










































































































































































































































































































































































































































































































































































- 50 % Backing, 0 Thickness Ratio
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Fig (7.13): The normalised pressure magnitude in the front face of LiNbO; transducer

for both the FEM analysis and the mathematical model (simulated using MATLAB).
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Fig (7.14): The normalised pressure magnitude in the front face of LiNbOj; transducer

for both the FEM analysis and the mathematical model (simulated using MATLAB).
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50% Backing, 0.5 Thickness Ratio
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Fig (7.15): The normalised pressure magnitude in the front face of LiNbOs transducer

for both the FEM analysis and the mathematical model (simulated using MATLAB).

All the previous graphs show good agreement between the FEM analysis and the
mathematical model. Slight differences can be seen between the two approaches. This
might be due to the fact that assumptions were made in the linear systems model to
simplify the analysis, as mentioned at the beginning of this Chapter. However, the close
agreement between the two data sets in all cases seems to confirm the validity of the

linear systems model theory.
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To check the effect of the electrical load on the output force or pressure, the impedance
Z, was changed from 50 to 150 ohm. The resulted normalised pressure magnitudes are

shown in Figs 7.16 and 7.17.

09

150 ohm, Matched Backing

— 0 Thickness Ratio
08p A 0.3 Thickness Ratio | -
1‘! === 0.5 Thickness Ratio

0.7F

06

Normalised Pressure

0 50 100 150
Frequency (MHz)

Fig (7.16): The normalised pressure magnitude for Z, = 150 ohm.
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150 ohm, 50% Backing
1 : ;

0.9

— 0 Thickness Ratio
------ 0.3 Thickness Ratio |-
~== (.5 Thickness Ratio

Normalised Pressure

Frequency (MHz)
Fig (7.17): The normalised pressure magnitude for Z, = 150 ohm,

The previous two graphs, when compared to the previous cases with Z, = 50 ohm, show
that changing the electrical circuit connected to the transmitter will alter the peak values.
In this case it is also clear that the decrease of the peaks values when the backing was

changed from 50% to matched backing, will be approximately the same for all the cases

whether the inversion layer is absent or presence.

The presence of the inversion layer improved the sensitivity of the transmitter as was the

case for the receiver.
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7.3.4 The Pulse-Echo Mode:

In the pulse echo mode the same transducer is used for transmission and then reception.
The transfer function in this case is the product of the transfer function of the transmitter
and the receiver, i.e. the product of equations 7.28 and 7.17a. To check the pulse width
for the pulse-echo mode, the IFFT was performed to obtain the time domain using the
parameters in table 7.4. The pulse widths were calculated for both matched and 50%
backing and are shown in Fig (7.17a). The pulse width was approximately the same
whether the inversion layer was present or absent, giving a value of 80 and 190ns for

matched and 50% backing respectively.
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Fig (7.17a): The time response for the pulse-echo mode for matched and 50% backing

and different thickness ratio.
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7.4 Electrical Impedance Analysis:

The expression giving the electrical impedance of the transducer in equation 7.26 was

found to be:

1 h*C T T C
Zr(s)= l- S IKuG).X £ + Kgi(s). 2+e™ -e™
T (s) sCo{ e [ Kn (s) 5 O] 5 1}

This expression gives the transfer function of the relation between the voltage across the

transducer and the current.
The electro mechanical coupling coefficient, k, for a piezoelectric material is a measure

of the efficiency of the device when converting the electrical voltage to mechanical

displacement and vice versa; and is defined as:

85 12
3
k=h3 | <
[YD33:|

All the suffixes have been defined previously.

Rewriting the above formula after dropping the suffixes yields:

torls
Y

The permittivity, , is related to the capacity C, as follows:

And the elastic constant, Y , is related to the longitudinal velocity vc as follows:

Py

Y=vc?p

Using these relationships and noting that L/'vc =T, Z¢ = A" vc p, we obtain:
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k3Zc

h?C, =
T

7.30

Substituting equation 7.30 into the equation defining Zr we may write:

1 k? Zc
Zr(s)= 1-—[K . X
T, U7 [Kn. X o
+ Kgi (s). Ze +e¥-e )} 7.31

Zec+7Z2
Consider the device to be operating in the mechanically free state. This situation is
approximated by an air medium surrounding the transducer, i.e. air backing and air load.
In this case both Rg and Rp are equal to unity and Z1 = Z2 = 0. Consequently, equation
7.31 for the transducer impedance incorporating a front face inversion layer may be

rewritten as follows:

K

2 ~ “~
zT(s>=—(-1:— (1- % [Kn ) Xo+Kn ). +e"-e ]} ——7.32

5Co

Where:

Xo=-1+e% +e¢™™

_2e-sT +2e—st‘ _1+2e—25Test‘ _e-ZsT

Kro(s) = 1-o 2T

3 - o e
2T —2e e +1-2eTe™ +e
l_e-ZsT

Kpo(s) =

Substituting for t* = 0 for no inversion layer in equation 7.32 yields:
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Zr)=—{1- — - — 1)

r (=) sC, { sT f g 1-¢
Rearranging the above equation gives:

Z(S)__l_{l__Zk_?'[l—e_ST]} — TR

) sC, sT " 1+e™

This is the same equation found by Hayward [35], for a normal transducer with no
inversion layer.

Substituting s = j 2xf in equation 7.32 and plotting the magnitude of the impedance for
different thickness ratios, gives the graphs shown in Fig 7.18. The parameters used are

listed in table 7.5.

Table (7.5): The Lithium niobate transducer parameters for the impedance simulation.

Z1 P ve I L Co

MRayl | MRayl . m/s mm mm | PF
0

=0 =0 0.48 | 7340. | 0.078 |0.26 | 133.

(Air) (Air) 0.13

185
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Fig (7.18): The impedance plot for different thickness ratios.

The results in Fig 7.18 are similar to those obtained by the FEA (Fig 6.3).

Plotting the impedance magnitude obtained from the FEM analysis and the mathematical

model for the different thickness ratios gives the results shown in Figs 7.19-7.21.
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Fig (7.19): The impedance magnitude of both the FEM and the mathematical analysis

(simulated using MATLAB) for 0 thickness ratio.
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Fig (7.20): The impedance magnitude of both the FEM and the mathematical analysis

(simulated using MATLAB) for 0.3 thickness ratio.
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Fig (7.21): The impedance magnitude of both the FEM and the mathematical analysis

(simulated using MATLAB) for 0.5 thickness ratio.

There is good matching between the results of the FEA and the mathematical model
developed in this thesis. The higher peaks resulting from the mathematical model
compared to the FEM might be due to the assumptions considered and also PZFlex used

for the FE model is a more complete package.

Substituting Xy, Kgo and Kpo in equation 7.32 and rearranging the terms yields:
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1 2k* 1-e" 1
Zr(s)= — { 1- " _)}-—{
sCp sT 1+e® sCs sT

- » b Pl S P v
e +4e™" —2e e 4T —2e e —2e e +1-2e +e 1}

= e-ZsT

(

This equation is composed of two parts and can be expressed as follows:

o

1 2k~

ZT (S) = Z = e

e - e { sT

e—f‘.s’l‘ i 4e-sT e 2e-2§Tesl‘ + e—ZsTeZSl‘ o ze—s'l'esl‘ - 2e-sTe—sl‘ 3 1 e 2e—sl' +e—?.sl"
[ -2sT ]}
I=c
7.34

Where:

Zny. is the same value given in equation 7.33 for a normal transducer without
inversion layer.
The second part of equation 7.34 expresses the effect of the inversion layer on the

transducer impedance.
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7.5 The Feedback System Block Diagrams and Physical Insight:

7.5.1 The Receiver Transfer Function Feedback System:

Equation 7.17a giving the transfer function of the receiver incorporating a front face

inversion layer, can be represented as the feedback system shown in the block diagram

in Fig 7.22.
ForceI I :
N
b 1%
Ii(j est_’ ésl‘
i Strain
sZc
l h I voltage
voltage
Fl(sjl Force Strain voltage: 6 ¥
& Tr —@ g%c" Ke h : '*: U(s) -1 5..(s)
Front Face
Force voltage
voltage
Strain Force

h Ks) s%c .Izi h H']s“ Ye

Fig (7.22): The block diagram of the feedback system for the transducer as a receiver.

A force applied to the transducer front face will reverberate forward and backward

between the front and the back face of the transducer. This in turn will create particle
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. . 1
displacement in the transducer and the surrounding media. The term Zo as was

explained by Hayward [35], converts the pressure function inside the transducer to one
of particle displacement. This particle displacement will propagate into the transducer
and reverberate forward and backward between the front and the back face of the
transducer, as is shown in Fig 7.23. Bearing in mind that the reflection coefficients for

particle displacements are 180 degree out of phase with those of the pressure [48].

F1(s) N
SN o
D1 (1+Rp)Rg D1(1+Rg)
2T
: 3T
D1 1+ 5
RFRB(4TRF) D1(1+Rg) RrRp
5T
2_3 =
D1 1
Rekst ffr)% DI (1+Rs)RE RS
|
Front face Inv, Back face

Layer

Fig (7.23): The reverberation of the particle displacement between the front and the back
face.
From the figure above, the total displacement at the front face can be calculated as

follows:
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Er (s) =DI1(s) + D1(s) (1+Rp) Rg e =T+ D1(s) (1+Rp) ReR%z e T +
DI(s) (1+Rg) R R%e T+ ...

=DI(s)+DI(s) (1 + R)Rpe =T {1 +RrRge T+ Rk R%e T+ ..}
=DI(s) + DI(s) (1 + RO Rpe T Y (R Ry)"e™™"
n=0

The series given in the equation above is a geometric progression whose sum to infinity

1s expressed in the following formula:

> 1

R R ne—-ZnsT=
é( *Rs) 1-R Rge"
Therefore:
1

s)=DI1(s)+DI(s) (1 +Rp) Rge >, —————

gF() (s) (s) ( r) R 1_RFRBﬁ-st
1+R e T

& (s) =DI(s) { ——2o—o ] ——— 7.35

1-R Rge™™'
In the same way it can be found that the displacement on the back face is given by the

formula;

(1+Ry)e™

1-R Rge ™"

Es (s) =DI(s) { y /736

The displacement &c' at the border between the inversion and the original layer can also
be calculated in the same way, where the delay term in this case is ¢ from the front
face. Hence the displacement can be calculated as follows:

&' =DI(s)e * + D1(s) Rg e **™) + D1(s) ReRp e “*T" +

DI(s) Re R% e *“T) 4 D1(s) R%: R% e “¢™1) .
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= Dl(s) {e -st’ +RBe-2ST eSl‘ +RF RBe-ZSTe%I‘ +RF RZBe—4STe51\
+R2FRZBe—4STe -st’ . }
=DI(s) {e " (1+RrRge =T + R R%Be ™ .. )+

e Rge *T (1 +ReRpe *T+R%ER%Be™..))

- 1 . 1
=DI¢s) {e ™ (————=)+e" Rge T (———)
A 1-R R e ° 1-R Rye™" }
st stt _ -2sT
g =Dl(s) { ST Re® € 737

1-R Rge ™"
None of the previous equations take in account the secondary piezoelectric action
included in the front and back face feedback loops in the block diagrams.
The voltage developed across the transducer is given in equation 7.8 as follows:

s7(s)
[+s7(s)

V() =-h {Ecu=1) -2&x=r) TE&'x=0) } (5).

The voltage is proportional to the term:

V() ~ h{2&x=1)-&x=1 - =0 } ()

At the border between the inversion layer and the original layer Ec - 1y = EC'x = 1)
hence:

V(s) ~h{2& =r)-& -&} ()

Substituting &g, Eg and Ec’ from equations 7.35, 7.36, and 7.37 respectively in the above
equation yields:

e.st‘+R esl‘e--ZsT
B

{28 x=r -8 -& } (s)= 2DI(s) {

I_RFRBC—ZST
(1+R )™ 1+Rze™
DI(s) { —2"—}-DI(s){ ———7}
1-R R e =R Rge™
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- —st’ - - . =2sT
e™T +2e™ —1-R,e™" +2R e ™>'e* —Re™
-2sT
1-R R e

=DI(s) | — }

= {28 x=r) -8 - &} (s) =DI1(s) Ku(s)
This equation explains the existence of Kg(s) in the forward path in the block diagrams.
Kp(s) is called the reverberation factor of the particle displacement within the transducer
in the presence of the inversion layer.
When no inversion layer exists this term will be equal to the different in displacement
between the front and the back face of the transducer as explained by Hayward [35].
The term h is the piezoelectric constant relating the particle displacement to voltage or
electrical charge to force.
When a force is incident on the transducer front face, a fraction is transmitted into the
device, determined by Tg. This force then reverberates in the transducer cavity according
to Kg, producing a net strain, which creates a voltage due to h, which is then modified
by the external load, producing a voltage across the electrodes. This voltage then
produces three sets of secondary forces as shown in Fig 7.22. Two of these are generated
at the piezoelectric boundaries between the device and the external load media. These
two are non symmetric (the term X in the front face feedback loop), due to the inversion
layer. The third component is generated at the piezoelectric boundary between the two

piezoelectric layers and is described by the term e -e*'. The in advance term e* arises

-s(2T-t") -s(4T-1)
y .

from the terms e e .. during the derivation of equation 7.37 which are

normal delay terms, so in reality all the terms are delay terms and the system is stable.

195



7.5.2 The Transmitter Transfer Function Feedback System:

Equation 7.28 giving the transfer function of the transmitter incorporating a front face
inversion layer, can be represented as the feedback system shown in the block diagram

in Fig 7.24.

Front Face
E(s)

S E

-1

7
&

E(s)
Back Face

%]

h
§Z¢

Fig (7.24): The block diagram of the feedback system for the transducer as a transmitter.

In the forward path Y(s) can be placed before the sum in both the front face and back

face feedback loops and in the input path resulting in the block diagram shown in Fig

i
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E(s)

-1 =

Y (s)
e(s) sCo
Zot+Zg+ZoZ:sCo

-1 -~
E(s)

~Co Back

=_BLo+- T
1+ Zo_Z.; sCo E"B_T_I
Z+Zo

e

Force

Fig (7.25): The expanded block diagram of the feedback system for the transducer as a

transmitter.

In the input path:

(e A et e & L SEAC,
VY T be)C,s s 14bs)C,s

Substituting for a (s) and b (s) yields:

LesC

e
Z,+Zs4+Z 2850,

a(s)Y(s)=§.{

Considering the electrical circuit shown in Fig 7.26, the transform of the current through

the capacitance C, is given in the following formula:
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7
I(S)=Z+Zh .e(s)
= —t+Z.Z,

sSC

0

1 .
This is similar to equation 7.38 except that it does not contain —. But I (s) flowing
s

through a capacitor is related to the charge developed on the capacitor electrodes as
follows:

1(s)=sQc (s)
Hence, equation 7.38 representing the input path of the block diagram is a transfer

function relating the charge on the bulk capacitance C, to the driving voltage e.

Fig (7.26): The equivalent electrical circuit at the transducer input.

While in each feedback path:

C
Y(s):l L=l{_ﬁ_}———7,39
s 1+b(s)C,s s l+ZEZosCo
Ly +21,

The term inside the brackets is identical to the admittance of the electrical circuit shown

in Fig 7.27. Here, Vg denotes the feedback voltage and Ir the feedback current.
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Fig (7.27): The equivalent electrical circuit for each feedback path.

The applied voltage on the transducer due to the inverse piezoelectric effect will produce
a force h Q(s) on both the front and the back faces of the transducer. Part of this force
will propagate into the transducer and the other part will go to the front and back face
media. Another two forces will also be produced at the inversion-original layer
boundary. These forces are illustrated in Fig 7.28, where the notation is that of Redwood
[49], i.e. the forces generated into the transducer are positive, while the forces generated
into the surrounding media are negative. But here, because the inversion layer has
opposite polarity to the original one, i.e. h has opposite sign, the sign will change at the

border of the inversion layer.
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hQe) gz M) ez Zc+Zl Q) 77 | b8
ST . <
ar ’ bt
-hQ(s) + +hQ(s)
1>
a b
!
Front Face Triversion | Back Face
Layer

Fig (7.28): Initial stress waves generated at the transducer faces and the inversion-
original layer boundaries.
The initial forces shown in the above Figure will undergo a reverberation between the

front and the back face of the transducer as shown in Fig 7.29.
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Z1 :
t=0 hQ(s) i hQ(s)— 22— 1=0

+7Z1 |
< b by ;C+Z2
t=1 a (1-Rp)
] b (1-Rg) t=T-t
t=T  br(1-Rp) —
%

at (1-Rg) t=T
—

-a (I-Rp)Rg  t=T+t
>

-br (1-Rp)Rg t=2T
—

t=2T-t" -b (1-Rp)Rp
|
t=2T -ar (1-Rp)Rp

b (1-Rp)RgRp t= 3T-t
=

at (1-Rg)RERp t= 31
P

t=2T+t" a (1-Rp)RgRE
P

t=3T br (1-Rp)RpRf
o

-a (1-Rp)R%*Rp t = 3T+t
-

Front Face Inversion Back Face
layer

Fig (7.29): Lattice diagram of the forces generated in the transmission mode. Where ar,

br, a and b are given in Fig 7.28.

From the above figure, and taking in account that:

Zc _1+R, Zc _1+Ry Z1 _1-R, Z2i =Ry
Zc + Z1 3 " Ze+ 22 p B A 2 2

It is possible to obtain the following series in the s- domain for the stress waves leaving

the front face of the transducer:

1+R,
2

I{F

1— )e -sT
2

) - (1-Rp) e ™ + (1-Ry) (

FI(s)=h Q(s) { (

1+R;
2

- (1-Rp) Rp e *@" 4+ Ry (1-Rp) ( Je =T _ (1-Rg) R Ry e ™0
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1+R

+ (1-Rg) ( B)RrRpe >T- (1-Rp) R% Rpe U™

1+ R .
+ (1-Rp) ( FI)R%*sRre T - (1-Rp) R R%pe ¢ 4 |}

Fl(s)--hQ(s)( ){ -1-(1+Rg)e ~*T- (1+Rp) Rge =T

-(1+Rp) Rp RFC_3ST-(1+RF)R2B RFC_‘“T-“_}
-hQ(s)(1-Rp) {e ™ +Rpe e + Ry Rre >Te ™

+R2B RFe—4STeSl +R2B R2F6—4STe-St + ”'}

= h Q(s) (2 F){ -1- <1+RF>RBe'2”2<R Ry)"e ™"
_ (1+RB)e—sTi(RFRB)ne—2nsT }
n=0

-hQ(s) (1-Rp) { e ™ Z(R R,)"e ™"

+ RB e —ZSTe St‘E(RFRB)ne—ZI’IST }

n=0
Taking the sum to infinity for a geometric progression gives the following formula for
the wave of force leaving the transducer’s front face:

_(+RpRge™  (1+Ry)e™

1-R Rye™™" 1-RFRBe‘2‘T}

Fi(s) = -hQ()( =) {-1

st T
es[ R e25 es!

I-RFRBe‘Z‘T 1-R Rye ™"

-h Q(s) (1-Rp) {

Hence:
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e—ST +2e—s!‘ _l__RBe—ST +2RBe-ZSTeSl‘ _RBe—2sT

}
1-RpRe ™

Fl(S)=-hQ(S)(1_2RF){ .

The term between the brackets { } is Kn(s), called the reverberation factor of the forces
within the transducer when a function of charge is deposited on the device electrodes in
the presence of the inversion layer, therefore:

L= Re ) Knnts)

F1(s) =- h Q(s) ( 5

In the same manner, the series of forces or stress waves leaving the transducer back face

can be found to be:

1R ) Kuits)

F2(s) = - h Q(sX >

These two equations are identical in form to equations 7.23 and 7.24. Hence, the inverse
Laplace transform of equations 7.23 and 7.24 represents a time series of stress waves
leaving the transducer’s front and back face respectively. The series is produced as a
result of the multiple reflections of the forces inside the transducer.

It is very important at this stage to point out that although Kg and Kpg; for both the
transmitter and the receiver have the same mathematical form, they differ physically. In
the case of the receiver they are related to the displacement reverberation but in the

transmitter they demonstrate force reverberation, according to the nomenclature adopted.
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7.5.3 The Transducer Admittance Transfer Function Feedback System:

The transducer impedance described in equation 7.31 can not be represented in the form

of a feedback system, but the admittance can be represented as shown in Fig 7.30.

2 i Kei(s)
I(s) est;' st
Wi(s) —— Ks) \& = (s)
IB(S)- £
5 (5)

Fig (7.30): The block diagram feedback system for the admittance of the transducer.

In order to be able to describe the physical implications of the transducer admittance

: ’ R :
transfer function, it is more convenient to substitute for e in the previous block

diagram. Doing this and rearranging the blocks gives the block diagram shown in Fig

.31,
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Particle Displacement

Volts h §]ZF ;,; ‘EF'
* Force
SCO St =-st”
e-ée R
[ P F
Vi(s) I{(s) . 103 Front Face
1 1(5) . B
i 2l TN s h Force
IB(S) : Charge Ko (s)
sCo 13
Rear Face

Volts h _s]Z_c _’1‘25_

Fig (7.31): The expanded block diagram feedback system for the admittance of the

transducer.

When a voltage V7 is applied to the transducer electrodes a current will flow through the
bulk capacitance C, of the transducer. The forces described before are produced on the
front and the back faces of the transducer and on the inversion-original layer boundary.
A fraction of each force developed on the front and the back face is transmitted into the
surrounding media and the rest into the transducer. Due to the secondary piezoelectric
action, these forces within the transducer produce feedback currents Ir and Ip at the input
summing point. Also the forces generated at the inversion layer boundary will contribute
to these currents as represented by both Kg(s) and Kg(s) and the term - ™ (Fig
7.31). All these processes are outlined in Fig 7.31 and the various relationships between

force, particle displacement and current are illustrated.
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7.6 Concluding Remarks:

This chapter provided a physical insight into the behaviour of the ILT devices and
enabled more understanding of the transmitter and receiver mode compared to the
typical thickness mode device.

The results confirmed that such devices will have a wider bandwidth than the typical
devices, but the pulse width, and hence the axial resolution, required for skin thickness
measurements does not seemed to be improved. The pulse width is required to be as
short as possible. These devices can be operated at higher frequencies for the same
thickness, but more reverberations or cycles appeared in the output signal giving at the
end a pulse width equal to that obtained from a typical thickness mode transducer.

One advantage of the ILT over the typical devices is that the sensitivity is better. This
improvement in the sensitivity gives the ILT devices preference for skin thickness
measurement over the typical devices.

The transducer specifications outlined at the end of Chapter S are still not fulfilled,
specifically the high resolution. ILT’s suffer similar problems to conventional devices
that are listed in Chapter 5, such as the requirement for a very short pulse width and a

new transducer technology is needed for ultra high resolution application on a realistic

skin structure.
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CHAPTER 8

Concluding Remarks & Future Work
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8.1 Concluding Summary:

This thesis has explained the use of ultrasound for skin thickness measurement, the
requirements for an ideal ultrasonic system were outlined and the problems and
limitations associated with the current ultrasonic systems identified. The problem of
interpreting backscattered signals arising from a layered structure like the skin were
investigated using the Finite Element Modelling (FEM) package, PZFlex.

The technique was initially used on an idealised skin structure having planar interfaces.
The effect of irregular interfaces was modelled and it was found that the backscattered
signal had a lower amplitude with more reflections due to the structure of the interface.
The modelled transducer and the interaction of the ultrasonic signal with the non planar
structure was used to clarify the axial and lateral resolution requirement for high
accuracy thickness measurements.

The model was also used to investigate the influence of the shape of a different rubber
shoe mounted at the top of the transducer on the backscattered signal to be used in future
as a dry coupling medium.

The effect of the real interfaces in the skin on the output backscattered signal was
investigated using an FE mesh superimposed on a real skin micrograph, which lead to
further refinement of the requirements of the ultrasonic system suitable for resolving
such a structure. In order to obtain the axial resolution to resolve the low thickness of the
SC a transducer operating at least at 111 MHz is required. In order to resolve the lateral

interdigitation high lateral resolution is required. The high lateral resolution can be
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obtained by strong focusing the acoustic field, but at the same time this will reduce the
depth that can be explored.

Lithium niobate is one of the most commonly used piezoelectric materials for high
frequency applications, but a very thin transducer is required to obtain high frequencies,
even for the 36° Y-cut specimens. It is difficult to manufacture transducer of the required
thickness; repeated fracture of the material occurred during the lapping process to make
a transducer of 40 MHz [2] and the 30 pm thickness required for a 111 MHz transducer
will be extremely difficult or impossible to obtain.

An inversion layer lithium niobate device may produce higher frequency transducers
without the requirement to lap the transducer to a low thickness. Such transducers are
expected to have a wider frequency bandwidth giving a preference and better
performance for high frequency applications, such as skin thickness measurement, than
the normal thickness mode transducers.

An inversion layer device can be obtained by bonding two specimens of opposite
polarity using a bonding line, but for high frequency applications, where the thickness of
the piezoelectric material is very low, the bonding line can affect the behaviour of the
device. Heat treatment of lithium niobtae may be a route to obtaining such a multi-layer
structure without a bonding line.

This new inversion layer transducer can be obtained from the normal thickness mode
transducer using heat treatment of the lithium niobate specimen at a specific temperature
for a specific time. Heat treatment of the specimen will cause the formation of an

inversion layer having a reversed electrical polarity. This will induce the higher
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frequency harmonics to appear in the impedance profile. The number and the thickness
of the inversion layers determine the most efficient harmonic frequency.

The behaviour of ILT’s was modelled using FEA and a new mathematical model. The
results showed that these ILT’s had a better efficiency than the typical thickness mode
devices, but the pulse width, and hence the axial resolution was not improved in the ILT
compared to the typical devices. Although higher frequency was obtained for the same
thickness, the output signal from the transducer contained more reverberations giving
the same pulse width and hence the same axial resolution compared to the lower
frequency normal device.

A 1-D linear mathematical model was developed for one front face inversion layer
transducer using Laplace methods. The results of the mathematical model closely
matched with FEM results. In this mathematical model closed form solutions were
obtained for the operational impedance, in addition to the transmission and reception
transfer functions when the device was interfaced to an arbitrary electrical load. By
representing device behavior in a block diagram, systems feedback format, cause and
effect relationships were readily identified and the underlying differences between the
ILT and conventional thickness mode transducer demonstrated clearly.

ILT devices may have potential in some areas of ultrasound, such as harmonic imaging,
multi-frequency sonar and non-linear ultrasound. For example, the same transducer that
can operate at the first and the second harmonic is required for second harmonic
imaging.

Skin structure measurements are still problematic adding to this the reality that because

the biology of the skin is so variable an extremely precise distance measurement is very
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difficult to be attained. This thesis concludes that ultrasound is able to give an

impression of the skin structure rather than a detailed image.

8.2 Future Work:

8.2.1 FEM Modelling:

In this thesis only the effect of the real skin interfaces were modelled, more
investigations of the real skin structure are required. All the skin layers were treated as
homogeneous linear elastic materials, but PZFlex should be used to model a more
detailed inhomogeneous skin structure. More modelling is required for the coupling
medium between the transducer and the skin.

The effect of focusing needs to be investigated, but this will be difficult and requires a
combination of PZFlex and PSFlex, as mentioned before. Such an analysis will give a

clearer insight into the requirements of high lateral resolution.

8.2.2 Manufacturing:

The reproducibility of the heat treatment effect for lithium niobate was not very good. A
systematic study of the effects of heat treatment and the production of inversion layers
should be made. The heat treatment curried out during the process of this work used
only heat treated specimens in air, and more investigations of heat treatment using Ti

diffusion are required.
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8.2.3 Skin Measurement System:

In this thesis it was shown that the axial resolution of ILT’s was not improved at the
higher frequency, although they had a better efficiency than the normal thickness mode
devices. To obtain the high frequencies required for axial resolution of skin
measurement, a new alternative single crystal piezoelectric material, which is more
amenable to lapping, is required.

The inhomogeneous and localised variation of the structure of the skin is still a major
problem in ultrasonic imaging. Strong focusing is required to obtain high lateral
resolution, this will lead to two problems. Firstly, it will reduce the depth that can be
explored because the axial length of the focal area becomes very short. Secondly, only a
narrow field is being explored. Hence, highly focused transducer with spatial averaging
of the data is needed to obtain a detailed image of the skin structure. This will include a
suitable scanning technique such as B/D scanning described in the literature to explore
the area of interest.

Another area of research needs to be explored that is the effect of water bath or gel, used
widely as the coupling medium, on the skin properties and hence the measurement. The

use of the silicone rubber coupling medium requires further refinement.
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APPENDIXES



Appendix A

The mechanical properties for the materials used in PZFlex.
1- The mechanical properties of the PZTSH material:

The dielectric constants matrix:

Exx / Evacuum = 1700
Ezz / Evacuum = 1470

The stiffness constants matrix; [N/mz]

Cl1 =12.72el10

C12 =8.02¢e10

C13 =8.47¢10

C33 =11.74el0

C44 =2.30e10

C66 =0.5 * (C11 -C12)

The piezoelectric constants matrix: [C/m’]

E31=-6.5
E33=233
E15=17.0

2- The mechanical properties of the Lithium Niobate Given by the

company (Boston -Optics):

The dielectric constants matrix:
(These parameters are given at constant Strain)

Exx / Evacuum = 44.3
Ezz / Evacuum = 27.9

The stiffness constants matrix (Elastic constants): [N/m?)

Cl1=2.03ell

C12=0.573ell
C13=0.752¢l1
C14 =0.085¢l11
C33=2.424el1
C44 = 0.595¢11
C66 =0.728¢l1

The piezoelectric constants matrix: [C/mz]

II



E31=0.23
E33=1.38

E15=3.83
E22=2.37

3- The mechanical properties of the Lithium Niobate measured by
the PRAP CODE:

The dielectric constants matrix:
(These parameters are measured at constant Strain).

Exx / Evacuum = 44.3
Ezz / Evacuum = 37.2819

The stiffness constants matrix (Elastic constants): [N/mZ]

Cl1 =2.03¢ell
C12=0.573ell
C13=0.752el1
C14 =0.085¢l1
C33 =1.80811el!
C44 =0.595¢el11
C66 =0.728el1

The piezoelectric constants matrix: [C/m})

E31=0.23

E33 =4.43658

E15=3.83

E22=237

Note: The main differences are in the 33 (or zz) direction parameters.

For the 36° Y-cut the wave speed is 7340 [m/s] and the coupling factor is 0.485.

4- The mechanical properties of the Rubber material:

This material is RTV 664 silicone Rubber (2.649mm).
All this properties are measured at 2.25MHz.

The longitudinal Velocity 1014.8 [m/s]
The Shear Velocity 139.8 [m/s]
Density 1293.68 [kg/m’]
Longitudinal Attenuation 851 [dB/m]

Shear Attenuation 5212 [dB/m]

m



5- The Mechanical properties of other materials:

5.1 Water:

Density = 1000
Longitudinal wave velocity = 1500
Shear wave velocity = 0.0

5.2 Air:

Density = 1.294
Longitudinal wave velocity = 330.0
Shear wave velocity = 0.0

5.3 Aluminium:

Density = 2700
Young’s Modulus = 808.1€9
Poisson Ratio = 0.355

5.4 Tungsten Epoxy:

Density = 16800
Bulk Modulus = 3.49¢10
Shear Modulus = 2.58e10

[kg/m’]
[m/s)
[m/s]

[kg/m’]
[m/s]
[m/s]

[ke/m’]
[m. s2kg]

[kg/m’]
[m. s*.kg]
[m. s'z.kg]
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Appendix B

The MATLAB programme used to create the table containing the X, y of each pixel
in the skin image and the material in that pixel. This table was then used in PZFlex to
build the FE mesh of the real skin structure.

O sk sk ko o ok START ke ok ok ok ok ok ok ok ok ok ok ok ok
clear all; close all;

% “Mat=['watr’; 'derm’; 'epid'; 'scrn'}; The names of the diverse skin layers”
% watr is water

% derm is dermis

% epid is epidermis

% scrn is Stratum Corneum
%

Mat_Value=[255 150 100 50]; % “The greyscale intensity of each layer respectively”

Img_Magnification=210; % *“The ratio in which the skin image was magnified”
x_Dim=774.7/Img_Magnification; % “Width of the image, Dimension in mm”
y_Dim=27.8/Img_Magnification; % “Length of the image, Dimension in mm’
[Im,map]=imread('skinb-stritched-big.tif'",'tif'); % ‘“Read the image”

k]

[ys,xs]=size(Im);

Ds=xs*ys;

x=0:xs; % “Form the x, y of each pixel”
y=0:ys;

x=((x_Dim./xs) *x);

y=((y_Dim./ys) *y);

fid=fopen('table.skinl','wt'); % “Open a text file to write the table”

fprintf(fid," hedr 0); % “Some headers required by PZFlex”
fprintf(fid,\n info 1;

fprintf(fid,\n xcrd ;

fprintf(fid,'%d\n',xs+1);

num_of_samples_per_row=8; % “No. of columns in the table file”

d=floor((xs+1)/num_of_samples_per_row);
r=rem(xs+1,num_of_samples_per_row);
t=1;
fori=1:d;
for j=1:num_of_samples_per_row;
if x(t)<0
fprintf(fid,'%E ', x(t));
else
fprintf(fid,' %E ',x(1));



end

t=t+1;

end

fprintf(fid,\n');
end

if >0;
for j=l:r;
fprintf(fid,' %E ',x(t));
t=t+1;
end
end

fprintf(fid,\n ycrd )
fprintf(fid,'%d\n',ys+1);

d=floor((ys+1)/8);
r=rem(ys+1,num_of_samples_per_row);
t=1;
fori=1:d;
for j=1:num_of_samples_per_row;
if y(t)<0
fprintf(fid,'%E "y(t));
else
fprintf(fid,' %E ',y(1));
end
t=t+1;
end
fprintf(fid,\n");
end

if r>0;
for j=1:r;
fprintf(fid,' %E "y(t));
t=t+1;
end
end

fprintf(fid,\nmatr %d',Ds),
fprintf(fid,\n");

c=1;
for y=1:ys; % “Write the material name of each pixel"
for x=1:xs;
if Im(y,x)==Mat_Value(1)
fprintf(fid,'watr ');
elseif Im(y,x)==Mat_Value(2)
fprintf(fid,'derm ');

Vi



elseif Im(y,x)==Mat_Value(3)
fprintf(fid,'epid ");

elseif Im(y,x)==Mat_Value(4)
fprintf(fid,'scrm ');

else
fprintf(fid,' watr ');

end

c=c+1;

if c>24
c=1;
fprintf(fid,\n');

end

end
end

fclose(fid);

G ok e ks ke s sk s ok STOP s sk ok ok st ok ok oo ofe ok e o ok
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