
of the PZT material. As it is shown in Fig. 3, electrical impedances of the
probe of a large diameter and a high frequency are equal to single ohms.
In these cases, although the cable length is much smaller than the electromagnetic
wavelength the influence of the cable on the impedance and transfer function
of transmitting-receiving circuit is great, and therefore the cable should be taken
into account and be treated as a long line.

Let us consider the influence of the cable, at different ratios of the cable
characteristic resistance to the probe electrical impedance Z, on the probe admit-
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N : R)' rdm RZ rdOZ

Fig. 2 Equivalent circuit of a transducer loaded acoustically throught matching layers with an investigated
medium impedance Ry=Ap,c, and with a back load R ,=Ap,c,.
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Fig. 3 Electric impedances Zj of piezoelectric transducers calculated according to a circuit in Fig. 2 in the
frequency function pyc,=1.5 10° kg/m?s, p,c,=3.2 10° kg/mSs, a transducer piezoelectric material — PZT
5A (excluding 3a), a transducer diameter equal to 10 mm (excluding 3b), one matching layer —d =1, /4,
Py, Co, (@nd p,c,, — in Fig. 3c) calculated according DeSilets formula

a — different piezoelectric materials: 1 — quariz, 2 — LiNbO,, 3 — BaTiO,, 4 — PZT 5A

b — different transducer diameters: | — 5 mm, 2 — 10 mm, 3 — 15 mm, 4 — 20 mm

¢ — a different number of layers: 1 — without a layer, 2 — one layer, 3 — two layers

tance characteristics and on the reflected pulses. To neglect the influence of other
probe parameters, the length of the cable, the PZT material, one matching layer
calculated according DeSiLets [7], the back loading, the parallel inductance compen-
sating a clamped capacitance C,, are assumed to be the same.

In Fig. 4 the influence of the length of short (®,=0.02 or 0.05) cables matched to
the probe impedance (R.=1) on the circuit parameters is shown. As one can see,
changes of admittances, transfer functions and reflected pulses in comparison with
the values for a probe without a cable can be neglected, although for a longer cable
(®,=0.05 corresponds, for example, to a 3 m cable for 5 MHz or 1.5 MHz for
10 MHz) the changes of the admittance and the transfer function are noticeable.

If the probe impedance is large (i.e. R;=0.05) the cable can be treated as
a capacitance and should be compensated by a parallel inductance larger than for
a probe without a cable (Fig. 5). Comparing the results for such a compensated
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Fig. 4. Calculated relative admittances for PZT transducers radiated into water (k,=0.5, R,=0.044)
through a matching layer (R, =0.125, n=0.25), without a back load (R,=0), with a parallel inductance
(m=0.865), their transfer functions H and reflected pulses (R;=0.01, R;=10, a transmitting pulse is
a hall-period of sine of 0.89 [requency)
a — without a cable .
with cables matched to the probe impedance (R.=1) of a different length: b—®.=0.02, c=©&_=0.05.
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Fig. 5. Calculated relative admittances, transfer functions H and reflected pulses for the circuit as in
Fig. 4, with a cable of a characteristic resistance less than a probe impedance (#,=0.02, R;=0.05) with
different parallel inductances: a—m=0 (without a coil), b—m=0.865, c—m=1.59.
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probe with the results for a probe without any cable (Figs. 5c and 4a), one can see
noticeable differences in admittances, transfer functions and pulse shapes, but the
pulse amplitudes are similar.

The situation is more complicated if the probe impedance is smaller than the
characteristic resistance of a cable. In Fig. 6 the case of the probe of an impedance
three times smaller than the cable resistance is presented. As one can see, for a probe
with a coil calculated for a probe without a cable (Fig. 6b — m=0.865), the
admittance for a resonant frequency (f,=0.89f,,) is like inductance-like. For this
case it is possible to calculate a new coil value, for which the admittance imaginary
part for f, is equal to zero (Fig. 6¢). Comparing the pulses one can see that their
amplitudes are greater when the coil is applied, but almost independently of the coil
inductance (Fig. 6).

For each cable length it is possible to calculate the minimum of the probe
impedance for which its imaginary part can be compensated. For the discussed
circuit this impedance is 4.505 times smaller than the cable resistance, and in this
case the imaginary part is equal to zero if no coil is applied (Fig. 7a). It is worth to
notice that the reflefcted pulse is almost unchanged when a parallel coil m=0.865 is
applied (Fig. 7b).

When a probe impedance is equal to several ohms the influence of a cable is
significant. The pulse amplitude can be increased by apllying a parallel inductance
but the pulse shape is still not acceptable (Fig. 7c, d).

For the purpose of decreasing the cable influence and of the standardization of
ultrasonic medical probes, the autotransformer matching its electrical impedance to
50 ohm cable should be applied.

It is interesting to notice that application of a cable induces changes — the
growth or the reduction of the probe admittance, depending on the ratio of the
probe and cable resistances (Fig. 6, 7).

Designing a probe and measuring the transducer parameters with the network
analyzer (to find the resonance frequency, to calculate the coupling coefficient), the
influence of the wire connectors on the probe parameters should be taken into
account. Although the connectors are very short they should be treated as a long line
of the characteristic impedance equal to 300 ohms. This influence is of course
dependent on the probe impedance which is a function of the transducer loading (a
back load, matching layers, investigated medium). In Figs. 8a the calculated
admittances of the PZT transducer of 20 mm dia, 10 MHz, loaded symmetrically
with a perspex (applied usually to measure the transducr parameters) are shown.
The electrical resonance and quadrant frequencies are remarkably changed when
connectors are used. It means that on the basis of admittance measurements of low
ohm (large diameters, high frequencies) transducers finding the electrical resonance
frequency and coupling coefficient k, [1], [6] is imposible.

In Fig. 8b the admittances of the same transducer with one matching layer (used,
for instance, for the eye examinations) with and without wire connectors are shown.
The changes of admittance due to the connectors are different than for the probe
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Fig. 8. Calculated admittance of a PZT (see Table 1) transducer of 20 mm dia without (thin line) and with
wire connectors of 1 ¢m length (thick line): a — loaded symmetrically with a perspex (p,c, = pyc, = 3.2 10¢
kg/m?s) b— a back surface of a transducer loaded with a perspex, a front surface througt a matching layer

(dy,=2,0,/4, Py €y, =4-24 10° kg/m?s) loaded with water (p,c,=1.5 10° kg/m?s).

loaded symmetrically with a perspex, what should be taken into account when a new
probe is designed.

The question arises what to do in order to decrease the influence of
the connectors on the probe parameters. Filipczynski proposed to divide a trans-
ducer into n elements and to connect them in series [2]. In this case the
electrical impedance of a probe increases n? times. This method was applied
in our department when the probes for the eye and breast examinations
were designed.

3. Compensating circuit

In this chapter the influence of a compensating circuit containing one, two or
three inductances — in parallel and in series, on the reflected pulses is discussed

(Fig. 1).
The values of the inductance and the impedance depend on applying the
type of a coil — parallel or in series, compensating the imaginary part of

a probe impedance for the resonant frequency. The parallel inductance com-
pensating the clamped capacitance C, depends on the coupling coefficient
k,, but is practically independent of the transducer load. On the other hand
the inductance in series compensating the imaginary part of a probe impedance
is depended also on the transducer load and is always smaller than the paralle

one (Fig. 9a). - :
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Fig. 9. The ratio of an inductance in series to parallel one (a) and electrical impedances (b) of a ceramic
transducer radiating into water (R, =0.044) with one matching layer (R, =0.125, n=0.25) in a back load R,
function. The electromechanical coupling coeflicient k, is a parameter.

The electrical probe impedance is greater when a parallel coil is used. In Fig. 9b
the ratios of the electrical impedances of a typical medical probe with one matching
layer as a back load with a coupling coefficient k, as a parameter is presented. As
one can see, for instance, the electrical impedances of probes made of the PZT
transducer of k,=0.5 depending on a back load and a coil type differ substantially.
Practically, choice of the compensating coil is often an easy method of obtaining the
50 ohm probe well matched to the coaxial cable.

The pulse shape and its amplitude are depended on the compensating circuits
applied in the probe. The transmitting-receiving circuit of an ultrasonic probe
consists of too many parameters to show its behaviour for all possible combinations
of parameters. Optimization of one parameter should be done after fixing the other
ones. To show how a reflected pulse can depend on a compensating circuit, the
probe made of the PZT transducer with two matching layers and a back load
assuming R;=0.01, R;=10 is discussed (Fig. 10). Comparing the transfer functions
H and the reflected pulses for a probe without any coil and with a single one
(Fig. 10a, b, c) one can see that the pulse amplitudes and transfer functions are more
than two times greater when a compensating inductance is applied. The pulse is
a little greater and the transfer function is more Gaussian-like when a parallel coil is
applied. The pulse amplitude and the transfer function bandwidth increase when two
or three compensating coils are used (Fig. 10d, e, f). It is interesting to notice that in
the three last cases the pulses and the transfer functions are almost identical but the
impedances differ significantly what can be advantageous for matching to the
coaxial cable.
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Fig. 10. Calculated relative electrical impedances Z, transmitting-receiving transfer functions H and

pulses reflected from an ideal reflector in water for a PZT transducer (k,=0.5, R,=0.044) with two

matching layers (RN =0.262, R, =0.069, n=p=0.25) and a back load (R,=0.15). Rectangular transmit-

ting pulse of 0.5 T, length (T,=1/f,), R;=0.01, R;=10. Different compensating circuits; a — without

any inductance, b — parallel inductance m=0.883 (without L, and L,), c — inductance in series

L, =1.027 (without m and L,), d — L,=0.89, m=0.925 (without L)), e — m=0712, L,=1.154
(without L), [ — L, =L,=0.655, m=0.834.
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4. Parallel resistance, back loading

Increasing a bandwith of the transmitting-receiving transfer function enables us
to apply one ultrasonic probe for different frequencies. Very often it is assumed that
a wide frequency characteristic leads also to reducing the pulse length, although in
this case the shape of transfer function is very important (see Sec. 6). In Fig. 11 the
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Fig. 11. Transmitting-receiving transfer functions H and pulses reflected [ro man ideal reflector calculated

for the PZT transducer (k,=0.5, R,=0.044) with two matching layers (R, =0.262, R ,=0.069,

n=p=0.25), a parallel inductance (m=0.88). Ractangular transmitting pulse of 0.5 T, length R;=0.01,

R;=10. With and without back load R, and a parallel resistance R;,. a — without r, and R,
b — R,,=1.25, without R, ¢ — R,=0.3, without R, .

transmitting-receiving transfer functions and reflected pulses for probes made of the
PZT material with two matching layers, with and without a back load and with and
without a parallel resistance are shown. Comparing the results one can see that the
shorter pulse is obtained when a back surface of the transducer is loaded by R,,
which was chosen to give the same pulse amplitude as a circuit with a parallel
resistance R,.. For this case the transfer function is Gausian-like however its
bandwidth is even narrower. It means that for shortening of the pulse the better way
is to load a back surface of the transducer than to apply a parallel resistance.

5. Transmmiting pulse
The reflected pulse depends not only on the transmitting one, but also on the

probe bandwidth. Therefore the length of the transmitting pulse should be chosen
after taking into consideration the probe characteristics. In this section, as an
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inductance (7=0.887). Different burst lengths, R;=0.01, R|=10:a — T,/2,b —1T,, ¢ —27T,,d — 3T,
where T,=1/f,.
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illustration, the circuit of the PZT transducer with one matching layer and a parallel
inductance is discussed.

The burstlike transmitting pulses of frequency f, are used in the ultrasonography
very often. Their length should not be decreased if it does not lead to shortening the
reflected pulses because of an unnecessary reduction of the reflected pulse amplutide.
From Fig. 12 it results that the optimal length of the transmitting pulse for this kind
of probes is equal to 2T, where T,=1/f, (c). Shorter pulses (a, b) reduce the
amplitude without a significant improvement of the reflected pulse shape; on the
other hand, application of a longer one (d) elongates the reflected pulse without
significant increase of its amplitude. It can be explained if one compares the Fourier
transforms of the transmitted pulses with the transmiting-receiving transfer function
H. Shortening of the pulse in order to obtain the main lobe of its Fourier transform
wider than a bandwidth of the transfer function H is useless, the improvement of the
reflected pulse shape for this kind of the transmitting pulse without changing of the
probe structure is impossible.

The situation is different in case of the rectangular transmitting pulses. Their
Fourier transforms are strongly dependent on the ratio of a pulse length to the
vibration period T,. The optimal length with respect to an amplitude as well as the
shape of the reflected pulse is equal to T,/2 (Fig. 13). In this case the transfer
function H covers the greatest area of the Fourier transform of the transmitting

pulse.
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In the ultrasonography, in order to visualize small and large echos in
one picture the logaritmic amplifiers are used and therefore a “tail” of the
reflected pulse should be the lowest. Loading a transducer back surface helps
but at the cost of a general sensitivity. Sometimes a simple method enabling
an improvement of this situation can be applied. The example is shown in
Fig. 14. One can see that for the sinusoidal transmitted pulse containing
two single period pulses in oposite phases, at a distance of T,/2 (Fig. 14b)
the reflected pulse “tail” is very low, although the pulse length (calculated
for the 10% amplitude decrease) is greater. It should be noticed that in
that case the reflected pulse amplitude increased by 50%. Reduction of the
“tail” strongly depends on the distance between two ‘“‘bursts” in the transmitting
pulse (compare Fig. 14b and c).
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6. Influence of the transmitting-receiving transfer functions
on reflected pulses

In general, the authors describing the ultrasonic probe behaviour do not discuss
the influence of the shape and the argument of the transfer function H on the
reflected pulses. This problem requires a special study, nevertheless some aspects of
this question important from the designing point of view is presented. In Fig. 15 the
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Fig. 15. Transmilting-receiving transler [unction H of the transducer: a — like in Fig. 11¢, b— changed
mechanical impedance of layers (R =0.35, R ,=0.15), ¢ — changed layer thicknesses (n=p=0.35),
d — changed inductance (m=0.5).

changes of the transfer function H due to changes of the optimal parameters of
a parallel coil and two layers are shown. As one can see, for the proper choice of the
thickness and the mechanical impedance of layers [5] as well as the coil inductance [4],
arg(H) is very close to a straight ling, and mod(H) is almost symmetrical. Deforma-
tions of the modulus curve due to changes of these parameters, especially the layer
thickness, are significant while the changes of the argument curve are not so obvious.

Assuming a proper construction of ultrasonic probes the Gaussian-like or
trapezium-like shape of the transfer function modulus (Figs 4 —8, 10 and 11) and the
linear argument (Fig. 15) can be approached.

The construction of the ultrasonic probe should depend on its destination.
Application of two matching layers leads to widening of the frequency band
(Fig. 16a, b), but the transfer function H becomes more trapezium-like and the
reflected pulse ““tail” becomes longer than for one matching layer. To shorten the
reflected pulse, the back loading can be applied, but making it greater than the
opitmal value worsens the pulse shape (Fig. 16¢c, d). As one can see in Fig. 16, the
optimal pulse shape is obtained when transfer function H is close to the Gaussian
one.
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7. Conclusions

When the ultrasonic probe is designed the influence of the electrical parameters
(lying on the electrical side of the electromechanical transformer of the transducer)
of the transmitting-receiving circuit on the reflected pulses should be taken into
account. Because this circuit is too complex to foresee, for example, the cable
influence and to find the general solution for all parameters, the designer of a new
probe should take into consideration all the parameters mentioned in the paper.
Each change of the dimensions, the piezoelectric materials and the construction
possibilities (i.e. the matching layers) creates other problems.
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SUBSURFACE IMAGING OF SAMPLES WITH SAM

J. LITNIEWSKI

Ultrasonic Department .
Institute of Fundamental Technological Research
Polish Academy of Sciences
(00— 049 Warszawa, Swigtokrzyska 21)

The paper presents unique abilities of the acoustic microscope to penetrate and
visualize an interior of materials which are opaque to the light. The construction of an
acoustic lens optimized for subsurface imaging is described. The lens enables to achieve
resolution of approximately 100 ym at 100 MHz frequency when visualize an inferior of
aluminum sample. Images of the back side of a coin and of a die attach bond of integrated
circuit with ceramic package are presented.

1. Introduction

The scanning acoustic microscope (SAM) is one of the most rapidly developing
and proven techniques of non-destructive examinations of hard and soft material. It
has become well known and unique scientific tool. The physical and technical
principles of the microscope have been described by many authors [1, 2]. The use of
the microscope significantly extended the possibility of imaging the surface of
material, integrated elements and smali biological objects. The microscope enables
to detect the physical properties of a surface layer by measurements of surface
acoustic waves (SAW) velocity and attenuation [3].

Taking an advantage of relatively low attenuation of the ultrasonic waves even at
very high frequency, acoustic microscope can penetrate materials that are opaque to
the light. The following paper reveals the ability of SAM to visualize unseen internal
structures. g

2. Low frequency scanning acoustic microscope

We have build a scanning acoustic reflecting microscope. The system enables to
obtain high quality amplitude and phase images with special resolution 30 pm, 10 pm
and 5 pm operating at 35 MHz, 100 MHz and 200 MHz frequency respectively.
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When the system operates in visualization option two modes of imaging
are possible, C-scan and B-scan. In the C-scan mode the back scattered ultrasound
collected by the lens and detected by the transducer is time gated such that
only scatter from the focal plane are accepted. The amplitude or phase of
the signal is stored while the transducer moves over the sample point by
point to produce two dimensional image (Fig.1). Depending on the focus
position, the C-mode allows to visualize the surface or an interior of the
sample. The image reflects acoustic properties of the material at the plain
perpendicular to the acoustic beam axis.

acoustic microscope

C-scan B -scan

NN

/ \ / \

Fig. 1. Two modes ol microscopic visualization, C-scan and B-scan.

The B-scan mode is similar to the data acquisition in ultrasonography. The back
scatter signal at each transducer position is used to produce a line of information in
the image. Therefore, only one dimensional scanning is required to obtain two
dimensional image (Fig. 1). B-scan mode visualize internal structures of material.
The image corresponds to the crossection of the sample, parallel to the acoustic
beam axis.

3. The lens for subsurface imaging of a hard sample

Imaging of the interior requires the acoustic beam to be focused under the
surface of the sample. In an acoustic microscope the lens is coupled to the sample
with a fluid, usually water. The converging acoustic wave transmitted by the lens
must penetrate highly refractive interface between water and a sample. In water
acoustic waves can be easily focused in a diffraction limited spot. The geometrical
aberration is so small that it can be neglected even for a large aperture lenses. In
solid materials with a high velocity of acoustic waves, the aberration spreads widely
the focal area. The proper choice of a lens aperture limits the degradation of a focus
introduced by geometrical aberration.
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There are some other reasons which justify the use of small aperture lenses for
subsurface imaging. For high angels of convergence the waves can not penetrate the
water-sample interface. The high amplitude signal of the waves specularly reflected
from the surface masks low amplitude signal coming from the interior. Additionally,
waves incident on an interface at critical angels excite a Leaky Surface Waves (LSW)
in a surface of the specimen. The LSW in turn excite waves in the coupling fluid at
the critical angels. These waves are detected by the transducer and they disturb the
signals received from the inside of the sample. The small aperture lenses preclude
LSW generation.

The aim of this work was the construction of the acoustic microscope lens
appropriate for optimized subsurface imaging. There was assumed that the micros-
cope operating at 100 MHz frequency should visualize internal structures situated
3 mm under the surface of material with the velocity of longitudinal waves equaled
to 6000 m/s.

The simple geometrical analysis of the acoustic system consist of the lens,
coupling fluid and a plane sample allows to determine the size of the lens aperture
minimizing the aberration and diffraction effects [4].

£ /

Fig. 2. Rays focusing below the surface of a solid sample, refraction of the interface and an aberration efTect.

Using the notation of Fig.2 one can find that the minimum geometrical
aberration is:

h3(1— 1)?
n

Gty (3.1

where n is a refractive index at the water/sample interface.
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Diffraction spreads the focal spot into the Airy disc which first minimum can be
found at the distance from the axis

Xt Y} 2L A 3.9
A — wavelength in the solid sample.
The total size of the focal spot may be written as
a, = (a* + d*)', (3.3)
It can be found that a minimum of a, occurs for
1
his = (1/s)'" (3.4)

(1 L n) 1/2 2
what gives an optimum lens angle
Qopt = sin"[nsin{tan™*(h/s)}]. (3.5)

For the sample made of the material with n=0.25 and for the focusing 3 mm
below the surface the optimum lens angle would be Q,,,=6°.

The total size of the focal spot calculated for the optimum lens amounts to
800 pm. Experimental results will give much better resolution. Though the geomet-
rical analysis do not describe correctly the size of the focus it gives good results in
optimizing the lens for aberration.

4. Subsurface imaging

We have prepared an aluminum test sample to check focusing abilities of the
constructed lens. The B-scan image of the sample is presented in Fig. 3 giving an
idea of its geometry. The upper surface of the sample was flat while the opposite
surface was shaped in steps. We have made several parallel grooves on the surface of
each step. The distance between grooves was approximately 200 pm. The resolution
of the lens was checked by focusing ultrasounds at different depth and visualizing
the grooves.

The best C-scan image was obtained for focusing at 3 mm under the surface
(Fig. 4). The grooves are easily resolved what proves that the lens resolution is of the
order of 100 pm (one and half wavelength in aluminum). The resolving power of the
microscope is much higher than predicted by geometrical calculations. In calcula-
tions it is assumed that a plane uniform amplitude wave is focused by the lens. In the
microscope the lens is situated in the transition zone between the far and near field
of the transducer. Thus the lens is illuminated with a gaussian beam. Additionally at
the lens/water and water/sample interfaces an amplitude of the waves corresponding
to high angles of convergence is farther reduced. The natural apodization occurs and
the waves are focused much better than the geometrical calculations predict.
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Fig. 3. B-scan image of a test sample (image dimensions 12.8 mm x 4.2 mm).

 1PPT PaN

| = mm Al ;

Fig. 4. C-scan image of the test sample showing the grooves through 3 mm of aluminum (image dimensions
3 mm x 3 mm). The distance belween the grooves — approximately 200 pm.

The following two examples show possible applications of SAM for subsurface
imaging.

A spectacular image can be obtained when imaging the back side of a coin. The
microscope working at 100 MHz frequency can easily penetrate 3 mm of aluminum
and the image reveals the topography of the coin (Fig. 5). The image is of a good
quality and small surface structures can be resolved. The influence of a coin front
surface on imgage is of a minor importance.

The second example comes from micro electronics. In the integrated circuit
package the heat must be dissipated to stabilize the electrical behavior of the
semiconductor. The poor quality of the die attach bond can be detected with
ultrasounds. The bright areas in the microscope image correspond to the high
acoustic reflectivity due to the lack of bonding between the die and ceramic.

B-scan acoustomicroscopic image shows layered structures of integrated circuit
(Fig. 6). The ceramic substrata, lead frame and die attach bond can be resolved in
the acoustic crossection of the chip (E-prom memory).

Fig. 7 shows C-scan image of an interior of the same integrated circuit. The time
gate and the focus were located at the die attach bond, approximately 2 mm below



back sSide of a coin

Fig. 5. Acoustic image ol the back surface of a coin.

1.C. imerior, C—-scan

%

Fig. 7. An interior of an integrated circuit. The C-scan image shows a die attach bond inside the ceramic
package (approximately 2 mm below the front surface).

[492]
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the ceramic base. The central part of the bond image is black. This area indicates
a good bonding. Ultrasonic waves penetrates the interface almost without any back
reflections creating a black area in the image.

5. Conclusions

Scanning acoustic microscope can visualize an interior of the samples made of
a hard material. It is possible to achieve resolution of the order of a single
wavelength. Low aperture lenses must be used to avoid spreading of the focus
because of the aberration and generation of LSW which can disturb subsurface
image. At 100 MHz frequency depth of several millimeters can be achieved and
visualized.
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Two homogeneous elastic layers are situated between two homogeneous elastic
materials. If the harmonic wave propagates in the direction perpendicular to the layers,
then the reflection coefficient depends on the elastic constants of the layers, their thickness
and frequency. If, instead of the monochromatic wave, the pulse is propagating, then the
reflection coeflicient depends on the frequency spectrum. The pulse in the form of two or
four periods of the sine curve is considered. It is decomposed into a sum, of harmonic,
monochromatic waves. In calculations the pulse was assumed to be a sum of 22 harmonic
waves of different [requencies. The reflection coefficient for this sum was determined. The
reflection coefTicient possesses several minima. Only two of them are technially interesting.
For one of them the thicknesses of the two layers are of the same order.

1. Monochromatic acoustic wave

Consider the case, when two homogeneous elastic layers are situated between
two homogeneous elastic materials. The wave is produced in the first homogeneous
material, propagates across the two layers and enters the second homogeneous
material. One part of the energy of the incident wave is reflected. The reflection
coefficient f is a function of thicknesses, densities and elastic constant of the layers.
If f=0, the system is perfectly transparent, if f=1 the system is perfectly insulating.
For two homogeneous materials given in advance, the elastic layers joining them
may be chosen to minimize or maximize the reflection coefficient. Instead of two
layers, a larger number of them may be used. The equations quoted in this chapter
allow us to perform calculations for an arbitrary number of layers. However, for
most practical acoustic applications, already one or two layers are sufficient.

From the mathematical point of view more interesting is the optimization of the
transition zone between two materials, if the propagation speed and the density are
continuous functions of the distance x, c¢=c(x), p=p(x). It is easy to write the
governing equations, and to calculate the reflection coefficient § for ¢ (x), p (x) given
in advance. In very numerous situations the appropriate analytical formula may be
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obtained, cf, e.g [1]. It is impossible, however, to solve such problem exactly, since
B can not be written as the functional of ¢(x). This is due to the fact that the solutions
of the ordinary differential equation can not be expressed by its coefficients.

Each of the four materials considered (two fixed half-spaces and two layers) is
identified by the subscripts 0.1, 2, 3 (Fig. 1). Thicknesses of the layers are denoted by
h,, h,, respectively. The harmonic waves of frequency w propagate in the direction
perpendicular to the layers. The displacement u in the k-th material consists of two
harmonic waves, the first of amplitude 4, running to the right, and the second one
of amplitude B, running to the left.

Congo C, IQI C?JQZ CJIQJ
QL X, X5 X3 X
h! h?
Fig. 1.
xX—x X —X
u = A.exp iw[t e "] + B, exp iw[t + 5 "J. (1.1)
k k

At the boundaries between the layers both the displacement and the stress are
continuous. It follows that the amplitudes 4,, B, are connected by the matrix

relations (cf. e.g. [1])
A b Ak
I:Bk:l = M, [Bk—l:l- (1.2)

where
2| (1—x,) exp(—ia,) (14x,) exp (ix,)
e Tk g (1.4)
Py € Cr—1

The transfer matrix M, is non-singular, therefore its inverse M ! always exists.
Changing the formulae (1.2) for subsequent k=1, 2, 3, the amplitudes 4,, B, may be
expressed by the amplitude 4, B, and vice versa.

As s An Ao e - | .—1 =3 AS
[4]= w0000, [] [a]= sz aen [£] 0o

Two of four amplitudes may be taken at will. If we take B, =0 and prescribe the
value of A4, then 4, A,, B, represent the amplitudes of the incident wave, the
transmitted wave (both running to the right, Fig. 1) and the reflected wave (running
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to the left). If we take 4 =0, then B,, B,, 4, represent the amplitudes of the
incident and the reflected wave (both running to the left) and the reflected wave
(running to the right).

Take 4,=0 and consider the term proportional to B, as the incident wave: and
the terms proportional to 4, B, as the reflected and transmitted waves, respectively.
The other possible choice (B,=0) leads to the same reflection coefficient, since
a system of layers has no directional properties, [2].

In accord with the above relations, the following expressions for 4, B, are obtained

84, = B, exp(—a,)* (1.6)

H(1=x,)(A+x,)(1+x,)exp(+a,+a,) + (1—«,) (1—«,) (1 —«;) exp(+a,—a,)+
+ (14x,) (1-x,) (1 + ;) exp(—a, +a,) + (1 +x,) (1+x,) (1 —«;) exp(—a,—a;)]

8 B, = B, exp(—a,)* (1.7

H(A=x)(1+K,)(1—k;) exp(+ o, +a;) + (1—x,) (1 —xk,) (1+x;) exp(+a,—a)+

+(1+x,)(1-k,)(1—xk,) exp(—a,+ o)+ (1+x,) (1 +k,) (1 +kK;) exp(—a,—a,)].

The right-hand sides of (1.6), (1.7) are complex numbers. Their squared moduli are
given by the following expressions:

64 A,A,=B,B,[D?+ D%+ D2+ D2 +2(D,D,+ D,D,) cos2a,
+ 2(D,D, + D,D,) cos2a, + 2D D, cos(2a, + 2a,) (1.8)
+ 2D,D, cos(2e, —2a,)].

64 B,B, = B,B,[D% + D%+ D%+ D3+2(D,D,+D,D,) cos 2u,
+2(D,Dy+ D,D,)cos 2, + 2D, D, cos(2a, + 2a;) (1.9)
+2D.D,cos(2a, — 2u,)].

where the real parameters Dy depend on the speed radios k, only,

D, =(1=x)(+x)(1+k,), D, =(1—=x)(1—=x,)(1—x,),
D,=(+x)(1—x,)(1+x,), D,=+x)(1+x)(1—x,),
D,=(1-k)(1+x,)(A=k,), Dg=(1—-k)(1—x,)(1+x,),
D,=(l+k)(1-x,)(1—kK,), Dg=(1+r)(1+k;)(1+ky)

Energy flux g, corresponding to the wave of amplitude A, and speed c, is
proportional to the squared frequency

Gy = Py, A A, (1.11)
This flux is a vector quantity possessing the direction of wave propagation.
Analogous relations hold for the remaining waves of amplitudes 4, B, 4,,..., B,. The

reflection coefficient equals the ratio of the energy flux of the reflected wave and the
energy flux of the incident wave. Therefore

A
p=22
B3

(1.10)

< (1.12)
’BJ
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Obviously 0 <f < 1. The first inequality follows from (1.12), since both the numerator
and denominator are positive. The second inequality follows from the energy conser-
vation law (reflected energy cannot be larger than the incident energy).

Since (1.12) is essential for the further calculations, we write explicitly the complete
formula for B resulting from substitution of (1.7)—(1.9) into (1.12). there is

p=[D}{+D3+D3+D;+2(D,D;+D,D,)cos 2a,
+2(D,D, + D,D,) cos2a, + 2D,D, cos(2u, + 20,)
+2D,D, cos(2x, — 2a,) ]* (1.13)
*[D% + D§+ D3 + D§ + 2(D;D, + D D,) cos 2,
+ 2(D;Ds + D,D;) cos2a; + 2 D Dy cos (2a, + 2a,)
+2D.D, cos(2x, —24a,)] "}

where Dy are defined by (1.10). Note that all parameters in the above equations are
dimensionless.

The reflection coefficient f is a function of the frequency w propagation speeds ¢,
and c, (speeds ¢, and c, are fixed) and thicknesses 4,, h,, f=p (w,¢c,,c,, h, h,).

In order to find for a fixed frequency w the minimum value of f, the partial derivatives
of the function (1.13) with respect to ¢, ¢,, h, and A, must be calculated and put equal to
zero. Then the speeds c,, ¢, thicknesses A, and A, and value of the minimum reflection
coefficient f may be calculated. The corresponding system of trigonometric equations is
very complex and no satisfactory analytic treatment of the equations may be expected.

In the much easier special case of one layer only there exists the following solution.
Take the propagating speed in the matching layer equal to the geometric mean of the
two other speeds. Take the layer thickness equal to a quarter of the wave length
2ne, /o in this layer,

¢, = \Jec,e5 hy=c¢, %, h, =0, ¢, = arbitrary (1.14)
From the relations (1.12), (1.13) it follows that for the above data
fi, =0 (1.15)

Note that this result was obtained only for a monochromatic wave. In the
applications the situation is more involved, since the real pulse is never mono-
chromatic. In [5] and [6] attempts were made to match the impedances for wide-band
pulse using two different layers. In the next chapter such optimization will be provided
for wide-band spectrum corresponding to two different short acoustic pulses.

2. Wide-band pulse

Consider the case, when the ultrasound wave passes from a material of high
impedance into a material of low impedance. In the typical biological applications
the impedances are 30 and 1.5, respectively, [4]. The incident wave reflects partially
on the biological inhomogeneities. The reflected wave carriers the information
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concerning the structure of the examined object. The reflected wave may be properly
detected if no other wave arrives simultaneously at the experimentator. Therefore, at
the instant when the reflected wave arrives to the measuring device, the incident
wave must be already terminated. This fact forces the experimentator to produce in
medium 0 very short pulses, e.g. four perioes of the sine curve only. Typical pulse
used in ultrasonics is

0 for t <0,
u(t) = < sinwgtfor 0 >t < N2njw 2.1)
0 for t > N2njw,,

where @, is a certain fixed frequency, and N natural number, N=1, 2, 3, 4,..., In
order to save space, consider here only even values of N, N=2n.
Time shift transforms the function (2.1) into the odd function of time

0 for t < —n 2n/w,,
u(f) =< sinw,t for —n 2njw, <t <n2znjw,, (2.2)
0 for t > n 2njw,,.

Since the medium is nondispersive, the pulse propagates with speed c, in the medium
0 without change of the profile and duration (but in media 1, 2 and 3 it has another
profile). The time-dependent displacement in medium 0 is therefore

0 for t < x/c, —2nnjw,,
u(x, 1) = ¢ sin w,(t—x/c,) for x/c, —2nnjw, < t < x[/c+2nnjw, (2.3)
0 for t > x/c+2nnjw,.

This motion is not the monochromatic harmonic wave.
Apply the Fourier sine transform to the odd function f(#)

f()= J.I(w) sin w! dw, I(w) = % S(t) sinwtdt. (2.4)

If N is odd, then u(f) after time shift is an even function of time, and the cosine
Fourier transform must be applied. If N is not an integer, then the exponential
Fourier transform must be applied. However, this case is not interesting, since such
displacement is not a continuous function of time. The formula (2.4) allows us to
represent the founction f(¢) in form of a sum of harmonic waves.

For the function (2.2) the spectral intensity I (w) may be calculated from the formula

2nnfw,
2 : ]
I(w) =- J sinw,t sin wt dt. (2.5)
T
0

The integration is elementary. Figure 2 a gives the intensity /(w) for N=4 the pulse
consisting of four periods of the sine function.
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Consider first the case N=4, n=2, represented in Fig. 2. With the accuracy
sufficient for our purposes, the function f(#) may now be represented as a sum of 18
sinusoidal terms

J() =—.60sin (.1w,t) —.38 sin (2w,f) + 41sin (3w, ) +
+.71sin (4w f) — .94 sin (.6w,t) —.73 sin (Tw,f) + 1.03 sin (8w 1) +
+3.18sin (9w, 1) + 4.00sin (w,f) + 2.89sin (1.1w,f) +.86sin (1.2w,1) + (2.6)
—.55sin (1.3w,f) — .64 sin (1.4w ) + 40sin (1.6w,f) +.20sin (1.7w,1) +
—.17sin (1.8w ) — .24 sin (1.9wt) +.16sin (2.1w,1),
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The above function corresponds to the intensity /(w) shown in Fig. 2b. It is the
approximation of the smooth intensity shown in in Fig. 2a. Obviously f(—¢)=f(),
as demands by (2.2). Figure 3 shows the function f(¢) calculated from (2.4). Each of
the harmonic motions of (2.6) results in the medium 0 in a harmonic monochromatic
wave. The time-dependent displacement in medium 0 equals therefore the sum of 18
monochromatic waves

u(x, t) = —.60sin{.2w, (t—x/c,) } —.38sin{.2w, (t—x/cy)} 2.7
+ 41sin{.3w,(t—x/c,)} +.71sin{ 4w, (t—x[c,)} +...
—.17sin{1.8w, (t—x/cy)} —.24sin{1.9w, (t—x/c,) +.16sin{2.1w,(t—x/c) },

Instead of the non-harmonic pulse (2.1). we face now the superposition of 18
harmonic waves of different frequencies .lo, .20, .3w,,... 2.1w, being the fractions
of the center frequency w,. The waves of frequency much larger than the center
frequency w, have very small amplitudes. For each such wave we may apply the
formulae derived in the first chapter.

Since each of the separate waves of (2.7) propagates and reflects independently
from the others, the energy flux is the sum of individual energy fluxes. Take first into
account the first wave of (2.7), namely the wave —.60sin{.lw,(t—x/c,)} of
frequency .lw,. It carries the energy flux p c, (.1w,)* —(.60)?. The energy flux is
a function of time and space. The above formula should be understood as giving the
average value for one period. In electrical engineering it corresponds to resistive load
and the real power. The part corresponding to reactive load has zero mean value and
is not taken into account. In acoustics it corresponds to the sound intensity. The
second wave carries the energy flux p,c, (.2w,)* (—.38)%. Analogous energies are
carried by the other waves. It follows that the total energy flux of all incident waves
is given by the formula

8, = pocy[(1w,)? (—.60)2 + (20,)? (—.38) 2.8)
+(3w,) (41)% + ... + (1.90,)? (—.24)%].
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In accord with (1.2), the reflected energy flux corresponding to the first wave equals
B (1wy)* pc(—.60)%. Note that B is a function of the frequency, here .2w,. Analo-
gous formulae hold for other harmonic waves of (2.7). The total energy flux of the
reflected waves is therefore

S, = poco[(lwg)? (—.60)2 B(lwy) + (2w,)? (—.38)2 B(2w,)+  (29)
(30,)? (41)2 B(30y) + .. + (1.90,)? (—.24)% B (1.90,)].

Denote by Byaqa the ratio of S, and S,

S,
ﬂbnnd - 3._

(2.10)

This is the effective reflection coefficient for the pulse (2.1)

In the next chapter we shall perform the calculations for the short pulse N=2,
Fig. 4. The function I'(w) is wider and has a lower maximum than that shown in
Fig. 2a. The relation analogous to (2.5) corresponding to this pulse consists of 22
following terms:

f(6) = —.07sin (1w,1) —.63sin (.2w,) — .66 sin (:3w,1) + .11)
—.445in (4w, 1) + .58 sin (6w f) + 1.19sin (7w 1) + 1.68 sin (.Bw, 1) +
+ 1.97 sin (9w, #) + 2.00sin (w,f) + 1.78sin (1.1w,¢) + 1.38 sin (1.2w,1) +
+.88sin (1.3w,f) +.39sin (1.4w#) — .24 sin (1.6, ¢) —.32sin (1.7w1) +
—.27sin (1.8wf) —.14sin (1.9 ¢) 4 .11sin (2.1, 1) +.165sin (22w, +
—.14sin (2.3wt) + .08 sin (2.4w,,1).

Hew)

Fig. 4.

Numerical summation similar to that presented in Fig. 3 for (2.5) proves that the
above formula provides sufficiently good approximation for the calculation of
optimal matching layers.
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3. Numerical results

The calculations will be performed for the data typical for the medical ap-
plications

PoCo = 30 10° kg/m2s, p.c, = 1.5 10° kg/m?s (3.1)

Since this paper is aimed only at the recognition of the medical applications, we
prefer not to introduce dimensionless variables. The results are less general, but
easier to follow. The only exception is made for the thicknesses h,, &,, which are
replaced by the products

H =wh, H,=wh, (3.2)

Let us start with the pulse consisting of four periods of the sine curve. The matching
layer (1.14) is

(c,)s = 6.7082 105 m/s,  (H,)s=10.532 m/s. (3.3)

If the wave is monochromatic of frequlency w,, then the reflection coefficient
B, for this wave equals zero. However. for the pulse represented in Fig. 3,
the reflection coefficient for the layer (3.3) calculated from (2.7)—(2.9) is not
Zero, :

Bs = .10931. (3.4)

This is not a minimum even for one layer. A slightly better result may be obtained
for other thicknesses and propagation speed,

(¢;)n = 6.7091 10° m/s, (H,), = 10.34 m/s, g, = .10695. (3.5)

This is the wide-band minimum for one layer.
In order to find two layers leading to lower f, the numerical analysis of (2.9) was
performed. There exist many minima, but only some of them are interesting. For

¢, = 12.7 10° m/s, H, =.172 m/s,
¢, = 3.30 10° m/s, H, =.043 m/s, (3.6)

there exists a minimum
B = .03023 3.7)

It is more than three times lower than f,, as given by (3.4), or than f,,
as given by (3.5) et

Essential for the possibility of manufacturing the .two layers (3.5) is the
knowledge of the neighbourhood of the minimum. If the values of § near the point
(3.5) are high, then it would be rather difficult to achieve value of f close to (3.6).
Figure 5 shows the map of points ¢,, ¢, for which .035<f<.040 provided H,, H,
are fixed. The ovals are centered at (3.5). The length of the horizontal line represents
propagation speed of 105 m/s.
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10° m/s

Fig. 5.

It is interesting to note there exists another minimum, situated far from the
minimum (3.6)

¢, =779105m/s, H,=.120 m/s,
c,=204105m/s, H,=.159 m/s. (3.8)
B = .07195. | (3.9)

This minimum is not so low as that given by (3.7). Note that the thicknesses of the
layers are of the same order. In some situations this fact may simplify the
manufacturing process. The reflection coefficient f, .0775< 8 <.0875 occupies the
area between the two ovals, Fig. 6. Inside the inner oval the reflection coefficient

10° m/s

Fig. 6.

satisfies the inequality f <0.7775. Both ovals are centered at (3.8), the horizontal line
represents 10° m/s. Note that the minimum is wide, therefore no extra accuracy is
needed for manufacturing the layers.

Two examples of technically uninteresting minima are

¢, =11.24 10°m/s, H, = 50.86 m/s,
¢, = 3.25 10° m/s, H, =15.19 m/s.

= .12676.

This minimum is local minimum of the reflection coefficient. Note that its value is
larger than f,, as given by (3.4). A very narrow minimum exists at

¢, =670 10°m/s, H, =10.20m/s,
¢, =17.50 10° ,/s, H,=.114 m/s.

B = .10726.
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Pass now to the very short pulse consisting of two periods only, N=2, n=1. In
accord with the spectral decomposition Fig. 4, we base on the formula (2.11). The
matching layer (1.14) coincides with that given by (3.3), since it is determined by the
central frequency w,, and is independent of the distribution of frequencies in the
band. The wide-band pulse (2.11) reflecting on the layer (1.14) has the reflection
coefficient

B, = 21918. : (3.10)
The value of f is slightly smaller for the following single layer, némely
(€)m=6710105m/s, (H,),=9914m/s, f, =.20546. (3.11)

This is the wide-band minimum for one layer. Note that both (3.3) and (3.11) give
layers slightly thicker than (H)s, and propagation speeds slightly lower than (c,)s
The formula (2.10) leads to the conclusion that at
¢, =132510°m/s, H, =.198 m/s,
c, =3.37 10° m/s, H, = .0506 m/s, (3.12)

2

there exists a minimum

B = .05961. (3.13)

10° m/s

Fig. 7.

10° m/s

Fig. 8.
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Figure 7 shows the map of values c,, ¢, corresponding to. 065 < #<0.7 It is seen that
the valley is rather wide. At the point

¢, = 8.36 10° m/s, H, =.125 m/s,
c, = 2.31 10° m/s, H, = .217 m/s, (3.14)

there exist another minimum

B = .1770. (3.15)

The valey corresponding to this minimum is rather narrow. The values
180 < #<.185 are situated between the two ovals, Fig. 8. Note that the gain due to
the second layer is larger for the short pulse.
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The results of acoustic investigation into some heterocyclic liquids showed very close
relation between ultrasonic absorption and structure of chemical molecules [1, 2, 3].

1. Introduction

Many authors (Bergmann and Jeansch, Parthasaraty, Rao, Lagemann, Schaaffs
and Sette) very accurately determined relations between the velocity of ultrasonic
waves and liquid molecules structure, but there are no systematic papers concerned
with the relationship between the absorption and molecular structure. Three authors
only have clasified liquids in relation to the attenuation quantity: Pinkerton,
Michajlow and Verma. These approches are not based on the dependences between
sound attenuation and molecule structure.

The results of acoustic investigation in many heterocyclic liquids showed very
close relation between ultrasonic absorption and the structure of chemical com-
pounds and it was presented in the papers published in Archives of Acoustics [2, 3].

On the basis of own investigation, concerning absorption in cyclic compounds
with a carbonyl group, certain strict relation between acoustic absorption and the
structure of molecule was also established. In this paper we tried to explain relation
as a result of isomeric relaxation.

2. Experiment

The ultrasonic absorption spectra were measured by the ultrasonic pulse method
from 10 to 180 MHz [4] and the ultrasonic velocity was obtained using an ultrasonic
pulse-phase interferometer UI-12 [4]. Additional measurements of the viscosity by
means of the ultrasound viscosimeter UNIPAN 505 A were performed in order to
calculate the classical absorption coefficient. All acoustic measurements were perfor-
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med in the temperature range from 253 to 313 K with the accuracy of 0.05 K. The
temperature was stabilized by a U — 10 ultrathermostat.

The estimated errors of determining the absorption coefficient are contained in
the range from 3.5 to 5%.

3. Results and discussion

(+)CH, H
s
() C~3
I
(+)CH3\ /H (C)«C (+)C2H5\ /H
(C;)«~ C—H (=)0  CH, (C,)~ C—H
I |
(Cl) ¢—/C\ 1. Methyl —ethyl ketone (Cl) P o
(=)0 CH; (-)O  CH,
2. Dietyl ketone 3. Methyl—propyl ketone
(+)CH, R (+)CH, H
(C,) «~ (f——H (C,)«~ ('Z—'H
(o) 4—/C C) 4—/C\
(=)0 CH, (=)0 CH,

4. Methyl —butyl ketone

5. Methyl—pentyl ketone

(+)CH,, H H
B . [
(C,) Cli—H (+)CH,—C—CH,
H
(CP++ o
o S
(=)0 CH, (Ij i
6. Methyl —nonyl ketone (C,)~ C—H
I
(Ch«~C
/\
07 e

7. Isobutyl ketone

Fig. 1. Chemical structures of the measured ketones.
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Seven different ketones have been subject to ultrasonic investigations, volume
viscosity, classical absorption and thermal coefficients of absorption and ultrasonic
velocity of the ketones have been calculated (Table 1 and 2)

- ()
o or 811'211, © i _fz ki
(j_j)“ . 3[)(.'3 O 3”3 (;11) . (31)
ki

Table 1
o 4 4
Ketone ﬁ 10715 [s2m™ 1) B—;-,[ms"l("] j’AaT [szm'l‘K"] Clms™1]
1 29,0 % —0,2 1193,6
2 31,9 - e 1235,5
3 33,0 —3,97 —~0,25 1238,1
4 354 - - 1248,5
5 41,6 —4,22 —0,41 12844
6 66,0 -21 —1,06 1379,6
7 68,2 & 2 1211,4

No relaxation region in all the liquids considered in the measured frequency range
exists. The dependence of ultrasonic absorption on the frequency can be described
by a linear relation

y=uax+b witha = 0 (3.2)

However, the calculated classical absorption coefficients and volume viscosities (Table
2) suggest that in all compounds the relaxation process should exist [5, 6, 7]. The
experimental absorption coefficients are several times higher than the classical ones, and
shear viscosity of the ketones are 3 to 8 times lower than the volume viscosity (Table 2).

It is evident that the relaxation times of these processes in the liquids are shorter
than 107° s.

In this group of compounds the relationship between the ultrasonic absorption
and the structure of molecules is visible. The absorption increases with increasing the

Table 2
Methyl-propyl ketone Methyl-pentyl ketone
(Ji)xw”[szm"l] yl-propy yl-penty
: 33.0 41.6
o

(ﬁ) x 1015 [s2m™1] 10.5 5.2

Kl
p % 103 [kGm™3] 0.809 0.815
n,x 1073[P] 0.62 1.23
n, x 1072[ P] 1.77 9.28
% 28 7.6
My
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Fig. 2. Ultrasonic attenuation in the group of ketones absorption at 293 K. The numbering cf the curves is
the same as in Fig. 1.

chain-length of the ketones. This relation is opposite to that observed in heterocyclic
compounds (Fig. 2).

It is not possible to explain the relation in the same way. It means that the
“absorption is not caused by Kneser processes, and that the Herzfeld formula

o o o a2t € (C,-C,)
Rl g o cal e - 33
(/1)1-:1 j: )kl Cc Cp Cu 4 ( )

in not useful in that case. _

The calculated thermal coefficients of absorption are negative (Table 1), what
suggests that the rotational isomerism is responsible for the absorption [6, 8], and for
such compounds as it was predicted by Younc and PETrauskas [9], the contributions
of absorption due to shear viscosity, heat conduction etc. are negligible when
compared to the absorption due to rotation of molecules.

In saturated ketones

X X
| l
C C
~~(3) (3)
H o 4 H O~
(i:(z) ?(z)
Cuy Ci
P P
0] Z 7 0]
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there are no electrical forces and charge-conjugation between n-electrons of double
bonds, then rotational barrier around the Cyy—C, bound is not high. Acoustic
absorption is then small and relaxation time shorter than that in unsaturated
ketones. The relaxation region is possible in higher frequency range or at lower
temperature.

In such compounds as ketones there are effects of electrical attraction between
the partially negatively charged oxygen and the partially positively charged Cg,. In
these compounds the cis-conformation is favoured. The exchange of methyl group
for propyl-, etc. grows the quantity of protons (positive charge) close to Cg; and
should strengthen the conjugation of the Cy—C bond- and hence increase the
rotational barrier and acoustic absorption as well what has appeared in the
experiment.

4. Conclusion

All the relations founded in saturated ketones are similar for unsaturate ones [6],
but because the conjuction is absent, in saturated ketones, the relaxation time is
much shorter and the absorption lower for frequency range. These relations for
saturated compounds do not manifest so clearly thus it is much more difficult to
notice their presence.
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The overall (effective) dynamic properties of sintered copper powder with air-saturated
pores at moderate porosities are deduced from suitable ultrasonic measurements carried out
at low porosities in the long-wavelength approximation. The effective dynamic properties
of the two-phase composite at low and moderate porosities are analysed computationally,
the properties of the pure matrix material being in the first step determined by ex-
trapolation from suitable ultrasonic measurements carried out at low porosities, and by
employing the Berryman's sel(-consistent single scattering theory. The presented results
confirm the ultrasonic measurements to be extremely useful in estimating the influence of
the volume concentration and shape of the inclusions on the overall dynamic properties of
porous two-phase composites at porosities [rom a wide range of porosity.

KEYWORDS: ultrasonics, porous composite, inclusion shape

1. Introduction

One of the main objectives of material science of random composities is the
formulation of stress-deformation relations that govern the mechanical response of
a material under specific environmental conditions (loading). In the approximation
of the linear elasticity theory, these relations can be written when the effective Lamé
constant are known. Therefore, predicting the effective Lamé constants of macros-
copically isotropic composites is of great engineering importance. The subsequent
considerations are confined to this case and concerned with bulk samples of an
isotropic two-phase solid. The inclusions are of the form of ellipsoidal pores with the
same shape, and random size and orientation, the pores being air saturated or
evacuated.

This paper grew out of the analysis, which the author performed to prepare the
paper [1] for publication. In Ref. [1], for the sake of brevity the emphasis in the
presentation of the results of analysis is laid on the propagation properties of
sintered copper powder rather than on the overall dynamic properties. Due to the
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limitation in the desired size of this volume, it was decided that the concluding
sections of the text concerned with the investigations of the dynamic properiies
should be presented as a supplementary article.

Because of the great engineering importance of the problem, there are numerous
works devoted to the ultrasonic technique as a tool for the determination of the
effective dynamic moduli of sintered metal powders. Therefore, it seems to be
reasonable to point out the main reason which, in our opinion, justifies presenting
the subsequent study as another paper concerned with the problem mentioned above.

According to the simple two-phase model, which is commonly used for the
prediction of the elastic behaviour of a sintered metal powder, such a material is
regarded as consisting of a solid matrix with the properties of a pure metal, in which
inclusions are dispersed in the form of voids. Therefore, in such approach the matrix
phase is treated in the linear acustic approximation as a perfectly elastic material
with the real elastic moduli of the pure lossless metal. In this model, the matrix
subdomains are regarded to be filled by a material which is free from both
inelasticity (dissipation properties) and scattering centres. The apparent sensitivity of
the velocity and attenuation of ultrasonic waves propagating through such a me-
dium, to the changes in the inclusion shape is discussed an analysed for non-spherical
inclusions, to some more or less limited extent, in such papers as [1—6].

The assumptions of the simple two-phase model are in contradiction to the really
existing inelasticity in the matrix phases of the sintered metal powders, the
inelasticity being mainly due to the lattice defects, impurities and some distributions
of residual local stresses and imperfect adhesion between adjacent metal grains.
These randomly occuring flaws contribute to highly variable scattering and dis-
sipation properties of the matrix material and causes that the observed components
of the Hooke's tensor are complex.

This paper presents an attempt of applying a more complicated model of
two-phase media proposed by the author in the paper [1] to.the determination of the
effective dynamic moduli of sintered metal powders. In this model, the complex
elastic moduli of the matrix phase of the composite under study are to be determined
from ultrasonic measurement of the propagation velocity and attenuation of
ultrasonic waves in two samples of the composite, the samples being characterized
by different and small volume concentrations of the inclusions. In the present work,
the influence of the pore shape on the effective dynamic moduli of the composite is
examined computationally with the aid of an algorithm supplied by the
self-consistent scattering approach of BERRYMAN [4].

2. Formulation of the problem
As it was mentioned, the subsequent considerations are concerned with bulk

samples of an isotropic two-phase (porous) solid of the form of sintered metal
powder. The matrix material is composed of a large number of metal (copper) grains
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of random size, shape and orientation, the adjacent grains being joined toghether
more or less closely (perfectly) by adhesion due to the sintering process under high
hydrostatic press. The imperfection of the adhesion between adjacent grains and the
other matrix material flaws as well as the size and orientation of the pores with the
same ellipsoidal shape are also assumed to be random, the pores being air-saturated
or evacuated. Under these assumptions, the matrix material may also be regarded as
an isotropic solid material, although its elastic moduli differ from those of the
polycrystalline metal, and are to be determined experimentally from ultrasonic
measurets in a manner mentioned above.

In the remainder of this paper, the standard abbreviations are used for the
quantities involved in the description of the propagation of ultrasonic waves and the
material parameters of the constituents of the heterogeneous material under study.
Thus w and ¢ denote the angular frequency and time, respectively, p stands for the
density, Cj i, j, k, /=1, 2, 3 denote the components of a Hooke's tensor K and y are
the bulk and shear modulus, respectively, of an elastic isotropic solid. 4 denotes the
Lamé constant which is related to the moduli K and yu by the following formula:

A=K-— %,u. 2.1)
The effective material parameters of the isotropic two-phase solid as a whole and all
the other quantities referred to this material are labelled by asterisks, i.e. p* denotes
the effective density, K*, u* and k* denote the effective elastic moduli of the
heterogeneous solid. Similarly, throughout the paper all the abbreviations with the
sub- or superscripts m and i denote quantities referred to the isotropic material of
the matrix and inclusion, respectively. Similarly as in [1], the ultrasonic waves
propagating through the two-phase medium are assumed to be plane linearly
polarized waves, which can be described by the following formulae:

u(r, )* = e By exp(—iKye,r) exp (iwt), (2.2)
where
K}, = (ofvy) —iag, p.g=1273, (2.3)

B%, stands for the amplitude of the wave, e, and e, are the unit vectors in the
directions of the Ox, and Ox, reference axes of a Cartesian coordinate system fixed
in the sample, respectively. Formulae (2.2), (2.3) describe an attenuated plane wave
being polarized in the direction e, and propagating in the direction e, with the
velocity vy, and amplitude atenuation coefficient a3, henceforth referred to as
attenuation coefficient.

Let us suppose that the velocity and attenuation coefficient are measured on
ultrasonic pulses propagating through a single bulk sample of the two-phase
composite under study, the pulses being generated by a transducer oscillating with
the frequency @ normally or transversly to the coupling surface. On the strength of
the definition of the bulk volume, the vlume of the sample is large enough to include
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a large number of inhomogeneities of each type occuring in the heterogeneous solid.
Then it seems to be reasonable to suppose that the measured wvelocity and
attenuation coefficient of the ultrasonic pulses are equal to the propagation velocity
vy, and attenuation coefficient a}, of the respective ultrasonic wave appearing in
formulae (2.3)

If

p¥ = 1/Z*@, g = —@Z*®,  Z* = [p*/C(@)%e" 24)

pPa

then the expression given by formulae (2.2), (2.3) is a solution to the following
equation of motion for the effective homogeneous (equivalent) medium:

C(@)fu w* (r, Dijo + w?p*u*(r, 1), = 0. (2.5)

Throughout the paper, the real and imaginary parts of complex quantities are
denoted by the superscripts (a) and (b), respectively. If the effective response of the
bulk sample of the composite is a plane attenuated wave given by formulae
(2.2)—(2.4), then the equivalent homogeneous solid is characterized by the density
p* and components of the complex Hooke’s tensor,

C@)him = C@)}n® + iC (@)™, (2.6)

which can be calculated from the macroscopic propagation parameters vj, and
ajy, of the wave, by making use of the following formulae:

C(0)}p™ = B(1-2%), C(w):qrq(b) = 2Bz,
where 2.7
B 10V po(] +z2).-2, £ =CPy e

Formulae (2.7) are obtained by solving Egs. (2.4) with respect to C(w)¥,,,® and
C(0)%,”, p. g=1, 2, 3. Formulae (2.7) enable the effective complex moduli
C ()%, and C(w)3,,? to be determined from the measurements of the macros-
copic parameters of the ultrasonic wave propagation, v}, and a},, in the composite
bulk sample under examination. Thus Eqs. (2.2)—(2.7) suggest an experimental
method of performing the task of establishing the structure and frequency dependen-
ces of the propagation and effective material parameters of two-phase media with
non-spherical inclusions. More straictly speaking, in accordance with (2.4), the
dependence of the effective material parameters on the volume concentrations of the
matrix and inclusion phases ¢, and ¢, respectively, and on size, shape and
orientations of the inclusions as well as on the frequency can be determined
empirically from ultrasonic measurements, after preparing the respective bulk
samples. This task is regarded as the main problem of this paper.

Equations (2.5) together with formulae (2.4) show how the overall macroscopic
response of the composite material to dynamic loading of a transducer oscillating
with the frequency w, normally or transversely to the coupling surface, is determined
by the effective material parameters. In view of that the dynamic effective material
parameters are the essential parameters determining the utility of heterogeneous
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materials in engineering applications. For this reason, every method which enables
us to establish the structure and frequency dependence of these parameters is of
great importance.

In contrast to the simplicity of the above macroscopic relationships, which
suggest the experimental assessment of the structure and frequency dependences of
the propagation and material parameters of two-phase media, in theoretical at-
tempts of finding these dependences, problems of great complexity are always
involved. The dynamics of the multi-phase media with non-spherical inclusions is so
complicated that, for a wide range of the volume concentrations c; of the inclusions,
we would be content with performing a computational analysis of the problem of the
propagation of ultrasonic waves in such media. The computational investigations,
some results of which are presented in Ref. [1] and in the next section of this paper,
enable us to establish the desired dependences. Similarly as in paper [1], in
performing such numerical analysis we make use of the self-consistent approach
proposed by BERrRYMAN [4] for analysing N-phase media, N being a natural number.
According to the Berryman's approach, the self-consistent effective (equivalent)
medium is determined by requiring the net scattered, long-wavelength displacement
field to vanish on the average.

On employing the results of MaL and Knororr [8] as well as of Wu [9] in the way
that was presented in Ref. [1], BERRymaN [4] arrived at an algorithm for com-
putational investigation of mechanical properties of N-phase media with ellipsoidal
inclusions. Considering the two-phase media with ellipsoidal inclusions, the Ber-
ryman'’s concept yields the algorithm (2.8) given below which is employed in our
computational analysis

K* = (CeKiP*m)/(C:P*‘ + e, P*™),
, (2.8)
p* = (O + i Q) (¢, Q% + ¢, @*™).
The quantities P* and Q* can be expressed in terms of Wu's [9] tensor T in the
following general form [4]:

1 1 1
P o= "3' T:pqq’ g* = 'S'(T;qpq Ty T:pqq)' 2.9)

where the formulae P, Q and T derived by Wu [9] are also listed in the Appendix of
[4]. These formulae will not be rewritten here. P*, O* and T* denote expressions
obtained from the formulae for P, Q and T, after replacing the matrix material
parameters by the respective parameters of the effective equivalent homogenous
medium (material of type — *)

Among those data which are required by computational methods are the
material parameters of the matrix phase. The material parameters of the matrix
phase (sintered metal grains) are to be determined from ultrasonic measurements.
To point out this concept let us notice that equation (2.5), together with formulae
(2.2)—(2.4), define the overall effective response of a bulk sample made of the
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- matrix material to the dynamic loading of the transducer, after replacing each of the
asterisk by superscripts m. If the hypothesis of the possibility of finding the
homogeneous equivalent medium is reasonable and the effective response of the
bulk sample of the matrix material is a plane attenuated wave given by formulae
(2.2)—(2.4), after replacing the superscripts * by m, the equivalent matrix material,
henceforth called shortly matrix phase, is characterized by the density p™ and the
components of the complex Hooke's tensor.

To determine the matrix phase elastic moduli K™ and u™, we employ a sequence
of values of K* and p* (deduced from measurement of the values of vy, and a}) for
two distinct porosities, say c;, and c;,, both the porosities belonging to the range of
low porosity. In this porosity range, it is to be expected that the effective elastic
moduli of the sintered metal powder become linear functions of porosity as the latter
approaches sufficiently small values ¢;; and ¢;;, and, consequently a linear ex-
trapolation of these quantities beyond the limits ¢;, <c, <c;, is possible. Carrying
out such an extrapolation for the limiting case ¢;=0, we obtain an estimation of the
values of the matrix elastic moduli, K™ and p™. It can be done by using the following
formulae given by author in Ref. [1]:

K" =Kt — ¢;, (Kt — K3) [ (ciy — €i3)
(2.10)
U= u¥ — ey (¥ — ud)/(cy — i),

-where the symbol F*, ¢=1, 2, denotes the value of the effective quantity F* (F*
stands for K* and p*) at the porosity ¢,

3. Numerical results

Numerical calculations were performed for frequency f=w/(2n)=4Mc/sec.
The following values were taken as the material parameters of the composite
(sintered copper powder) under analysis [1]: p™=8.92 g/em3, p'=0.001347 g/cm?,
K@ =141268*101! Pa, K¥=1.2159*10° Pa, u?=4.878*101° Pa, u®)=4.78857*10 Pa,
K?®=1.595*10% Pa, K =0, u{?=0, uf’ =wn/p’, where n denotes the dynamic viscosity
of air (17,=1.8*10"* Poise). The values of K, K%, % and p( were calculated from
the linear extrapolation of formulae (2.10) and (2.7), by using the following results
of our own experiments: ¢;; =0.0068, ¢;, =0.0176, ¢;, =4758 m/sec, ¢y, =2325 m/sec,
ap;=19.52m™, ar, =797 m™?, ¢r, =4677 m/sec, cr,=2304 m/sec, 0, =24.78 m™?,
or,=12.25 m™ !, Some results of the numerical calculations are presented in Figs.
1 — 8. These results visualize how, at the loading frequency f=4 Mc/sec, the dynamic
elastic moduli (Lamé constants) K* and u* of the sintered copper powder depend on
the volume concentration of the ellipsoidal inclusions, their shape and size. The
calculations were carried out for both prolate (a>b=c) and oblate (a=b>c),
air-saturated spheroids under the assumption that the shape of each pore in the bulk
sample under examination is to be characterized by the same value of the shape
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factor Z=a/c, independently of the pore size and orientation. The shape factor is
a measure of the elongation or oblateness of a prolate or oblate pore, respectively.
From the computational analysis (Figs. 5— 8) it follows that, under the condition of
fixed values of Z and porosity, the changes from prolate to oblate pore shapes (or
vice versa) cause only very small changes in the value of the effective dynamic
moduli. The air can be thought of as supplying a correction to the respective results
for evacuated pores. From the computational analysis it also follows that it is
justified to replace in the analysis the evacuated pores by air-saturated ones, since
the discrepancies between the results obtained for both the cases are very small
(<1.5%).

4. Conclusions and remarks

Contrary to the simple model of a two-phase material composed of two
lossless constituents, the presented analysis of the wave propagation based
on the Berryman concept [4] leads to the situation where the scattering is
not the only mechanism of the overall attenuation of the composite, but
in lasticity of the materials of the phases themselves contribute also to this
effect. It occurs since the elastic moduli of the both phases are assumed
to be complex.

In Figs. 1—4, the dynamic bulk and shear moduli Lamé constants K* and p*
of the sintered copper powder are plotted as functions of the shape factor Z=a/c
for various values of ¢; (porosity). The general tendency of the real and imaginary
parts of the dynamic moduli is to decrease as porosity increases. The results also
indicate that in the case considered, the contribution of scattering to the
imaginary parts of the complex components of the overall Hooke's tensor
increases with increasing porosity more slowly than the contribution of the matrix
phase inelasticity decreases. In Figs. 5—8, the increases of the real and imaginary
parts of the dynamic moduli of the sintered copper powder are plotted as
functions of the shape factor Z=a/c for various values of porosity, the increases
accompanying the changes in the pore shapes from prolate to oblate ones under
constant value of Z.

Although all the results presented above have been obtained under the assump-
tion that the long-wavelength condition (4> D) enables the single-scattering
approximation to be used, and that the non-spherical inclusions are randomly
oriented in a bulk sample of the composite, it can be stated that the presented results
confirm the conclusion of paper [1] that the ultrasound is extremely useful
in estimating the elastic and inelastic properties of the heterogeneous matrix phase
as well as in determining the influence of the volume concentration and shape
of the inclusions on the overall dynamic properties of the multi-phase composite
under study.
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THE INSTRUMENTATION FOR MEASUREMENTS OF EVOKED
OTOACOUSTIC EMISSIONS

Z. RANACHOWSKI

Institute of Fundamental Technological Research
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(00—49 Warszawa, ul. Swigtokrzyska 21)

Evoked Otoacoustic Emissions (EOAEs) are studied by the use of the recently built EOAEs
processor. For this purpose 101 dentist students underwent screening earphone audiometry
and electrostimulation high-frequency tests and were tested with use of the EOAEs
processor. Three dilferent parameters were evaluated from the recorded waveforms. Great
inter- and intraindividual differences within the recordings were observed. The problems
concerning the probe fitting are also discussed.

1. Introduction

The first description of the measurement of EOAEs was reported by D.T. Kemp
in 1979 [1] and, since then, it has been studied by many investigators. Otoacoustic
emissions are a release of audiofrequency energy into the ear canal from the cochlea,
transmitted throught the ossicular chain and tympanum are considered as an energy
leakage from the cochlear travelling wave. The physical source of the audiofrequen-
cies metioned above are the outer hair cells, situated in the cochlea. The observations
of cochlear mechanics show that the healthy cochlea vibrates far more at the specific
frequencies, in response to stimulation, than a disordered cochlea. The full unders-
tanding of cochlear functions in the hearing process still has not been achieved.
However, the outer hair cells are supposed to be a part of active biomechanical
feedback intended to sharpen up the tuning and enhance the sensitivity of the
cochlea to the sound excitations [2].

Otoacoustic emissions would seem therefore to be a tool for examining certain
functional aspects of the cochlea, as for example:

e a screening hearing test in neonates. [3],

e confirmation of peripheral auditory impairment in children [4],

e differential diagnosis of endocochlear and retrocochlear types of hearing
loss [5].

¢
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Spontaneous or unstimulated otoacoustic emissions (SOAEs) are pure tones of
about 20 dB SPL found in the quiet ear canal in 25 to 60% of healthy ears [6]. They
can be modulated by pressure on the tympanum. However, the particular internal
cochlear feedback conditions needed to sustain spontaneous emissions are not
always present. Therefore, SOAEs have found till now limited clinical application.

EOAEs recordings are usually obtained by averaging the acoustical signal
measured by a miniature microphone. The avergaing process is synchronised to the

“presentation of a repeated transient stimulus, usually a click or a tone burst. The
stimulus is generated by a miniature earphone. Both the microphone and the
earphone are placed in a small probe sealed in the auditory meatus. The probe is
equipped with tabular waveguides to obtain the optimal matching to the acoustic
impedance of the meatus. An additional pipe is placed between the waveguides to
appease the pressure increase during the probe fitting procedure. The construction
details for the otoacoustic probe and the block diagram of the EOAEs recording
system are shown in Fig. 1. :

ear probe bandpassfilter A/D converter
preamplifier amplifier

p‘/?////fﬁz(//_%
— 7 -

B2, / 386

s
stimulus generator computer
!

plastic housing amplitude
r 20 dB HL

earphone

stimulus shape
microphone

a4 n L

0 ZT 4 6 [ms]

Fig. 1. Block diagram of the EOAEs Analyser and the construction details of the EOAEs probe.

The intensity of EOAE:s is generally less than 20 db SPL [7]. This is smaller than
the level of electrical noise generated within the microphone and, as well as
physiological and ambient noise, picked up by the microphone. The total noise level
usually exceeds the level of a few microvolts when the signal level is about one
microvolt RMS. The use of a low noise preamplifier and an audio-bandpass filter is
necessary but insufficient. To improve the poor signal to the noise ratio
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(ca. — 20 dB) the averaging process is used. Every response to the stimulus of about
20 ms duration is transformed into a digital form by means of fast A/D converter,
and stored in the computer memory as a single ,,time window”. The ,,time window”
starts a few ms after the stimulus because the intial period is contaminated by the
acoustic oscillations which invitably foloow the stimulus emitted in the limited
cavity. For the consisted EOAE waveform and Gaussian noise averaging process of
consequent sweeps improves the signal to noise ratio (SNR) factor equal to the
square root of the sweep number. In practice the number of about 1000 sweeps
yielding 29 dB SNR improvement is used.

Otoacoustic emissions exihibit nonlinearity both in the time and frequency domain.
This means that output level is not proportional to the input, and that the components of
a complex input interact with each other. The results of clinical EOAE test are often
contaminated by the oscillations caused by the echooes of the stimulus in the meatus. The
intensity of the echos depends of the fitting of the probe. The effect of EOAE
nonlinearity in the time domain allows to reduce the influence of the oscillations.
According to the procedure proposed by Bray and Keme [7], the EOAE waveforms are
averaged when stimulated with a nonlinear differential block, shown in Fig. 2. Every

B ity

=-3xa

[

Fig. 2. The signal block used in differential nonlinear stimulation technique.

fourth component of the nonlienear stimulus is invered and three times greater amplitude
than three other components of the stimulus. The acoustic responses to all linearly
behaving systems i.e. nonphysiological responses are cancelled by the summation of all
the stimulus components. Only the saturated part of the physiological emission signal is
passed to the further processing units. In practice, only half of the saturated EOAE
remains due to its partial cancellation. Signal-to-noise ratio is therefore worse when
compared to the Basic EOAEs Echo Technique. In clinical conditions the small loss of
the SNR is rarely significant, and the advantages of the method overcome its drawbacks.

Distortion-product otoacoustic emissions are continuous signals that appear at
some combination of harmonic tone stimulation, considering the nonlinearity in the
frequency domain of the cochlea mentioned above. The first DPOEs measurements
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were reported by D.T. Kemp in 1979. In practical applications [9] the two-tone
stimulation method is used. That kind of stimulation leads to interaction between
the two travelling waves in the cochlea, creating several distortion products (DP).
For the tones labelled /1 and /2, the 2 x /1 —f2 DP is belived to be generated at the
place being the point of maximal interactions between the two travelling waves. The
instrumentation for recording the DPOEs is more complicated than that used for
echo techniques. The ear probe equlpped with two earphones is fed by two
generators transmitting /1 and 2.

The pure tone waveforms are synthesited by the computer. The duration of the
emission of the chosen tone combination is about 4 seconds. The microphone placed
in the ear probe detects the DPOE signal. The processing procedure of this signal
consists of:

e high- and lowpass filtering 100—8000 Hz.

e averaging in the time domain,

e evaluating the 2 x f1—f2 component by means of Fast Fourier Transform
(FFT),

e cvaluating the level of the background noise as the average of the magnitudes
of four FFT components adjacent to the 2 x /1 —/2 frequency two above and two
below the main frequency. To obtain the ,,DPOE audiogram” the procedure
described above is repeated covering the changes of geometric mean is realised in
a 1/4 octave step, and for the entire sweep the f'1 —to—/2 ratio is held at the value of
1.2. The example of ,,DPOE audiogram’ reproduced from [9], is presented in Fig. 3.

o—s mean of 29 normal adult ears (age 22-30 yrs)

T . iy e e "R Foa T (R S S e B i

level of DPOE (dB SPL]
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syst. dist. el A0Ry ‘ s
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- N i
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Fig. 3. An example of distortion-product otoacoustic emission audiogram (¢ and § — mean and standard
deviation [rom all the ears examined) [9].
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2. Experimental

The investigation of EOAEs in Laboratory of Audiology, ENT Clinic.Dentist
Dep. in Warsaw Medical Academy started in 1990 (9, 10, 11, 12] under
direction of Prof. W. BocHenek. Basic click-evoked echo technique using
the instrumentation shown in Fig. 1 is applied. The EOAEs processor is
equipped with three probes of different sizes of our design, and one original
probe offered by D.T. Kemp [13]. Three stimulus, types may be generated
under control of the computer: positive click, negative click and modulated
sine burst. :

The recorded signal is amplified in the separate low-noise. Fet-driven
preamplifier and in the main filter and amplifier section. The total gain
is adjustable in the range of 60—100 dB. The lower frequency limit is set
to 5000 Hz and the upper to 12 kHz. To record the signal in the computer
memory, a fast 8-bit, 40 kHz analog to digital converter is used. This allows
to represent a EOAEs signal of 18 ms duration as 720 bytes long waveform
and enables us to obtain a 100 Hz resolution for Fast Fourier Transformation.

Recordings were collected in a group of young, normal hearing persons.
The group consisted of 101 dentist students of mean age 23.1. They underwent
routine otoscopy, screening earphone (0.25—8.0 kHz) audiometry and check
of the upper limit of hearing, using electrostimulation high-frequency audiometry
(SEHFA). The software used in the laboratory enabled the comparison of
amplitude and spectral parameters of EOAEs, averaged within a certain group
of subjects.

3. Discussion of the results

In Fig. 4 the typical EOAE signal and its frequency spectrum is shown.
The upper curves are the results of two consequent series of 1024 sweeps.
Below the crosspower spectrum of two sweep series (the dashed bars) and
the power of the noise, obtained by substracting the two sweep series (the
black bars) is presented. The spectral line representing the maximal power
component was in the investigated group a subject of significant variation
within the range of 0.9 to 2.8 kHz. The correlation between the upper limit
of hearing and the spectral maximum power component has not been defined
because of the variations mentioned above. After collecting more data will
be possible to verify the theory that there is a correlation between the
spectral maximum power component of EOAE and the patient’s age, described
in [14]. ;

The average delay between the oneset of the click and the maximal amplitude of
the EOAE was about 7 miliseconds. There were some cases of registration of longer
delays (ca 10% increase), accompanying the presence of slight ear impairements.
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Fig. 4. The typical EOAE signal and its frquency spectrum (below).

The variations in the average EOAE amplitude level achievd 15%. The factor of
a great influence the quality of the EOAEs recording was the probe fitting and the
patient noise. Figure 5 is an example of the recording with the poor fitting and the
noises caused by loud breathing. The initial part of the sweep (5— 8 ms) is highly
contaminated by the oscillations of the click in the ear canal. The latter part of the
signal (9—17 ms) exhibits considerable differences between the signal level during
the first and the second averaging process. The presence of EOAEs is therefore
impossible to detect here.
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Fig. 5. An example of EOAE signal and its [requency spectrum (below). The probe fitting and the loudly
breathing cause more significant noise contents (the black bars below) than those shown in Fig. 4.

Further modifications of the instrumentation should improve the procedure of
recording the EOAE:s signals. The aim is to optimize the rejection of artefacts caused
by the click reflections in the meatus, using the Differential Nonlinear Stimulation
Technique.
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Shear ultrasonic investigation are presented in sodium trifluoroacetate/CF,COO-
Na/-acetamide molten mixtures as a function of amide concenfration. This results are
compared with other electrolyte-acetamide molten mixtures investigated previously.

1. Introduction

In the last years we investigated the molten mixtures of electrolyte-acetamide in
binary system, which can be easy supercooled to low temperature giving the
possibility to measure the phase changing from liquid state to solid state. In the
supercooled region this mixtures demonstrate very high dielectric constant [1] and
viscoelastic behavior in relaxation region and pure elastic behavior in metastable
glassy state. The previously made investigations suggested the polymer structure of
amide chain which was joined with metal ions [2] [3].

Last time we investigated tree mixtures:

e acetamide + sodium thiocyanate /[NaSCN/ [2]
e acetamide + calcium nitrate /Ca(NO,),/ [3]
e acetamide + sodium trifluoroacetate /CF,COONa/ [6]

To know what is the influence of acetamide concentration on polymer chain
creation and the influence on the range of relaxation processes the last mixture was
investigated as a function of amide concentration. Tree different concentration was
prepared for measurements: a) 8.06 mol/kg b) 11.98 mol/kg and c) 19.48 mol/kg.

2 Measurements

To determine the range of relaxation processes of these mixtures we performed
the measurements as follows:
e density measurements as a function of temperature
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e steady flow viscosity as a function of temperature
e ultrasonic shear impedance measurements as a function of frequency and
temperature ;
e ultrasonic measurements of shear elasticity in metastable glassy state as
a function of temperature and frequency.
For density measurements the vibrating densitometr of PAAR (Austria) was
used. The measurements was made in temperature range 10— 60°C. The results may
be fitted by linear equation

p=a+bT,

where p is in kg/m? and T — temperature in Kelvin. For the 8.06 mol/kg solution
a = 1693.05, b = 1.060, for 11.98 mol/kg solution a = 1789.86, b = 1.098 and for
19.48 mol/kg solution a = 1927.21, b = 1.188.

For steady flow viscosity measurements the Hoeppler viscometer was used. As
an example the results for 8.06 mol/kg amide concentration are shown on Fig 1.

A

logn/Pa-s

=11

»
T T T T T T Ll

T T
3 3.5 1000
T K

Fig. 1. The changes of viscosity [or 8.06 mole/kg solution as a function of temperature.

For shear ultrasonic measurements the MATEC (USA) set was used. The
normal incidence technique and the superposition method was applied in measure-
ments [4] on frequency 10.30 and 90 MHz. The special attention was paid on dry
atmosphere during the measurements, specially in low temperatures because of
influence of humidity on the shear impedance value. The results of ultrasonic
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Fig. 2. The run of p/R? as a function of temperature and frequency for the 8.06 mole/kg solution.
(A=10 MHz, x=30 MHz, 0=90 MHz).

measurements of shear elasticity in metastable glassy state are shown on Fig. 2 as an
example for 8.06 mol/kg solution and are given by equation

1/G,, (N/m?)=2.83.10"10+1.575.10"!* (T—T,),

where T, is the glass transition temperature and is equal 240 K for 8.06 mole/kg
solution.

3. Theory

If the element of ligiud of density p is shearing in the plane xy with the
transversal motion u as a result of the shear stress T, the motion equation is
oT
pdxdydz= —* dxdyd:z.

ZZ

When the shear wave is propagated in z direction then

Pu _ g, O

Fae o aad

where the complex shear modulus G*=G'+j G”
The mechanical impedance is the magnitude which characterize the mixture to be
measured under shearing stress. It is definited as a ratio of shearing stress T to the

acoustic velocity (du/df)
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e
= —x:=1/ *—
ZT 6u/at pG RT+XT-

From the above equation is clear that

Zi=pG*
and

g RI=Xt L. 2ReX:
" Ty p
Then, the measurements of shear mechanical impedance Ry and X, permit to
determine both of the components of shear modulus G*. Because of the technical
limitation the real part R; was only measured and the imaginary part X, was
calculated from theoretical BEL model [5]. Also the results of measurements, which

0'§ 1 e /]
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Fig. 3. The relaxation curve for acetamide +sodium trifluorooctane solution in normalised scale.
(A=10 MHz, x=30 MHz, 0=90 MHz).

show both Fig. 3 and 4 are presented in normalize scale, it means that the real part
of impedance Ry is related to the highest impedance in glassy state Z,=+/pG, (and

the frequency used in measurements is related to the maxwell relaxation frequency
or relaxation time (t,,=7,/G ).

4. Results and discussion

The run of relaxation curve as a function of frequency (in normalised scale) for
amide concentration 8.06 is shown on Fig 3. The points are the results measured on
frequency 10, 30 and 90 MHz. The continuous line present the theoretical BEL
model of relaxation with the parameter f# = 0.5 and K = 0.66 in the equation
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Fig. 4. The run of relaxation curve [or a) acelamide + sodium tiocjanate mixture, b) acetamide + sodium
trifluoroacetate mixture, c) acetamide + calcium nitrate mixture. Maxwell model represents the dotted line.

1 1 1 2K

G* = G, jon T G, Gur)

The dotted line on Fig. 3 present the Maxwell model with one relaxation time
(K=0). The scattering of results is caused by high hygroscopic of the investigated
mixtures, specially in low temperature range.

We must say that the run of the relaxation curve for the 11.98 and 19.48 solution
was exactly the some (f=0.5, K=0.66), it means that the concentration of amide
have no influence on the relaxation processes in this mixtures.

There is another question for electrolyte-acetamide molten mixtures that the run
of relaxation curves is close to the theoretical BEL model (=0.5, K=1) which was
created rather for the simple liquid [5], and it is difficult to say that the investigated
mixtures the simple liquids are.

On Fig 4 you can see the relaxation curves of the last investigated elect-
rolyte-acetamide molten mixtures i.e. of acetamide + NaSCN (a), acetamide
+CF,COONa (b) and acetamide +Ca(NO,),. The range of relaxation times for
curve (a) (=0,5, K=0,875) and curve (b) (f=0,5, K=0,66) are even more narrow
then BEL model curve which exactly follow the results of mixture (c) (§=0.5, K=1).

5. Conclusion

The measurements of electrolyte-acetamide solution with shear ultrasonic waves
in relaxation region made clear that there is any influence of the amide concent-
ration on the character of relaxation curve. This fact, the run of the relaxation curve
close to the theoretical BEL model curve, dielectric [1] and NMR [6] results may
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sugests that probably the electrolyte-acetamide solutions are composed of acetamide
region and electrolyte region which are joined with strong influence of the metal ions
tightly only in low temperature region.
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