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ABSTRACT

The determination of material properties for very small specimens such as biological
cells or semiconductor microchips is extremely difficult and has been a challenging issue for
several decades. One important constraint during these measurements is not to harm the
specimens during the test process because the specimens, biological cells in particular, are
vulnerable to the test itself even during a short period of testing time.

Nondestructive evaluation (NDE) is the only suitable precess for such applications. It
is fast, causes no disturbance and can give a real time response while being cost effective.
Many NDE methods are available today, such as, laser based techniques, Radiography,
Magnetic techniques, High resolution photography and other optical techniques, MRI,
acoustic and ultrasonic techniques to name a few. Ultrasound is the most popular tool for
NDE. As specimens become smaller, the need for shorter wave length ultrasound increases
dramatically.

The use of acoustic waves in microscopy technology provides many more benefits
than its conventional optical microscope counterpart. One such benefit is its ability to
inspect a specimen in dark. Another is the capability to see inside an optically opaque
specimen. Today, very high frequency, higher than 1 Giga Hertz (109 Hz), ultrasound is
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being used.

This technology has improved at the same pace as the development of

electronics and computer science.
In acoustic microscopy experiments wave speed and wave attenuation in the
specimen are measured by the V(f) technique. A specimen’s density, Poisson’s ratio and
Young’s modulus are directly related to the wave speed. V(f) method, as discussed in this
dissertation, has some advantages over the more commonly used V(z) method.
In order to correctly estimate the wave speed and attenuation in the specimen, the
transducer modeling should be completed first.

The Distributed Point Source Method

(DPSM) is used in this dissertation to model a 1 GHz acoustic microscope lens. Then the
model-predicted pressure field is used in a FORTRAN program to calculate the thickness
profile and properties of biological cell specimens from experimental data.
Transducer modeling at 1 GHz has rarely been attempted earlier because it requires
an immense amount of computer time and memory. In this dissertation 1 GHz transducer
modeling is conducted by taking advantage of the axisymmetric geometry of the acoustic
microscope lens. This exploitation of symmetry in the modeling process has not been
attempted prior to this dissertation.
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1. Introduction

1.1. Introduction

Acoustic Microscopy is a nondestructive testing (NDT) technique used for inspecting
finite objects. There are some similarities between an acoustic microscope and a light
microscope. The human eye cannot see objects smaller than a signal wave length in either
microscope and interference occurs in both microscopes. For both cases, wave speed is
calculated by multiplying wave length by frequency.
A major difference between an acoustic wave and light is speed. Visual light, which
has a frequency of 5×1014 ~ 1015 Hz passes through vacuum space at a speed of 2.99×108
m/sec. Audible sound on the other hand, which has a frequency of 20 ~ 20×103 Hz, passes
through air at 340 m /sec. Ultrasound and audible sound travel at the same speed. Light has
about a 10-6 ~ 10-7 meter wave length in a vacuum and sound has a wave length between
0.017 and 17 meters in the air. However, in a solid the acoustic wave speed is increased
dramatically. The P wave speed in Sapphire, which is commonly used for high frequency
(1GHz) acoustic lenses is 11.1×103 m/sec. At 1 GHz (109) the wave length in sapphire is
11.1 micron. Therefore a 1 GHz wave can give a resolution of about 10 microns in sapphire.
In water, the wavelength shortens to 1.48 microns.
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The major advantage of the acoustic microscopy technique is that it is nondestructive
and it can inspect small specimens. The biological specimens can be vulnerable to the testing
procedures of some nondestructive testing techniques such as atomic force microscopy (e.g.
Hassan et al. 1998; Radmacher et. Al. 1996) or magnetometry (Ziemann et al. 1994). But
acoustic waves at high frequency do not disturb sensitive biological specimens. For this
reason, the acoustic microscopy technique has been very popular for biological specimen
characterization.
Sound is more difficult to control than light. For example, light can be protected by
some opaque block material but sound propagates through almost all materials. Absolute
silence can exist only in space where no medium is present to transfer the sound. That is
why pop singers usually record their songs at night, even though they have a highly
protected, sound-proof room.
The first part of this research is focused on the finding pressure variation in front of a
concave lens. A 1 GHz transducer mounted on a lens rod with a 40 micron radius of
curvature is modeled using DPSM. Three programs have been developed and the results
from the three programs are compared to check the reliability the results.
The first program is for a single medium case. Wave generating sources are arranged
through the surface of the transducer. In this model piezoelectric material is assumed to be
located along the surface of the transducer.

The sensor sources generate and transmit

acoustic waves directly into the coupling fluid water.
The second program is modeled with the actual dimensions and material properties of
a 1 GHz transducer. The transducer rod material is sapphire and the coupling fluid is water.
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The piezoelectric material is located 10 mm in front of the transducer–water interface. The
waves generated by the piezoelectric material propagate 10 mm through the sapphire rod, hit
the sapphire–water interface and are then transmitted into the water. Since the interface is a
curved, hemispherical shape, the wave changes its direction when it passes through the
interface. Furthermore, the difference of material properties before and after the interface
influences the direction change as well. The transducer tip or the lens tip is 56.568 microns
in diameter. It is concave in shape and the radius of curvature of the concave surface is 40
microns, which can barely be seen with the naked eye.
High frequency transducer modeling has not been attempted before because it
requires a vast amount of calculations.

Consequently, the high frequency transducer

modeling is more challenging compared to the low frequency transducer modeling. The
concave surface, which is the interface, is axisymmetric. In order to save computation time
and memory size, only 1/16th of the interface area is modeled.

First, the pressure is

calculated along the central axis (Z axis) only. The pressure variation along the lateral
direction, which is perpendicular to the axial direction, was found to approximately follow
Gaussian distribution. The pressure variation along the XZ plane has been calculated and
compared with the approximate expressions assumed. The pressure field obtained from true
transducer modeling is found to match well with simplified expressions. These expressions
will be discussed later.
The third program is developed for the purpose of checking the first two programs.
In this case only, parallel waves are considered in the sapphire lens rod. Parallel waves come
from the piezoelectric source, pass through the sapphire rod and the interface and then
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concentrate on a small region. Since only the parallel waves are considered, the pressure
field is highly concentrated. This program was used to find the peak point and to verify the
second program’s results.
After the transducer modeling was completed, this result was used to find biological
cell properties from the acoustic microscope-generated V(f) curves.
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1.2 Acoustic Microscopy

Figure 1 Acoustic Microscopy (from mefas.com)

In recent medical and engineering applications the need for materials that can
withstand extreme conditions has been felt. There are couple of space stations that have been
operating in extreme space conditions for decades and several rovers are exploring Mars or
are being manufactured to endure a –500 degree centigrade temperature. Titanium-alloy,
articular joints are currently being transplanted into the human body and are expected to
work for lifetime. A small defect in one part can ruin the entire space station, thereby
delaying the outer space exploration project, possibly at the cost of human life. Recently,
studying the internal structure in greater detail has become the topic of interest more so to
know the overall strength of the structure itself. Nondestructive testing can fulfill this
interest and ultrasound has proven to be an effective tool for monitoring and predicting the
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remaining life of a structure. Initially, acoustic microscopy research was motivated by trying
to get the same resolution as an optical microscope. In the 1940’s a scientist named Sergei
Y. Sokolov in Leningrad, Russia obtained an image using a high frequency acoustic wave
what is now called a Sokolov tube. The acoustic picture was converted and displayed
through a television. The modern concept of the acoustic microscopy image was created by
Lemons and Quate at Stanford University in 1973.

Since then, with the help of the

advancement of electronics and computer science, the technology has continuously
improved.

Figure 2 A high resolution scan of a penny (from bu.edu/ame/)

In the ultrasonic testing area there are 3 scanning methods, A, B and C scans. The
inspection region can be one point (A-scan), a line (B-scan) or an area (C-scan). In an Ascan the entire time history is shown. The result is displayed in X, Y coordinates. The X
axis represents time of flight and indicates the depth of a specimen. The Y axis shows the

20

amplitude of reflected signals (echoes). Only when a discontinuity exists, will the echo be
displayed. The magnitude of the echo (y value) can be used to estimate the size of a
discontinuity.
In a B-scan the transducer moves along a straight line. It shows a cross sectional
view of the object. Since the B-scan is one dimension greater than the A-scan, the result
should be displayed in a 3-D plot. But, the echo magnitude is often displayed in the color
density for the convenience of users.
The C-scan shows a plan view of the test object. The transducer travels forward and
backward parallel to a surface. In a C-scan display, X and Y represent the real X and Y
coordinates. Therefore, color combinations and grey scales are used to present the echo
amplitude. More advanced scan concepts include the D-scan and TD-scan.

Figure 3 Sketch of the acoustic microscope (from soest.hawaii.edu)
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The D-scan is similar to the C-scan, except the echo time of flight (depth) in relation
to the transducer position is additionally recorded.

The D-scan is a three-dimensional

visualization of the object. The acronym TD in TD-scan stands for time displacement. It is
composed of many single shot A-scans.
An acoustic microscopy image is obtained through a C-scan and the variation of the
mechanical properties with depth is obtained by scanning at various defocus values. The
defocusing technique enables researchers to visualize a three-dimensional image of the
specimen.
Recently, a new high frequency (more than 1 GHz) time-resolved acoustic
microscopy technique has been developed at the Fraunhofer-Instuitute for Biological
Engineering (Lemor, et al., 2004). It is based on an optical microscope from OLYMPUS and
it operates in a reflection mode.

Figure 4 Photograph of a 1 GHz acoustic lens of an acoustic microscope
(From Johann Wolfgang Goethe University)
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Figure 4 shows a photograph of a 1 GHz acoustic microscope lens.

It is

manufactured by the LEITZ Company in Germany. The lens material is sapphire and a
bronze casting covers the outside of it, holding the lens close to the microscope.
Figure 5 shows the photograph of the 1 GHz acoustic microscope lens tip. The radius
of curvature is 40 microns and the diameter shown in this picture is 56 µm. The concave lens
surface in the center is formed through a diamond grinding and polishing technique.

50 µm
0

150 µm
100 µm

200 µm

Figure 5 100 times magnified view of the 1 GHz lens tip
(From Johann Wolfgang Goethe University)
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1.3 V(z) Curve

In the last few decades, several efforts have been made to obtain elastic properties of
a variety of materials by using the acoustic microscopy technique. For biological materials
such as cells, it is quite challenging to obtain variations of thickness, density, acoustic wave
speed, stiffness and the attenuation coefficient. The acoustic microscope has had some
success in measuring these properties.

The acoustic microscope can also measure the

velocity of the surface acoustic waves. Atalar, Quate and Wickramasinghs monitored the
amplitude of the transducer voltage, V, as a function of the defocus distance z, creating the
V(z) curve in 1973. Defocus distance is the distance between the focal point of the lens and
the reflecting surface. They found that the V(z) curve has a characteristic response that is
dependent upon the elastic properties of the reflecting surface. Later Weglein and Wilson
reported the periodicity of dips appearing in the V(z) curve. They called the central portion
of the V(z) curve, which has a periodic character, the acoustic material signature (AMS). It
was soon established that the periodicity of the V(z) curve was linked to the surface wave
propagation speed.

Considerable progress in the quantitative acoustic microscopy of

anisotropic multilayered structures has been made since its invention. For practical reasons
only the amplitude of the signal is generally measured, from which velocity and attenuation
can be calculated.

The standard method of analyzing V(z) curves was developed by

Kushibiki and Chubachi in 1985 for the Line Focus Acoustic Microscope (LFAM) and is
also commonly applied to a point focus lens. The method is based on the ray model proposed
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by Parmon and Bertoni. They postulated that the periodical characteristic of the V(z) curve is
determined by the interference of two rays: (1) the central ray; and (2) the Surface Acoustic
Wave (SAW) ray. Specular ray is incident normally onto the specimen and is reflected back
along the same path. Rayleigh wave ray is incident at a critical angle and excites a leaky
SAW along the surface.
Today, a maximum resolution of 15 nm can be achieved by an acoustic microscope
using a 15.3 GHz acoustic lens in the coupling fluid, liquid helium, near 0° K temperature.
With this microscope one can see an object that shows little or no contrast on a scanning
electron microscope.
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1.4 V(f) Curve

The longitudinal wave speed, attenuation and thickness profile of a biological cell can
be obtained from a plot of voltage versus frequency or V(f) curves, which uses a phase and
amplitude sensitive modulation of a scanning acoustic microscope (SAM). Kundu, BereiterHahn and Karl (2000) obtained cell properties from the V(f) curves. The main advantages of
the V(f) curve technique in comparison to the V(z) curve technique is that it is less time
consuming and more accurate because monitoring a signal frequency, f, is easier than
changing the defocus distance, z.
The V(f) technique for biological specimens has been developed by Kundu, BereiterHahn and Karl (2000) for the investigation of cellular behavior on stretchable materials using
acoustic microscopes (Karl and Bereiter-Hahn, 1999). The method to investigate cells on
silicon rubber was introduced by Harris (Harris, 1982; Harris et al. 1980).
Kundu (1992) has computed the reflected field generated by a focused ultrasonic
beam striking a multi-layered specimen. Part of this theory, which is relevant to the current
problem geometry, is briefly reviewed here.
The reflected field at a general point (x,y) in the coupling fluid (see Figure 1) is given
by,
∞

⎛ 1 ⎞
Φ R ( x, y ) = ⎜
⎟ ∫ R(k )φ i (k ,0) exp(− ikx − iδ f y )dk
⎝ 2π ⎠ − ∞

(1)

where R(k) is the reflection coefficient of the layered specimen that is being inspected by the
acoustic microscope and φi(k,0) is the Fourier transform of the incident field φi(x,y) at y = 0.
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Figure 6 Acoustic Microscopy

Figure 6 shows the origin and directions of coordinates x and y. Note that y = 0 corresponds
to the reflecting surface at the top of the specimen. Therefore, as the cell thickness varies so
does the position of the origin and the defocus length z. The Fourier transform is taken in
the wave number domain or k-domain to replace the variable x by the wave number k. The
reflected field can be transformed back into the xy space by carrying out the inverse Fourier
transform, as done in Equation 1. Note that the exponential term in the integral represents
the propagating wave from the specimen surface at y = 0, to the point of interest (x, y).
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The incident field on the specimen surface can be expressed in the following form,
⎧⎪
⎡
⎤ ⎫⎪
r
− x 2 + z 2 ⎥⎬
exp ⎨ik s r (1 − cos θ S ) + ik f ⎢
⎪⎩
⎢⎣ (cos θ f − µ cos θ S )
⎥⎦ ⎪⎭
φi ( x,0) = r.Tsf (θ S ).
(cos θ f − µ cos θ S ) x 2 + z 2

(2)

where r is the radius of curvature of the acoustic microscope lens; for our microscope it is 40
µm. The plane wave transmission coefficient, Tsf (θ S ) , is for waves transmitted from the lens
rod to the coupling fluid with an incident angle, θS, at the lens-fluid interface (see Figure 6).
The longitudinal wave number of the lens material is ks. (that is defined as the angular
frequency of the acoustic signal divided by the longitudinal wave speed). The longitudinal
wave number of the coupling fluid is kf. The transmission angle in the coupling fluid at the
interface is θf (see Figure 6). The defocus distance is z (see Figure 6). The wave speed ratio
is µ=αf/αs, where αf and αs are longitudinal wave speeds in the coupling fluid and lens
material, respectively.
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Figure 7 Geometry of the lens, substrate and the coordinate

Fig. 7 shows the geometry of the lens, substrate and the coordinates for the problem
geometry.

From the relation of an angle and side length of a triangle we get the following:

CF
CD
DF
DF
=
=
=
sin θ f sin(θ s − θ f ) sin(180 − θ s ) sin θ s

where sin(180 − θ s ) = sin θ s

(3)
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and
CF =

sin θ f
sin(θ s − θ f )

× CD =

sin θ f
sin θ s cosθ f − cosθ s sin θ f

r×

sin θ f
sin θ s cosθ f − cosθ s sin θ f

×r =

×r

(4)

sin θ f

rµ
sin θ s
=
sin θ s cosθ f cosθ s sin θ f
cosθ f − µ cosθ s
−
sin θ s
sin θ s

therefore the focal length f1 = EF when,

EF = EC + CF = r +

⎛
rµ
µ
= r ⎜1 +
⎜
cos θ f − µ cos θ s
⎝ cos θ f − µ cos θ s

⎞
⎟
⎟
⎠

(5)

Moreover,

DF =

α
µr
r
sin θ s
1
× CF = s × CF = ×
=
sin θ f
αf
µ cosθ f − µ cosθ s cosθ f − µ cosθ s

(6)

where,
DP is obtained from the geometry

DP = DF − FP =

r
− x2 + z 2
(cosθ f − µ cosθ s )

(7)

The phase of the ultrasonic wave at point P is obtained from the path length between the
transducer mounted on the lens rod and point P.
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⎧⎪
⎡
⎤ ⎫⎪
r
phase = exp⎨ik s r (1 − cosθ S ) + ik f ⎢
− x2 + z 2 ⎥⎬
⎪⎩
⎢⎣ (cosθ f − µ cosθ S )
⎥⎦ ⎪⎭

and the incident field Φi(x,0) is assumed to have a magnification factor of

(8)

DF
.
PF

DF
r
=
PF (cosθ f − µ cosθ s )× x 2 + z 2

(9)

When the magnification factor is multiplied by the phase term and the transmission
coefficient, Φi(x,0) of equation (10) is obtained. The transmission coefficient is used to
account for the wave transmission from the lens rod to the coupling fluid.

φi ( x,0) = r.Tsf (θ S ).

⎧⎪
⎡
⎤ ⎫⎪
r
− x 2 + z 2 ⎥⎬
exp ⎨ik s r (1 − cos θ S ) + ik f ⎢
⎪⎩
⎣⎢ (cos θ f − µ cos θ S )
⎦⎥ ⎪⎭

(cos θ

f

− µ cos θ S ) x 2 + z 2

(10)

Note that the above expression can be written as

φi (x,0) = phase(ctsf )× F ( x, z ) × exp(arg .)

where,

(11)
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phase(Tsf ) =

F ( x, z ) =

Tsf (θ S )

(12)

Tsf (θ S )

r.Tsf (θ S )

(cosθ

f

− µ cosθ S )

× f ( x, z ) =

r.Tsf (θ S )

(cosθ

f

− µ cosθ S )

⎡
⎤
r
arg . = ik s r (1 − cosθ S ) + ik f ⎢
− x2 + z 2 ⎥
⎣⎢ (cosθ f − µ cosθ S )
⎦⎥

×

1

x + z2
2

(13)

(14)

The drawback of the above F(x, z) expression is that at x = z = 0, it becomes infinity.
This is due to the faulty assumption in the magnification factor (DF/PF), which gives bad
results near the focal point. This shortcoming is overcome by the DPSM modeling in this
dissertation.
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1.5 High Frequency Ultrasonic Transducer Modeling

A 1 GHz frequency is 200 times higher than 5 MHz frequency, which means a 1 Ghz
transducer emits ultrasonic waves at a length of 0.005 times that of a 5 MHz signal. In water
a 1 GHz transducer emits sound having a 1.48 micron wave length, whereas a 5 MHz
transducer is sending an acoustic wave which has a 29.6 mm wave length. In order to model
and analyze the 1 GHz transducer, the model should be refined proportionately to the wave
length ratio. This complicates the modeling process and requires a tremendous amount of
computing time. Note that in two-dimensional modeling, reducing the element dimension by
a factor of 200 means increasing the number of point sources or elements by a factor of
4×104.
One way to simplify the transducer modeling technique is to use the condition of
symmetry. Most transducers currently in use are circular, square or rectangular in shape.
Circles are axisymmetric and squares and rectangles are symmetric about the principal axes.
In finite element modeling, the axisymmetric element is a commonly used element. In MSC
NASTRAN (popular FEA software) only triangular elements are used for the axisymmetric
case to eliminate the additional flexibility that results when a quadrilateral or a higher order
element is used.
Since axisymmetric element modeling, as is done in a finite element analysis, is not
possible with the DPSM technique used here, quarter-size or a smaller pie-shaped
transducers and targets are modeled here.
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In the Acoustic Society of America (and in other countries) many acoustic problems
have been studied because noise and sound directly affect daily human life. Industrial and
medical transducer modeling has been developed by the acoustic society. The modeling and
simulation techniques have been rapidly developed since the advancement of numerical
analysis and computer calculation techniques. Several methods such as the finite element
method, finite difference method, boundary element method and discrete element method
were developed to simulate a number of variables of mechanics problems; Problems such as
displacement, crack propagation, fatigue, dynamic modes and stress due to an applied force,
acceleration and thermal load. Scientists and engineers are still using those skills to simulate
acoustic behavior of low and high frequency transducers.
Distributed Point Source Method was used in this research to model ultrasonic wave
pressure, velocity, attenuation, and phase change. Discretization is a simple, economical and
convenient way to model the problem. The main concept of DPSM is to obtain the solution
of a boundary value problem by superimposing a number of point source solutions, where the
point sources are distributed over the transducer surface, interfaces and boundary surfaces.
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1.6 DPSM (Distributed Point Source Method)

1.6.1 Introduction

DPSM distributes a finite number of elemental point sources near the transducer
surface. Each point source represents a single small transducer, which has an initial velocity.
Pressure distribution in a medium is found by adding the pressure contribution from all point
sources. The Sommerfield integral can be used to calculate the pressure field from a source
of finite dimensions. Recently, a vast amount of work has been carried out, using the DPSM
technique, in the Department of Civil Engineering and Engineering Mechanics at the
University of Arizona and ENS Cachan, France.
This technique requires discretization of the active surface of the transducer to obtain
an array of point sources. By doing so, the initial complexity of the problem is changed into
a superposition of elementary problems. The transducer surface is discretized into a finite
number of elemental surfaces, ds, and a point source is assigned to every elemental surface.
The point source strength is either assumed to be constant or determined from the satisfaction
of boundary conditions. The total field is then computed at a given point by adding the fields
generated by all sources.
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x
ds

S1

Trans ducer surface

S2

S3

r

Figure 8 Discretization of the transducer surface

In immersion testing arrangements an ultrasonic transducer radiates an acoustic beam
directly into a fluid. The pressure at point x is given by Rayleigh-Sommerfield integral. [2]
p ( x, ω ) = −

iωρ
exp(ikr )
V z ( y, ω )
dS ( y )
∫
2π S
r

where,

ω = 2πf; f is the signal frequency in MHz

ρ is the fluid density, for water it is 1 gm/cc
Vz is the normal velocity of the transducer face in km/s
r is the distance between x (the point of interest) and y (the point source position) in mm
k is the wave number, k=ω/c, where c is the wave speed in fluid in km/s.
The computed pressure is in Giga Pascal (GPa).

(15)
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Assuming uniform velocity on the transducer face (Vz = vo) the computed pressure is

p( x , ω ) = −

iωρvo
2π

∫
S

exp(ikr )
dS
r

(16)

The integral in equation (16) can be carried out numerically as shown below,
p=−

iωρv0
2π

n

exp(ikrm )
∆S m
rm
m =1

∑

(17)

1.6.2 Reflection and Transmission at the Interface

Acoustic impedance determines the acoustic transmission and reflection at the
boundary of two materials having different acoustic impedances (Acoustic impedance =
wave speed × density). This property helps in the design of ultrasonic experiments and in
assessing the reflection and transmission of the acoustic energy at an interface. Transmission
and reflection coefficients are given as:
Tp =

2 ρ 2 c2 cosθ i
ρ1c1 cosθ t + ρ 2 c2 cosθ i

ρ c cosθ i − ρ1c1 cosθ t
Rp = 2 2
ρ1c1 cosθ t + ρ 2 c2 cosθ i

(18)

The above coefficients, Tp and Rp, are the plane wave transmission and reflection
coefficients, respectively. The acoustic impedance of the ith mediumis is ρici, θi is the
incident angle and θt is the transmission angle.
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1.6.3 Solid - Fluid Interface
First, we must consider the problem geometry in which the transducer face is parallel
to the interface plane (See Figure 9). The distance of the solid-fluid interface from the
transducer face is denoted by Z0 (See Figure 9). An arbitrary point C (CX, CY, CZ) on the
transducer face acts as a point source. An ultrasonic ray strikes the interface between the two
fluids at T (XT, YT, ZT). Note that Z0 is equal to ZT. Part of this ray is reflected back to solid
1 and the rest is transmitted to fluid 2. The intensity and the pressure at any point in fluid 2
due to the transmission of the ultrasonic ray is to be calculated.

1.6.4 Pressure Field Computation in Fluid 2

x
C(Cx , Cy , Cz )
R2
θ
θ
y

T(XT , YT , ZT )
θ2
R3

Interface

S
Solid 1
c,ρ
Z0

Fluid 2
c2 , ρ2

Q(X, Y, Z )

Z2

Figure 9 Transmitted and reflected wave ray paths through a Solid-fluid interface
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From the problem geometry in Figure 9, the following may be observed:
XT =
YT =

Cx ( Z − ZT ) − X ( ZT − Cz )
Z − 2ZT + Cz

(19)

Cy ( Z − ZT ) − Y ( ZT − Cz )
Z − 2ZT + Cz

After obtaining XT and YT, the length R3 can be easily obtained from the given equation.
R3 =

( X − X T )2 + (Y − YT )2 + (Z − ZT )2

(20)

The pressure at point Q can then be calculated from the following equation.
pQ ( x , ω ) = −

iωρvo
2π

∫
S

TP (cosθ ) exp[ik ( R2 + R3 )]
c
c cos2 θ
R2 + 2 R3 R2 + R3 2 2
c
c cos θ 2

dS

(21)

where,
2 ρ2 c2 cos θ

TP (cos θ ) =

⎧

ρ2 c2 cos θ + ρc⎨1 −
⎩

⎫
c
c
+ cos2 θ ⎬
c
c
⎭
2
2
2

2
2
2

(22)

1
2

Noting that:
cos 2 θ 2 = 1 − sin 2 θ 2 = 1 −

(

c22
c22
2
sin
θ
=
1
−
1 − cos 2 θ
c2
c2

)

(23)
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1.6.5 Pressure Field Computation in Fluid 2 when the interface has a curvature

A curved interface changes the wave propagation direction just as a mirror or lens can
change the direction of light. When the interface is curved, the normal direction changes
from point to point. In DPSM modeling an array of sources are distributed along the
interface. The interface sources are called target sources. For a curved interface the target
sources will have their unique normal vectors varying from one source to the next. In a
computer code those values are to be stored in separate arrays with target source coordinate
data.
Interface curvature can be modeled by a single equation, which represents the
geometric shape of the interface. The interface is also denoted as target in this dissertation.
In this manner, interfaces having a parabolic shape, spherical shape or combinations of the
two are possible to model.

40

1.7. Computer Systems and Software

1.7.1 MATLAB

Computational speed is probably one of the most important issues in this kind of
analytical research. The characteristic of this research is similar to the use of a sonogram to
see a fetus. Most of the sonogram equipment being used in Obstetrician-gynecology (OBGYN) presents the results in real time. For example a doctor can put a transducer on a
pregnant woman’s abdomen to see the cross sectional view of a fetus. If the image is not
clear, then the doctor changes the transducer surface and position rapidly until he gets a nice
view. If the doctor cannot see the picture in real time and has to wait for the computer to
process the image, then the patient may have to wait for long time in an uncomfortable
position. If they have to wait 10 minutes each time this MATLAB program runs, then the
sonogram technique will have to be reconsidered for hospital use.
In this study couple of desktop computers and four different versions of MATLAB
have been used. The newer version of the software and hardware give faster results but not
necessarily more accurate results. All hardware and software combinations gave accurate
results. The problem of importance is the computational speed. For an engineer who runs
the same program several times, the speed of computation is an important issue, but there is
no dramatic increase in speed provided by the newer versions of MATLAB. However, a
gradual, steady improvement of computational speed was observed as the newer versions of
MATLAB were used.
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The Central Processing Unit (CPU) in a computer determines the speed of
computation. The Intel Pentium 4 chip is the most advanced chip to-date. The Intel Celeron
chip is designed to run programs under a small load of calculation so it has a small size of
cache memory in it compared to the Pentium chips. Cache memory is located inside the
CPU chip and stores data or commands frequently being used. If the cache size is larger,
then the speed is increased.
Another important factor is the array size. In this research reflection and transmission
coefficients are calculated and stored in an array. The array size is related to the total number
of sensor and target sources. The array sizes are generally big. If the memory is small then
the calculation is impossible. Using one larger memory chip rather than 2 half size memory
chips is more advantageous because MATLAB sometimes denies generating a new array
which cannot be written in a single memory chip.
In this research 512 mega bytes and 2 giga bytes of random access memory (RAM)
have been used. This study required more than 512 mega bytes to optimize arrays for the
sensor and target sources. Since the program needs more memory, virtual memory from a
hard disk drive is used but it slows the computational speed. It is strongly recommended to
increase the RAM size from 512 mega bytes to 1 gigabyte or more. The RAM size has the
greatest affect on the speed.
The newer versions of hardware and software also enable one to plot better graphs,
and the monitor setting influences the plot as well. The monitor setting even influences the
MATLAB speed.

The command function entitled ‘bench’ indicates and compares the

operation speed of MATLAB code in the current PC. One should make the computer setting
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appropriate based on need. The finer monitor setting gives more detailed plots but it slightly
increases the computational time. Too coarse of a plot saves time, but one should be cautious
about not representing or displaying the results improperly. Table 1 shows the different
desktop computers used for the current research.

RAM

HDD

(Mega byte)

(Giga Byte)

2,000

180

512

160

2,000

180

Intel Celeron, 1.3 GHz

512

40

Intel Celeron, 500 MHz

128

8

SiS 6326 AIG

Intel Pentium 2, 350 MHz

128

6

American

Intel Pentium, 200 MHz

Megatrends

MMX Technology

96

6

Computer

DELL Dimension

CPU
Intel Pentium 4, 3.6 GHz
Hyper Threading

Hewlett-Packard

Intel Pentium 4, 3.2 GHz

F1903

Hyper Threading

Gateway 505GR
DELL Dimension
2200
American
Megatrends

Intel Pentium 4, 3.0 GHz
Hyper Threading

Etc.
DVD CD R/W
USB
DVD, CD R/W
USB
DVD, CD R/W
USB
100Mb Zip Drive
USB
CD R
USB
CD R
USB
CD R
1.4M Floppy DD

Table 1 Computer Specifications

During programming, special attention was given to increase the processing speed.
MATLAB is notoriously slow for repetitive (do loop) calculations. That is because the
MATLAB program is not abased on a compiled language but an interpreted language.
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FORTRAN, C, and other compiled languages convert the source code into machine
language, but the interpreted languages convert the command line one by one each time it
runs. So, for a greater number of loops the program becomes very slow. There are, however,
some techniques to increase the speed. First, use the vectorized command as much as
possible instead of using a repetitive FOR loop is strongly recommended. Secondly, preallocation of array size is desirable. Thirdly, use of the script M file should be avoided. Just
in time (JIT) accelerator is recommended if the MATLAB version is 6.5.1, release 13 or
higher. Furthermore, if one can call FORTRAN or C loops from MATLAB, which also
increases the speed. To do that, one would need the FORTRAN and C compiler as well.
Tables 2 and 3 show the different MATLAB and FORTRAN versions studied in this
research.

MATLAB

Version

Release date

“

Version 7.0.0 Release 14

May 2004

“

Version 6.5.1 Release 13

August 2003

“

Version 6.1.0 Release 12.1

May 2001

“

Version 5.3.0 Release 11

June 1999

Table 2 MATLAB Specification
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1.7.2 FORTRAN

FORTRAN

Version

Release date

Microsoft Developer Studio

FORTRAN PowerStation 4.0

1994

Compaq Visual FORTRAN

Version 6.6.0

2000

Table 3 FORTRAN Specification

Two different versions of FORTRAN have been used in this research, but there is no
significant difference between the versions. FORTRAN itself, was used as the 3rd generation
language for decades. Now the 4th generation interpreting language is popular. FORTRAN
has not been developed much during last 10 years. That explains why an old PC can run
FORTRAN reasonably well and without many problems.
The fastest PC used in this research is at least ten times faster than the slowest PC
while running FORTRAN. The Pentium 2 runs slower than the Pentium 4 but both give
accurate results if there are no errors or warnings in the debugging process. One needs to
wait at least 12 hours to complete a single run when the FORTRAN code is used. As
expected, the results are found to be identical in both the fast and slow runs. Occasionally in
MATLAB programming, result plots vary slightly in different PCs if different versions of
MATLAB are used. Occasionally some PCs will give results while others do not.
The FORTRAN programs used in this research were developed under a main frame
(super computer) environment like other commonly used FORTRAN programs. Then, like
many other FORTRAN codes, these codes used in this research have been transformed from
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a main frame environment into a personal computer environment because of the convenience
of PCs.
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2. Acoustic Lens Modeling
2.1 Lens Geometry

Center of
Radius
56.568 µm

50 °
40 µm

Figure 10 Geometry of the Acoustic Lens

The Acoustic Lens geometry is shown in Figure 10. The lens is modeled by three
different methods. The reason for using the three methods is to cross-check the results.
The lens is made of sapphire and the coupling fluid is water. Material properties of
water and sapphire are given in Table 4.
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MATERIAL

DENSITY
(g/cc)

P-WAVE SPEED
(km/sec)

S-WAVE SPEED
(km/sec)

Water

1.0

1.48

N/A

Sapphire

3.99

11.1

6.04

Table 4 Material Properties

Sapphire is used with high frequency acoustic lens because of its low attenuation
property. It also has very high P wave speed (11.1 km/sec). Attenuation is related to the
molecular and crystal in a structure of the material. When the acoustic wave hits sapphire it
vibrates in a well organized pattern. It does not decrease in energy and shows good energy
transmission characteristics.
The front face of the lens is concave with a radius of curvature equal to 40 microns.
The half-open angle of the concave surface is 50 degrees and is termed the half lens angle
(see figure 10). The diameter of the lens is 56.568 microns. It is almost as small as the
cross-section of a stationary pin.
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2.2 One Medium case
2.2.1 Theory

Figure 11 Sensor sources in one medium case

The single-medium case is the 1st generation model of DPSM. It was developed in
2000 by Kundu and Placo. Piezoelectric material is assumed to be spread over the transducer
surface.
Each distributed point source emits acoustic waves having a magnitude related to the
source size. In a coarse model, individual sources are stronger but the total source number is
few. In a finer model, small individual sources give off weak signals but the number of
sources is large.
The exact length between each point source and the point of interest is important
because from this length the phase of the wave is calculated. Interference occurs because the
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lengths from different point sources to the point of interest are different. These signals from
different point sources meet at the point of interest with different phases.

Figure 12 Sensor sources projected on XY plane

Figure 12 shows the distribution of sensor sources, projected on the XY plane, used for
modeling of the concave front face of the lens. Near the perimeter the source density is high
because of the concave shape of the lens tip.
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Z axis

Y axis

X axis

Figure 13 Sensor sources in XYZ coordinate system

Figure 13 shows sensor sources in the 3-D space. The spherical shape can be seen in
this figure. There is minimum number of sources required for every model. This number is
related to the signal wave length. The clearance between adjacent sources should be less
than the wave signal length in the medium where the field is calculated.
Since one cannot increase the inter-element spacing, the only way the computation
time can be reduced is to use the axisymmetry condition of the lens geometry.
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Figure 14 Sensor sources for 1 medium case (1/16th pie case)

Instead of trying to model the full circular front face of the lens only a pie shape is
used for modeling. In this research a 1/16th pie shape is used as shown in figures 14 & 15.
The results obtained from the whole circle and 1/16th circle analyses were compared after
multiplying the results from the 1/16th pie shape analysis by a factor of 16. The two sets of
results are almost identical for Z > 20 µm (see figures 16 and 17).
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Figure 15 Sensor sources for 1 medium case (1/16th pie case)

This modeling is carried out to obtain the pressure field in front of the lens and to
know the location of the pressure peak.
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2.2.2 Result

Figure 16 Pressure field obtained by modeling the whole sensor

Figure 17 Pressure field obtained by modeling the 1/16th of the sensor
and then multiplying the results by 16

54

2.3 Two Media case
2.3.1 Theory

Figure 18 Sensor sources for 2 media case

The piezoelectric material on the transducer is placed on the other end of the lens rod
as shown in figure 18. The sapphire lens rod connects to the concave lens on the front and
the piezoelectric transducer is mounted on the back surface. Therefore the acoustic wave
generated in the piezoelectric material travels through the sapphire lens rod, hitting the
concave lens which transmits it into the coupling fluid, water.
In order to model the acoustic field in solids as well as in the fluids, some more
assumptions should be made. In 2000, two media cases were modeled as a modified single
medium case. Contributions from each sensor source to the point of interest were calculated.
The effect of the media interface was considered. To satisfy Snell’s law, a passing point
should be identified. Only plane interfaces, whether normal or inclined, were considered.
Refer to the “Ultrasonic Transducer Modeling in Homogeneous and Nonhomogeneous

55

Media’, MS thesis, Joon Pyo Lee, 2001, Department of Civil Engineering and Engineering
Mechanics, University of Arizona.
In this case however, the interface is curved. It is possible to analyze the curved
interface with the old method after some modifications but a new method has been developed
that is much more flexible and easier to use than the old method.

Medium 1

Medium 2

Figure 19 Sensor and target sources of 2 media case

In the new method an extra layer of point sources is placed along the interface and the
relation between the sensor sources and the interface sources (so called target sources) is
defined to satisfy the interface conditions. In this manner any complex interface can be
modeled.
Note that the sensor sources are the reason for the target sources to exist. The target
sources transmit ultrasonic waves to medium 2, water, and they act as if they are generating
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waves by themselves. For an acoustic microscope lens, the distance between the sensor
source layer and the target source layer is much larger than the size of the target.
Furthermore, the sensor does not need to be modeled exactly like a target. If the behavior of
the wave inside the transducer material, medium 1, is of interest then the sensor sources
should be modeled considering the wave length in medium 1. Here, only one sensor source
is considered for representing the whole sensor material. This simplification is possible
because the sensor almost looks like a point source from the target position; the target and the
sensor dimensions are much smaller than the distance between them.

Figure 20 Sensor and target sources for 2 media case (Single sensor source)
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2.3.2

Result

Numerical results (the pressure field along the central axis of the acoustic lens)
obtained from the above model is shown in figure 21.

Figure 21 Pressure variation along the Z axis

This plot is similar to that shown in figure 16 & 17. However, one can see that when
both target and sensor sources are considered, the peak location is moved backward from 40
microns in figure 21 (generated by uniformly distributed target sources), to about 46 microns
in this figure.

That is because the transmission coefficients of each target sensor are

58

different. The Z-axis display starts from 104 microns. The origin is 104 microns (10 mm)
left of the target.
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2.4 Parallel wave case
2.4.1

Theory

Parallel waves from the sensor sources significantly contribute to the pressure field
near the focal point. Waves that do not travel parallel to the longitudinal direction of the lens
rod disperse, so it is difficult to predict their behavior and influence on the point of interest.
Furthermore those waves travel longer distances so their strengths decrease faster than the
parallel waves.
Only parallel waves are considered in this third program. The sensor source is
considered as a circular ring shape, therefore the area, which represents the strength of the
sensor, is proportional to the distance from the central axis.

θi = 90°
θt = 7.66°

θi = 77°

θt = 7.5°
θt = 6.11°

θi = 53°
θi = 36.5°
θt = 4.5°
θt = 3.05°
θt = 1.5°

40 micron

Figure 22 Parallel wave concentration

θi = 23.5°
θi = 11.5°
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As seen in figure 22, all parallel waves are concentrated in a small region between
45.3334 and 46.1169 microns from the interface center point. In other words, it is 5.3334 ~
6.1169 microns from the center of the target surface curvature.

Point of interest

40 micron

Figure 23 Trial and error methods to find the passing point

The program calculates pressure variation in the zone between 45.3334 and 46.1169
microns. The pressures can be calculated at any point of interest in this zone. The program
finds the point on the target surface through which the parallel wave passes. Then the
program calculates the distance from this point to the point of interest and to the sensor as
well.
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2.4.2

Result

Figure 24 Pressure along Z axis due to parallel waves

The theory in this case is complex but the result is simple; the pressure peak is located
at 46.1 microns from the interface. Since only parallel waves are considered, the curved
shape is stiffer in this case than the shape predicted by DPSM. However, the peak position
predicted by DPSM and by this program matched very well. Both predicted the peak to
occur near 46 microns.
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2.5 Diverging wave case
2.5.1

Theory

Some additional, challenging work has been carried out in this research to find the
behavior of the diverging waves as well. In this case, sensor sources are included in the
analysis as described below. Finding the passing point on the interface, for a given source
point, and the point of observation is the most difficult task. If the point of interest is placed
to the right of the center of curvature, then the wave passes closer to the central axis. When
the point of interest is located to the left of the center of curvature, then the passing point on
the target surface moves away from the central axis of the lens.

Sensor Source, S

θup
C

θ00

A

θ0

θturn'
B

θturn
θ2

O

θdn

I
Center of Curvature

Point of Interest

Figure 25 Point of interest before the center of curvature
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The problem description is simple; find the straight line between any single sensor
source and the point of interest. In Figure 25 the passing point is represented by A. A
straight line can be drawn between the center (O) and the passing point (A). The wave does
not go straight since the two media have different P wave speeds. In this case the incident
angle should be greater than the transmitted angle since medium 1 is sapphire and medium 2
is water. Thus the passing point should be closer to the central line. Let the real passing
point be located at point B and let θturn be the angle formed by arc length AB at the center of
curvature. The angle, θturn’, is formed at the point of interest by the same arc segment AB.

S

β

A

R

χ

α
B

Figure 26 Triangle in the medium 1
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For a triangle with its three vertices located on the circumference of a circle one can
show that
a
b
c
=
=
= 2R .
sin A sin B sin C

(24)

A

c
b
R

B

a

C

Figure 27 Sine Theory

The proof is straightforward and presented in the Appendix 1.

To satisfy Snell’s law in Figure 25 & 26 the incident angle θ00 should be larger than
the transmission angle θ2. In triangle SAB we can write the angle side-length relation.
2R =

SA
AB
BS
=
=
where R is the radius of the circumcircle in Figure 26.
sin(α ) sin( β ) sin( χ )
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The value SA is defined as SI – AI where SI is the length between the point of sensor
and the point of interest and AI is the length between the passing point on the target and the
point of sensor. AB is calculated easily from radius OA and the angle θturn (see figure 25).
Angle χ is calculated from π minus θup, where θup is [(π-θturn)/2 - θ0] for a given θturn.
Therefore SA, AB and χ are known for a given value of θturn.
In the relation 2 R =

θUP = (

(π − θ turn ) − θ
2

SA
AB
BS
=
=
,
sin(α ) sin( β ) sin( χ )

0

(25)

)
(26)

α = sin −1 (

SA
sin β )
AB

and α + β + χ = π, therefore

sin −1 (

SA
sin β ) + β + (π − θ up ) = π
AB

From this equation (27) β can be found.
After determining β and SA, point B can be obtained.

(27)
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S

β

B

I

Figure 28 Triangle in the medium 1 & 2

Similarly, considering the triangle SIB the side IB can be calculated. From the Figure
(28), SB and β are known. The straight line, SI, is also known, thus IB can be calculated.
Since the length between the sensor (S) and the passing point (B), and the length
between the passing point (B) and the point of interest (I) are known, the pressure at the point
of interest (I) can be calculated using the Rayleigh-Sommerfield integral.
The point of interest beyond the center of curvature can be calculated in the same
manner, the only difference will be in the θturn direction. The program finds the passing point
by changing θturn using a trial & error method.
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2.5.2

Result

In order to calculate each contribution from sensor sources to the point of interest, the
program finds the passing point on the target surface each time. The time consumed in this
trial and error process is extensive. Furthermore, the minimum number of sensor sources is
several hundred. Even if the symmetric condition is applied, it takes a couple of days in
which time the computer may crash and stop calculating. However, since this program is
trying to verify the relationship between the point of interest and the specific sensor source,
directly, the results would be the most accurate. But the process to find a passing point on
the target, especially for a curved target, requires a tremendous amount of computation time.
In the future, highly advanced computing techniques or the use of supercomputers and 64 bit
PC’s may alleviate the current computational difficulties that arise when trying to simulate
the pressure field generated by high frequency acoustic waves.
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3

Curve Fitting
3.1 Longitudinal direction

Figure 29 Pressure along the longitudinal or central axis, completed by DPSM

Among the four methods described in Chapter 2, the results from the two media cases
(Section. 2.3) are used to model the pressure variation. The central peak zone between 40
and 47 microns is the zone of interest. The center peak zone extended over about 13 microns
(40 to 53 micron) and is examined in detail in the following paragraphs.
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Figure 30 Pressure variation along the longitudinal or central axis near the peak
computed by DPSM

Figure 30 shows the shape of the central peak zone. The peak value is normalized
and the z-axis coordinate is translated so that the peak occurs at the origin of the longitudinal
axis for curve fitting convenience. Thus, the coordinate of the pressure peak is (0.0, 1.0).
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Figure 31 Pressure variation in front of the concave lens obtained by DPSM

Figure 31 shows the pressure on the XZ plane in front of the concave lens. Pressure
variations in both longitudinal and lateral directions are shown in this figure.
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The pressure variation near the focal point has been achieved.

Now it should be

represented in terms of an equation so that it can be used in a FORTRAN code to generate a
V(f) curve or voltage versus frequency curve.
In the MATLAB plot the Z-axis is the central or longitudinal axis. In FORTRAN
code, the peak position is the origin; therefore some modification is needed. First, the origin
of the horizontal axis should be the point where the pressure peak occurs. In the MATLAB
output it is located about 46 microns from the center point of the interface. Secondly, in
FORTRAN code the origin is the pressure peak point and the longitudinal positive direction
is towards the transducer, therefore in the new equation – X instead of + X should be used.
In Figure 32 circles represent the pressure field obtained by DPSM modeling and the solid
line is obtained by curve fitting. In this case a 4th order polynomial was used.
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Figure 32 Fitted Curve(continuous line), and results from DPSM computation(open circles)

Note that the fitted curve equation

y = 0.00017 Z4 + 0.00084 Z 3 - 0.031 Z 2 - 4.6e-5 Z + 0.99

(28)

should be written as

y = 0.00017 Z 4 - 0.00084 Z 3 - 0.031 Z 2 + 4.6e-5 Z + 0.99

for the FORTRAN program use.

(29)
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Figure 33 Fitted curve (continuous lines) and DPSM results (open circles)

The side view of the surface is shown by several continuous lines.
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Figure 34 Fitted curve surface and DPSM results (circles)

75

3.2 Curve fitting for the lateral direction

The next step of curve fitting is in the lateral direction. Several polynomial curves
were tried, but finally the exponential variation curve was found to be the most suitable to
model the pressure variation in the lateral direction.
(

Thus, in the lateral direction a variation of e

− x2
)
2×1.32

is taken.

Multiplying the

polynomial expression in the longitudinal (Z) axis and exponential variation in the lateral (X)
axis provides a surface to model the pressure variation on the XZ plane. In figures 35 and 36
the pressure obtained by DPSM and that obtained by the fitted curve are shown.
The equation for the pressure variation on the XZ-plane, obtained by curve fitting, is
given below. The Z-axis is the longitudinal axis and X is the lateral direction.
To make the pressure value 1 for z = 0, x = 0, a constant term 0.01 is added to the pressure
expression, as shown below.

Pr essure( x, z ) = (0.00017 z − 0.00084 z − 0.031z + 0.000046 z + 0.99) × e
4

3

2

(

− x2
)
2×1.32

+ 0.01 (30)
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Figure 35 Pressure variation near the focal point obtained by DPSM
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Figure 36 Pressure variation near the focal point obtained by curve fitting, equation
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Figure 37 Side view of the pressure field obtained by DPSM formulation
at a lateral section (XY plane) going through the focal point Z = 0
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Figure 38 Side view of the pressure field predicted by the fitted curve at Z = 0
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Figure 39 Side view of the pressure field predicted by the fitted curve at Z = 2 µm
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Figure 40 Side view of the pressure field predicted by the fitted curve at Z = 4 µm
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4

Find V(f) Curve using FORTRAN codes

4.1 FORTRAN codes

Several FORTRAN codes were developed by Prof. Kundu to compute cell properties
(longitudinal wave speed, attenuation and cell thickness) from the ELSAM generated
amplitude and phase data along a scan line. ELSAM is a scanning acoustic microscope
manufactured by the German company, Leica. These codes are composed of 5 parts.

File name
MANAGE2003

PHASE2003

VF2003

Description
Rearranges the real input amplitude into proper format and
makes necessary corrections if there is any error in the raw data
Rearranges the phase data, gets rid of the jumps and calculates
the approximate cell profile
Computes the V(f) curve
Computes the coefficients of the linear pupil function
Evaluates the longitudinal wave speed, thickness and attenuation

FINAL2003

of the cell as well as its density by the optimization scheme based
on simplex algorithm

SMOOTH2003

Filters the noise and produces the final results for plotting

Table 5 FORTRAN codes description
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4.2 Experimental Data

The raw input data are shown in figure 42. Along the scan line, 512 pixels are used to
compute the cell properties. 5 different frequencies ( 980, 990, 1010, 1040 and 1060 MHz )
were used in this analysis. In the phase graph, 256 grey scale is used instead of 2π radians or
360 degrees. The phase plot gives a rough estimate of the cell. The amplitude plot gives an
image of a cell. In Figure 44 cell images from amplitude and phase data are shown.
After running the FORTRAN programs, a more accurate estimate of the cell profile
and cell properties were obtained.
The cell is placed between pixels number 20 and 480. Outside that region only
substrate is located that reflects the acoustic waves from the lens. The FORTRAN program,
VF2003, calculates the V(f) curve of the substrate material using the voltage–frequency
relation on the substrate region. In this case it is between pixel numbers 1 and 20 and
between 480 and 512. In this analysis the zone between 480 and 512 is used to calculate the
V(f) curve of the substrate material. Figure 41 shows the V(f) curve obtained from the
VF2003 code.
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V(f)-amplitude
1.20E+02
1.00E+02
8.00E+01
6.00E+01
4.00E+01
2.00E+01
0.00E+00
9.80E-01

1.00E+00

1.02E+00

1.04E+00

1.06E+00

1.08E+00

V(f)-without pupil function
1.20E-03
1.00E-03
8.00E-04
6.00E-04
4.00E-04
2.00E-04
0.00E+00
9.80E-01

1.00E+00

1.02E+00

1.04E+00

Figure 41 V(f) curve

1.06E+00

1.08E+00
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Because of the immerse number of calculations in the FORTRAN code, it took more
than 15 hours to complete a single run, using the fastest desktop PC available in this research.
In order to reduce the computation time, a new data set was created. Every fifth pixel was
picked. Five adjacent pixels which are two pixels in front of it, the two pixels behind it and
the very pixel itself were used to find an average value for the five pixels. The new pixel
values were put into a new set of data. In this manner the input data set size was reduced by
80%. It reduced the calculation time by 80% as well. The new, simplified, reduced data set
has 103 pixels. The substrate regions are between 1 and 5 and between 99 and 103. The
V(f) curve for the substrate material is calculated using the pixel information between 99 and
103.
The results from a complete set of data and from the 1/5th set of data were found to be
almost identical.
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Figure 42 Amplitude and phase data set for 512 pixels from ELSAM
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Figure 43 Amplitude and phase data for the reduced dataset (103 pixels) from ELSAM
using average value out of 5 neighboring pixel data

88

Figure 44 Acoustic microscope-generated amplitude (top) and phase (bottom) images
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4.3 Pressure Variation

In the original program, the pressure peak near the focal point is assumed to have an
expression, F ( x, z ) =

1
x2 + z 2

×

rTsf (θ s )

(cosθ

f

− µ cosθ s )

(31)

see equation (31)
Note that at the focal point, x = 0, z = 0, the pressure becomes infinity. In Figure 45,
the singular term f ( x, z ) =

1
x2 + z 2

of the pressure field is shown. The pressure field,

F(x,z), is also singular at x = z = 0.

Figure 45 f(x,z) term in the pressure field
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The previous equation is replaced by the new expression:

F ( x, z ) = (0.00017 z − 0.00084 z − 0.031z + 0.000046 z + 0.99) × e
4

3

2

(

− x2
2×1.32

)

+ 0.01

(31)

This was obtained by curve fitting the DPSM generated pressure field.

Figure 46 Pressure field by the modified FORTRAN code

In the FORTRAN codes used here only the curve shape has significant meaning. The
magnitude and absolute peak value do not contribute to the result. Therefore the equation
has been multiplied by the factor of 104 for the convenience of putting into programs.
F ( x, z ) = (1.7 z − 8.4 z − 310 z + 0.46 z + 9900) × e
4

3

2

(

− x2
)
2×1.32

+ 100

(32)
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4.4 Results
Comparison between 512 pixel case and 103 pixel case (Z0 = 2.0 micron)
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Figure 47 Result with 512 pixel case (Z0 = 2.0 micron)
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Figure 48 Result with 103 pixel case (Z0 = 2.0 micron)
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Figures 47 and 48 show the cell properties (top plot), P-wave speed variations
(middle plot) and attenuation variation (bottom plot) in a biological cell obtained by the
original program (thin line) and modified program (thick line). Figure 51 shows results
obtained from the complete set of the experimental data and Figure 52 presents results
obtained from the modified set that is reduced to 20% of its original size. Note that the two
sets of figures are almost identical. Thus the data reduction does not have much effect on the
final results.
The cell profile has a fried egg shape. The peripheral region is the thin lamellar
region. Typical thickness of the lamellar region is 1 µm or less. A relatively thicker (>1 µm)
region is the nucleus region. Note that the original program under-predicted the nucleus
region and over-predicted the lamellar region.
Variation in the P-wave speed shows a drastic difference.

When the program is

modified, a significant reduction in the P-wave speed in the nucleus region is noticed. Since
the nucleus material properties are closer to water, it is expected that the P-wave speed in the
nucleus region should be close to 1.5 km/sec and the normalized attenuation should be close
to 1. In the plot, the attenuation value is normalized with respect to that of water. The
modified program gives values close to these two expected values. In the lamellar region
both P-wave speed and attenuation are expected to be higher and the predicted values show
that trend.
The modification described in this discussion definitely improved the prediction of the
cell properties because it brought the predicted nucleus properties closer to that of water.
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The unexpected high P-wave speed prediction in the nucleus region provided by the original
program is what prompted this investigation. This study shows the importance of correctly
modeling the ultrasonic pressure field near the focal point of the acoustic microscope lens, in
accurately predicting biological cell properties.
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5

Study of the effect of drugs on living biological cells

Three sets of experiments were carried out on living biological cells at the Kinematic
Cell Research Group, Biocenter, J. W. Goethe University, Frankfurt am Main, Germany.
The new program is used to analyze those experimental data and estimate the cell
properties.
A living cell, called HaCaT, on a plastic substrate was investigated. Figure 53 shows the
acoustic image of the HaCaT cell. A black diagonal line on the cell image shows the scan
line along which cell properties are obtained. For 6 different frequencies (980, 1000, 1020,
1040, 1060 and 1080 MHz) the cell was scanned at three different times.
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Figure 49 Acoustic image of a HaCaT cell
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The first set of scans were carried out at time T1 = 0 and the second set of scans were
completed at time T2 = 30 minutes to study the change in the living cell profile and its
properties with time in a natural environment. Ten minutes after the second scan, the drug
(cytochalasin D, 1 µg / µL) was applied to the surrounding environment of the cell. This was
repeated 50 minutes later, that is 60 minutes after the second scan, at time T3 = 90 minutes.
The drugged cell was then scanned for the third time to study the effect of the drug on the
cell. Table 6 shows the properties of the coupling fluid and the substrate material used in the
experiment.

Material

P-wave Speed
(km/s)

S-wave Speed
(km/s)

Density
(gm/cc)

Attenuation (normalized with
respect to that of water)

Coupling Fluid

1.5

0

1.0

1.0

Lens Material

11.1

6.25

4.0

0

Substrate
Material

2.37

1.15

1.04

0.06

Table 6 Properties of the coupling fluid (saline solution), the lens material (sapphire) and the
substrate material (plastic).
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Before inverting the amplitude and phase curves along a scan line using the simplex
algorithm to obtain the cell properties [Kundu (1991), Kundu, Bereiter-Hahn and Hillmann
(1991), Kundu, Bereiter-Hahn and Karl (2000)], the upper and lower bounds of the P-wave
speed and attenuation of the cell material were estimated. The values shown in table 7 were
estimated based on past experiences.

Unknown Parameters

Upper Bound

Lower Bound

P-wave Speed (km/s)

1.8

1.5

Attenuation (normalized
with respect to water)

5.8

1.0

Table 7 Bounds of the unknown parameters.
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5.1 Predicted cell properties
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Figure 50 Predicted thicknesses for HaCaT cell
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Figure 51 Predicted P-wave speed for HaCaT cell
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Figure 52 Predicted attenuations for HaCaT cell
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Figure 53 Predicted properties of HaCaT cell
( Left column with new program, right column with old program )
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5.2 Result Comparison

It is known that cytochalasin D reduces the stiffness of the cell membrane and causes
swelling of the cell. The observed increase of the cell thickness in the nucleus region after
drug application is consistent with this expectation.
Low attenuation and wave speed values (close to those of water) in the nucleus region
obtained with the new program, make the new program predictions more reliable than the old
program prediction.
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6

Conclusion

An acoustic microscope has been modeled by a semi-analytical technique called
Distributed Point Source Method(DPSM). The acoustic pressure field in front of the acoustic
microscope lens is thereby computed.
This pressure field is used to obtain biological cell properties from the voltage versus
frequency or V(f) data by an optimization technique called simplex algorithm. Predicted cell
properties show significant improvements when accurate an acoustic pressure field is used.
This investigation shows the importance of accurately modeling the acoustic microscope
lens, when predicting the material properties of small specimens.
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APPENDIX A

Sine theory in a triangle

For a triangle with its three vertices located on the circumference of a circle one can
show that
a
b
c
=
=
= 2R
sin A sin B sin C

(32)

The proof is straightforward and presented in the Appendix 1.
A

c
b
R

B

a

C

Figure 54 Sine Theory
a
b
c
=
=
= 2R
sin A sin B sin C

(33)
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A
A'

2R
O

B

C

a

Figure 55 Sine Theory ( ∠A < 90° )

A

B
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C
O

2R

Figure 56 Sine Theory ( ∠A > 90° )

A'
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A

B

C
O
2R

Figure 57 Sine Theory ( ∠A > 90° )

When angle A is smaller than 90 degree (Figure 28) angle A is same as angle A’.
Since ∠A’CB = 90° sin A = sin A' =

a
BC
a
therefore ∴
= 2R
=
sin A
BA' 2 R

(34)

When angle A is larger than 90 degree (Figure 29) angle A is 180 - ∠A’. Since

(

)

∠A’CB = 90° sin A = sin 180o − A' = sin ( A') =

a
a
= 2R
therefore ∴
sin A
2R

(35)

When angle A is 90 degree (Figure 30) angle A is 90°. sinA = 1, a=2R therefore
∴

a
= 2R
sin A

(36)
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APPENDIX B

Instruction Manual for Running Cell Characterization Programs

Purpose of the Programs: It computes cell properties (longitudinal wave speed, attenuation
and cell thickness) from the ELSAM generated amplitude and phase data along a scan line. It
needs both amplitude and phase data for at least five (and at the most 6) frequency (f) values.

Number of amplitude and phase data points [V(f) and P(f)] along a scan line should not
exceed 600 each.

One needs to run five programs manage2003, phase2003, vf2003, final2003 and
smooth2003 to get the cell properties. Input and Output files of each program are described

below. All programs should be stored under the same directory. One sample set of input and
output data files are stored under the subdirectory Data files.
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Manage2003

Objective: This program rearranges the raw input amplitude data into proper format required
for the program "vf2003" and "final2003". It also makes necessary corrections if there is any
error in the raw data due to the inclination of the substrate.
Input files: One input file (name input0.dat) gives information such as the number of
frequency values, pixel values etc. Amplitude data are given in the input file amplitude.dat

File 1: input0.dat
Sample –
5
512 1
3
1
20 480 512
1.5 1.65
first line: nfreq, n, nopt, nsub
second line: n1,n2,n3,n4
third line: alff, alfc
(The numbers that are typically changed from one experiment to the next are underlined).
nfreq - it is the number of frequency values for which voltage and phase values are created. It
should be 5 or 6.
n - it is the number of pixels or voltage values at each frequency point. It should be 600 or
less.
nopt – Set this value to 1 for necessary corrections.
[However, if no correction of V(f) data is necessary then put nopt = 0. When nopt = 1 then
error due to the inclination of the substrate is subtracted from the V(f) data file].
nsub - It can be 1, 2 or 3. If the line scan covers the entire cell, or both ends of the line scan
are on the substrate material then nsub is 3, otherwise it is 1 or 2.
[If only the side which has pixel 1 is on the substrate material then nsub = 1. If only the side
containing the pixel n is on the substrate material then nsub = 2. If nsub = 3 then define the
substrate region n1 to n2 and n3 to n4. Otherwise (for nsub = 1 or 2), define the substrate
region n1 to n2 and give any value for n3 and n4. Note that if the substrate is located
somewhere in the middle of the data file then set n value such that the pixel n corresponds to
the substrate. For nopt=0, give any value (1, 2 or 3) of nsub, it does not matter.]
n1, n2, n3, n4 - These values define the cell and substrate regions. The substrate lies
between n1 and n2 on the left side of the cell and between n3 and n4 on the right side of the
cell. This is the case for nsub = 3.
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[If nsub = 1 or 2 then the substrate material lies in the region n1 to n2. In this case (for nsub
= 1 or 2) phase data is averaged between n1 and n2 and this average value is then subtracted
from all phase values so that the phase for the substrate material becomes approximately
equal to zero. Note that n2 must be greater than n1. If n2 is less than n and nsub = 2 then
simply set n=n2, then the program ignores all data points beyond n2. When nsub = 3, then
the program fits a straight line in a least squares error minimizing sense through the phase
values in the regions n1 to n2 and n3 to n4 and then substracts this straight line. Thus any
inclination of the substrate along a scan line is corrected. For nopt=0, give any value of n1,
n2, n3 and n4 (say 1 and 2) those are not used by the program.]
alff – P-wave speed in the coupling fluid. For water this value is 1.5 km/s.
alfc – Set this value to 1.65.
[It is an approximate value of the P-wave speed in the cell, it is used to get an estimate of the
cell thickness from the phase data corresponding to the first five frequency values when nopt
= 1. For any cell you can simply put alfc = 1.65 or 1.6].
file 2: amplitude.dat
Sample –

1
2
3
4
5
.
.
.
508
509
510
511
512

980
117
117
116
116
116

990
102
103
102
102
101

1010
79
80
80
80
80

1040
46
46
47
47
47

1060
48
47
48
49
49

98
99
99
99
99

97
98
99
99
100

88
88
87
88
88

84
84
84
84
84

72
73
72
72
72

The first line gives the frequency values in MHz.
Second line onwards give pixel value (first entry) and voltage amplitude values at the
specified frequencies (subsequent values). For 5 frequency values there should be 5 voltage
values in each line.
Output file: The output data are stored under file name Output0.dat. The program
‘manage2003’ puts the pixel and amplitude values in this file after necessary corrections for
substrate inclination.
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Sample –
1.
2.
3.
4.
5.
6.

116.
116.
115.
115.
115.
115.

102.
103.
102.
102.
101.
102.

79.
80.
80.
80.
80.
80.

47.
47.
48.
48.
48.
49.

48.
47.
48.
49.
49.
49.

82.
83.
83.
83.
83.

95.
96.
97.
97.
98.

76.
76.
75.
76.
76.

48.
48.
48.
48.
48.

47.
48.
47.
47.
47.

.
.
508.
509.
510.
511.
512.
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Phase2003
Objective: This program rearranges the phase data, getting rid of the jumps between 0 and
256 in the gray scale (which is equivalent to the jump between 0 and 360 degree).
Rearranged data is used in program final2003. It also calculates the approximate cell profile.
Input files:

File 1: input0.dat
This file is same as the input0.dat of the manage2003 program.
File 2: phase.dat
Sample –

1
2
3
4
5
.
.
508
509
510
511
512

980
173
173
173
173
172

990
221
222
223
223
224

1010
178
178
179
179
179

1040
18
18
20
20
20

1060
9
10
11
11
13

35
36
36
36
36

243
242
242
241
241

197
197
197
197
197

54
54
54
54
53

49
49
49
49
48

The first line gives the frequency values in MHz.
Second line onwards give pixel value (first entry) and phase values at the specified
frequencies (subsequent entiries). For 5 frequency values there should be 5 voltage values in
each line.
Output files: The output data are stored under file names outp0.dat and outp1.dat.

File 1: Outp0.dat
The program ‘phase’ puts the pixel and phase values in this file after necessary corrections
for substrate inclination and phase jumps.
Sample –
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1.
2.
3.
4.
5.

5.
4.
3.
3.
1.

-1.
-1.
0.
-1.
-1.

1.
0.
1.
0.
0.

0.
-1.
1.
0.
0.

-2.
-1.
-1.
-1.
0.

.
.
508.
509.
510.
511.
512.

82.
82.
82.
81.
81.

-8.
-9.
-10.
-11.
-12.

-9.
-9.
-10.
-10.
-11.

-8.
-8.
-9.
-9.
-10. -10.
-10. -10.
-12. -12.

[File 2: Outp1.dat

A rough estimate of the cell profile based on the phase data and P-wave speeds provided on
the third line of the input file input0.dat are calculated by the program phase and stored in
this file. These data are not used in subsequent programs.
Sample –
1.0000
2.0000
3.0000
4.0000
5.0000

0.1505
0.1313
0.1120
0.0928
0.0407

0.0449
0.0306
0.0163
0.0345
0.0202

0.0262
0.0083
0.0223
0.0044
0.0135

0.0010
0.0193
0.0243
0.0059
0.0124

0.0481
0.0358
0.0236
0.0417
0.0009

.
.
508.0000
509.0000
510.0000
511.0000
512.0000

2.6985
2.7121
2.6929
2.6737
2.6544

0.2535
0.3043
0.3226
0.3734
0.3917

0.2746
0.2925
0.3104
0.3283
0.3462

0.2624
0.2808
0.2991
0.3175
0.3668

0.2547
0.2728
0.2910
0.3091
0.3577]
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vf2003
Objective: This program computes the V(f) curve of an uniform half-space or a layered halfspace. If experimental V(f) values are given as input then the program computes the
coefficients aa and bb of the linear function pupil(f)=aa+bb*f which is multiplied by the
computed values to bring the theoretically computed values closer to the experimental
values. For normal use this program is used only to evaluate ‘aa’ and ‘bb’, which are given
as input to the next program final2003.
Input file

File 1: input.dat
Sample –
1
5
480
512
100.0 1.04 2.37
1.0 1.5 57.8
4.00
2.0 40.0 50.0
0.980 1.08 0.001

1.15
11.1

999.0
6.25 99999999.9

First Line: nlayer, nfreq, nstart, nend
Second Line: thk(m), rho(m), alf(m), beta(m), q(m)
Third Line: rho0, alf0, q0, rhos, alfs, betas, qs
Fourth Line: z, r, anglns
Fifth Line: f0, ffinal, df

nlayer = number of layers including the half-space
nfreq is the number of frequency values at which V(f) values are given.
nstart and nend are pixel numbers between which (including nstart and nend)
the experimental V(f) values on the substrate are used for averaging.
[If you are not using experimental values then assign any numbers to nstart and nend]
thk(m), rho(m) ,alf(m), beta(m) and q(m) are thickness, density, P and S wave velocities and
quality factor (related to attenuation) of the layers and substrate of the specimen. If it is a
uniform half-space then, then m = 1, and only the substrate properties come here.
rho0, alf0, q0 and rhos, alfs, betas and qs are properties of the coupling fluid and the lens
material, respectively.
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z is the defocus distance: set z = 2 if the lens is focused on the substrate or if the defocus
distance less than or equal to 2 micron. For larger defocus distance set that value for z.
r = radius of curvature of the lens in micron.
anglns = half angle of the lens in degree.
fo, ffinal and df are starting, final and incremental value of the frequency for which the
theoretical V(f) curve is computed by the program Vf2003.
[Files 2 and 3: amplitude.dat and output0.dat
These two files are identical to those defined under the program manage2003.]
Output file (Output.dat and Coeff.dat):
[Coeff.dat

Sample –
0.428098E+06 -.358325E+06
5
0.9800000 0.9900001
1.010000

1.040000

1.060000

This file gives the values of the coefficients aa and bb in the first line, number of frequency
values in the second line and those frequencies (in GHz) in the third line. These values are
used as input in the next program final2003.
Output.dat

Sample –
****** COMPUTED DATA ******
f=
f=
f=
f=
f=

0.980 avg. v=
0.990 avg. v=
1.010 avg. v=
1.040 avg. v=
1.060 avg. v=

114.303
97.970
77.788
49.485
48.576

Coefficients a & b of the linear function are
0.428098E+06 -.358325E+06
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f
V(f)-amplitude V(f)-without pupil f
0.9800E+00
0.1110E+03
0.1442E-02
0.9810E+00
0.1098E+03
0.1434E-02
0.9820E+00
0.1086E+03
0.1425E-02
0.9830E+00
0.1075E+03
0.1417E-02
Average values of the experimental voltage amplitudes on the substrate at different
frequencies are shown first. Then the coefficient values aa and bb are shown. Finally the
theoretically computed values are presented. This file is not used as the input file of the next
program.]
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Final2003

Objective: This program evaluates the longitudinal wave speed, thickness and attenuation of
the cell as well as its density so that the computed V(f) matches with the V(f) given in the
input. This is done by an optimization technique called the simplex algorithm. The number
of frequency values at which voltage and phase values are given should be 5 or 6. In this
program the cell is modeled as a single layer material.
Input Files (input2.dat, coeff.dat, output0.dat, outp0.dat):

File 1: Input2.dat
Sample –
0.01 0.1
1.0 1.5
50 2
2.0 40.0
20 480
1.8 57.8
1.5 10.0
1.7 40.0
1.6 20.0

0.8
57.8

4.0

11.1

6.25

999999.9

1.04

2.37 1.15 999.0

50.0
1.1
1.02
1.06
1.04

First Line: thkf, factop, facn
Second Line: rho0, alf0, q0, rhos, alfs, betas ,qs, rhosub, alfsub, betasub, qsub
alff,rhof,af,alfs,rhos,rhoc
Third Line: ntrial, ntime
Fourth Line: zsub, r, anglns
Fifth Line: n2, n3
Sixth Line: pmax(1),pmax(2),pmax(3)
Seventh Line: pmin(1),pmin(2),pmin(3)
Eighth Line: probmax(1),probmax(2),probmax(3)
Ninth Line: probmin(1),probmin(2),probmin(3)
thkf = thickness of the liquid layer between the cell and the substrate if this liquid layer is
absent then set thkf = zero.
factop and facn: these values are not used in the program final2003 but is used in the
program final2003multi where the central region of the cell is modeled as a three-layered
specimen. factop and facn are the factors that are multiplied by the estimated cell thickness
(from the output of program final2003) to get the thickness of the cell region above the
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nucleus and the thickness of the nucleus. Typical values for these variables are 0.1 and 0.8,
respectively.
rho0, alf0, q0 and rhos, alfs, betas and qs are properties of the coupling fluid and the lens
material, respectively. rhosub, alfsub, betasub and qsub are properties of the substrate
ntrial = maximum number of iterations allowed, a typical value is 50.
ntime = number of times the calculations are repeated with an initial simplex geometry. [Its
value can be 1, 2, 3 or 4. A typical value is 2. However, for better accuracy set ntime = 4.]
zsub is the defocus length with respect to the substrate.
[This value should be identical to the z value of the input file input.dat of program vf2003.]
r = radius of curvature of the lens in micron.
[This value should be identical to the r value of the input file input.dat of program vf2003.]
anglns = half angle of the lens in degree.
[This value should be identical to the anglns value of the input file input.dat of program
vf2003.]
n2 and n3 are starting and final pixel values over the cell. The cell properties are computed
between n2 and n3.
pmax(1), pmax(2), pmax(3) are absolute upper bounds of the longitudinal wave speed of the
cell [pmax(1)], quality factor (proportional to the inverse of attenuation) of the cell
[pmax(2)], and density of the cell [pmax(3)].
pmin(1), pmin(2), pmin(3) are absolute lower bounds of the longitudinal wave speed of the
cell [pmin(1)], quality factor (proportional to the inverse of attenuation) of the cell [pmin(2)],
and density of the cell [pmin(3)].
probmax(1), probmax(2), probmax(3) are probable upper bounds of the longitudinal wave
speed of the cell [probmax(1)], quality factor (proportional to the inverse of attenuation) of
the cell [probmax(2)], and density of the cell [probmax(3)].

probmin(1), probmin(2), probmin(3) are probable lower bounds of the longitudinal wave
speed of the cell [probmin(1)], quality factor (proportional to the inverse of attenuation) of
the cell [probmin(2)], and density of the cell [probmin(3)].
It should be noted here that pmax(i)>probmax(i)>probmin(i)>pmin(i), for i=1,2 & 3.
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Other input files coeff.dat, output0.dat and outp0.dat are generated by the programs
described earlier.
Output Files (output2.dat and output4.dat): Some input data and all predicted cell
properties are stored in the file output2.dat and only the predicted cell properties are stored in
the file output4.dat. Data stored under output4.dat are used in the next program smooth and
final2003multi. Values stored under output2.dat are not used in those programs
Output2.dat
Sample file –

****** Input Data *******

9.9999998E-03
5
50
2
0.9800000 0.9900001
428098.0 -358325.0
n2 and n3 are

1.010000

1.040000

1.060000

20 480

Total number of experimental V(f) values at a given horizontal position= 5
material properties are calculated for461 horizontal positions (or x values)

upper bounds of P-wave speed, atten. and density = 1.800000 57.799999 1.100000
probable upper bounds of these variables are: 1.700000 40.000000 1.060000
probable lower bounds of these variables are: 1.600000 20.000000 1.040000
lower bounds of P-wave speed, atten. and density = 1.500000 10.000000 1.020000

******** COMPUTED DATA ********

pixel

wave spd.

atten.

density

thkns

upr bound low bnd

error iteration

0.200E+02 0.156E+01 0.467E+02 0.106E+01 0.406E-01 0.928E-01 0.000E+00 0.504E+01 1
0.210E+02 0.159E+01 0.306E+02 0.105E+01 0.187E-01 0.928E-01 0.000E+00 0.469E+01 11
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0.220E+02
0.230E+02
0.240E+02
0.250E+02

0.156E+01
0.163E+01
0.162E+01
0.159E+01

0.393E+02
0.314E+02
0.305E+02
0.351E+02

0.106E+01
0.106E+01
0.104E+01
0.104E+01

0.426E-01
0.417E-01
0.426E-01
0.662E-01

0.928E-01 0.235E-01 0.489E+01
0.947E-01 0.000E+00 0.513E+01
0.142E+00 0.239E-01 0.454E+01
0.142E+00 0.247E-01 0.466E+01

8
7
13
11

0.467E+02
0.306E+02
0.393E+02
0.314E+02
0.305E+02
0.351E+02

0.106E+01
0.105E+01
0.106E+01
0.106E+01
0.104E+01
0.104E+01

0.406E-01
0.187E-01
0.426E-01
0.417E-01
0.426E-01
0.662E-01

0.928E-01 0.000E+00 0.504E+01
0.928E-01 0.000E+00 0.469E+01
0.928E-01 0.235E-01 0.489E+01
0.947E-01 0.000E+00 0.513E+01
0.142E+00 0.239E-01 0.454E+01
0.142E+00 0.247E-01 0.466E+01

1
11
8
7
13
11

output4.dat

Sample file –
0.200E+02
0.210E+02
0.220E+02
0.230E+02
0.240E+02
0.250E+02

0.156E+01
0.159E+01
0.156E+01
0.163E+01
0.162E+01
0.159E+01
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Smooth

This program filters the noise and produces the final results for plotting.
Input files (input3.dat, output4.dat or output6.dat)
File 1: input3.dat
Sample –

20

480

0

15

First Line: n2, n3, multi, nsmooth
n2 = starting pixel value
n3 = final pixel value
multi = 0 when the cell is modeled as a single layer material
and it is equal to 1 when the cell is modeled as multilayered object.
nsmooth is the number of points that are averaged for making a smooth curve. Larger the
value of nsmooth smoother the curve is. A typical value of nsmooth is 15.
Other input file output4.dat or output6.dat are generated by final2003 or final2003multi
programs.
Output file:
Output3.dat:
Sample –
pixel
thickns speed
atten
density
error
27. 0.519E-01 0.158E+01 0.180E+01 0.105E+01 0.468E+01
28. 0.647E-01 0.158E+01 0.180E+01 0.105E+01 0.454E+01
29. 0.663E-01 0.157E+01 0.182E+01 0.105E+01 0.449E+01
30. 0.742E-01 0.157E+01 0.182E+01 0.105E+01 0.453E+01
31. 0.109E+00 0.156E+01 0.185E+01 0.104E+01 0.447E+01
32. 0.140E+00 0.156E+01 0.186E+01 0.104E+01 0.449E+01
33. 0.170E+00 0.155E+01 0.183E+01 0.104E+01 0.443E+01
.
.
470. 0.284E+00 0.154E+01 0.165E+01 0.104E+01 0.435E+01
471. 0.254E+00 0.154E+01 0.166E+01 0.104E+01 0.441E+01
472. 0.223E+00 0.154E+01 0.165E+01 0.104E+01 0.447E+01
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473. 0.206E+00 0.154E+01 0.165E+01 0.104E+01 0.447E+01
Predicted thickness (in micron), wave speed (in km/s), attenuation (normalized with respect
to the attenuation of water) and density (in gm/cc) are shown in this file.
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APPENDIX C

Description of DPSM (MATLAB) codes

final
This program computes the acoustic field in fluid 2 for normal incidence of the acoustic
pressure at the interface of fluids 1 & 2. The transducer is located in fluid 1 – transducer face
is parallel to the interface. This program calls two programs – geomUS, geomUS1,
geomUS2 or geomUS3 and sourcus or sourcus2

geomUS1
It defines the transducer face and it generates the mesh of point sources. The transducer face
is located in the XY plane. X-dimension should be much greater than the Y-dimension to
approximately model the 2-dimensional problem. Lx and Ly (Sensor dimensions along x and
y directions) will depend on the frequency. Assign these values such that the mesh generated
in Figure 1 shows only one line of point sources along the X-direction. If Ly is too large or
too small and the point sources are distributed over a two dimensional space, that is not
desirable. For 5 MHz transducer, Lx=6.4e-3 meter and Ly=1e-4 meter work.
geomUS1 defines the topology of the problem in the case of a rectangular transducer of
dimension of Lx × Ly = S represented by n=nx×ny sources. The elementary sources specific,
but are defined by the speed of emission, and a boundary condition to calculate the pressure
which corresponds to the ray of the source.

geomUS
It defines the topology of the problem in the case of a rectangular transducer of dimension of
Lx × Ly = S, represented by n=nx×ny sources, the elementary sources specific, but are
defined by the speed of emission, and by a boundary condition to calculate the pressure
which corresponds to the ray of the source.

124

geomUS2
It defines the topology of the problem in the case of a circular transducer of ray internal R1
and external R2, represented by n sources, the elementary sources specific, but are defined by
the speed of emission, and by a boundary condition to calculate the pressure which
corresponds to the ray of the source.

geomUS3
It defines the topology of the problem in the case of a transducer in spherical cavity, ray R,
aperture PHI, represented by n sources, the elementary sources specific, but are defined by
the speed of emission, and by a boundary condition to calculate the pressure which
corresponds to the ray of the source.

sourcUS2
It computes the ultrasonic response in fluid or medium 2 beyond an interface for a single
point source located on the transducer face. The transducer is located in fluid or medium 1;
the transducer axis is normal to the interface. The program is good for 2-dimensional
response in the x-z plane (y=0). The interface is located at z=0 plane, the transducer face is
located at z=-z0 plane. Central axis of the transducer (z-axis) passes through the origin of the
coordinate system. Problem geometry and solution is y-o\independent.

sourcUS
It calculates the acoustic pressure in the point of X, Y, Z due to a single elementary US
source located at the co-ordinates center x, center y, center z. Elements X, Y, Z are scalars or
matrices. (case of a grid 3D with mesh grid for example) The elementary source of surface
de emits a wave speed v sinusoidal in a half space.
Caution: dimensions of the sensor are expressed in meters.
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multiUS
It determines the acoustic pressure due to a whole of elementary sources laid out in space to
represent a transducer.

multiUS2
It determines the acoustic pressure due to a unit of elementary sources laid out in space to
represent a transducer.

multiUSp
It determines the acoustic pressure due to a whole of elementary sources laid out in space to
represent a transducer. The function optimizes the speed of each source so that the pressure
at the top of each demi-sphere (real surface of the transducer) is constant on the transducer.

multiUSv
It determines the acoustic pressure due to a whole of elementary sources laid out in space to
represent a transducer. The function optimizes the speed of each source so that the speed at
the top of each demi-sphere (real surface of the transducer) is constant on the transducer.
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