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“for the membrane ahalysis of the radial. equation
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Vibrations in biological. tissue can lead

to a change in the structural properties that appear_
" AN

similar to the 'structural fatigue' in synthetic

2
.
.

materials. In arteries, a dilatation of- the vessel,

-

known as- poststenotic dilatation, can occur distal
OF g

]

to a stenosis. The observation jof discrete ahbiigu e

peaks in thé wall vibration spectfa distal to an '

hd R ]

/artificial «stenosis, \in vitro, led-to the conclusion

’

v CL . .
that the artery wall was being stimulated at its

»
«

resonant frequencies. This result provides a glausible

explaqﬁpion;for the fatigue that is observed.as well
. 5 . o . -
as for the generation of cardiovascular. sound fhat is

I I
< . -

- - ) - : ‘
associated with this phenomenon. .

Since the question of resonance seems a

crucial one for a further understanding of fatigue
) M .

[}

139

4

and the generation of sound, the intention of this

thesis is to examine

.

what the.resonant frequencies
g b

* * - »

y e o - ) i ', -
aréland whaf fattors are important.

A solution way first considered, analytipally,

of motion for a cylindrical elastic veisel under constant
wall stress. The bending energy‘contribu&iﬁp.anﬁ the
inertial lqading ;f the wall due to fluid internafly oT .
exterhally weré‘alﬁo considered ;nd those factars '| ‘
inéludéd in the &e§criptigﬂ. This anal?iis revealed

.

-

)




. , L . ’ y o i
that the dominant factors determining the resonant

[ , - B ." . R -
. frequencies werewall stress,’geometry and the agoustic

. media. . 4

\ . Y . . ;

' An experimental evaluation of the model

was considered by examining the radial.wall vibration
- : )

spectra ( measured with an g?tical sensor) of penrose
" .

tubing’exposed to either acoustical ;timulétion (by

a IOpdsbeaker) or the randém»pressureAfluc%uatioﬂs

of turbuléntfflod'(created by a steﬁbsis). Tﬁe effgct

Hof wall siress'was-detgrmined Yrom changes in the pressure
(ci;cumféreﬁ%&al ténsio;) or 1emgfh (loggitudinal

.teniion)'aqd the effect og gqéﬁ;t;féevaiuatedqby.ﬁsing
samplgs of differgnt radii and‘iéégph.ﬂ Tﬁé iﬁerfial ‘ .

. .
loading of the wall.was considered by studying the

-

response in air - air, air - fluid, and fluid - fluid
(intermatly and _externally, respectively)., The predictéd -

° " mode shapes were confirmed from. sSpatial examinatiom
! o
‘:j:DdY\the amplitude and phase that were obtained by movement

of the ?robe. . ‘ . =

¥

~ .E
- Having established that the model adequately

I 4

. - e, b,
described the resonant modes in the above study, a

F] S
six isolated.

‘ serjes of tests were -then performed on
. - . & L)

2

art?ries exposed to turbulent flow. The experimental

resujts supported the model, and analysis of other .

-




. ;-
data available in the ‘literature agreed w%ﬁﬁjthe
. ) . ) LY : . |

predictions gs well. S

¥ This ¥thesis has therefore shown that the

ve
;

analytical expression for th;.gesonant radial vibrations

Y

1 3

proposed here aquuately describes the resonant frequencies
- ¢ ' e ’ & - ’

‘of synthetic tubes and isolated arteries. The dominant .

-
0 P

factors governing this description were wall stress,

. v o~

geome'try and the acoustic environment . Although only

N

y , arteri/al segments were examined a similar extension

— - - I o ~ . &
to other tissues seems possible. .

o

The frequency range that i aracteristic

7 i - [ . v '
/7 of murmurs and bruitd is,one which{ would) be expected

A

- 1., 7o B
to contain ‘several r®sonant modes o e vessel walli @
. 7 ¢ ™S c

a-ldescfﬁﬁbd in the present® study. It seems’ clear -

w

thee, that the arterial wall in these situations

o [l

is-being stimulated at one or more resonant frequencies

-

- and that this Ffactor is probably a-dominant one in the

fatigue that results-and“the sound that is heard.
: A : .
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NOMENCLATURE

]

[ ] : L.

. .

axial, radial and tahggntial\cygdrical

-
coordinate ’

g

“

time . ) -

perturbation displacement]in;axial, circum;{

. 8 }
ferential and radial direction, respectively

mid-surface radius

- wall tﬁickness 

]

length
density of wall and fluid, respectiﬁély

resonant frequency for mode shape (m,n)
’ ' :

numbef!of half waves longitudinally

nﬁmber of full wav@Eﬁcircumferentially

T .
= ¥

circumferential tension (fﬁo = Ap.a)

: . '

longitudinal tension (T 9=E he +vT o).
< z, z 2 o

0 2 Co
1.%/(21) - , K

transmyral préssure,'AP ’

pressure perturbation'internaiiy and ewmternally
effective density oé,"wa'u due to loading

by inFernal or exfernal‘fluid (peh 5 pwhme)
virtual mass due to integﬁal or external

fluid (see equation 15 1in text)

o

‘ Sy 2 -
(r,° + va,)/lp h(ZL) %) -

[1,° + o%va 1/ Lo h(270)7)

3

L 4



7 f - - -
' . . —— rJ
- ’ . .\ - L]
o “ o .‘ P
- . ) ) ' -
ﬁ;,g ~ «vs++ anisotropic moduli and pois;oﬂs ratio, )
: : . . . .-
et respectively
. * . ) , >
kl,Az ... bending term contribution (see equation 24) .
. . e . * - - L' - '
Y e h3/(12a3) - e >

- : , {
In,I;,K ,K; «+ws» Modified Bessel functions and their -first

derivatives of the first and second kind,
. - . ) ‘ ' °

° ) respectively ! ’ ~
. . w ) i
Y «eaes velocity potential in fluid -

C ... velocity of.sound in‘fluié

' 3 . ) .

- w veses circular frequency LN ¥

‘ 2_2 2 -

k. - e s o & kz = E_%_ - "‘9-_2_ = mzﬁg‘/LZZ
L C '

-

S ., a ) ~ .
- The terms E, and A. are referred to throughgut the text without
reference t0 their units which are dynes/cm“. .
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I INTRODUCTION . . LT i

-— . . _ . . ‘ - ‘ “ ~ L

] a It is well known that vibration of a synthetic

material can lead to a weakening or failure_of that

~ .
3 ~ PO _..

material, known as ‘structural fatigue'. A similar
‘ Pl ] . - )
éffect has been observed in biological ti§sue that is

, _ .
- exposed to dynamic stresses. The vibration of arteries, '
. N ’ *

for example, may-iead to a change 'in the structural

properties” (Roach,1972). These structural alterations
. ] - P A
i i ¢ ' . - * . ki
> may be lLocalized as in poststenotic didatation, (Holman,
. . h ,

1954 a,b; Roaé%!1963 a,b) oT Tore generélized as in

the pulmonary ‘artery with atrial septal,defect~f80ughner,
. - . Rl —~ \
3 . . ‘ ®

4

1971). “ce . \

The vibrations occd; in the physiological state

LN ©

. - LA ¥ - . N
‘. ¢ due to random pressure fTuctuations that arise, from

. ) ) /-
disturbed or turbulent flow. Foreman and Hutchison (1970b)

observed several amplitude peaks in the wall vibration

spectra 8istal 'to an artificial stenqsis, in vitro, and

r

R A
concluded that‘the artery wall wag stimulated over several

resonant frequencies. This result has 'important implications

-
I

' not only with respect to-fatigue but in the prqduc‘ti'on_of- #
murmurs as well. The relptivelyllarge strains (ang hgpce_~\ .
. * e & .
dynamic streséés)‘pos§ible.at.resonance seem a plausible
'expladhtion fof‘lhe observe& alterations.l.Fhrthermore:

since any vibrating structure will act -as a sound source
- the incréased vibration amplitude at resonance may become .

4
.

b hd . « : . ? . N
" the dom%nat1ng factor in the production df murmurs.



Pt

rlproperties) are important. >

L4

frequencies of a cylindrical,

)l

\\»_ \ e
0‘ \‘M . < .

Since resonance seems important for structural fatigue and

murmur production, this problem sheuld be studied in detail. The

r

-

objective of this thesis, therefore, is to determine ‘the resonant

modes that were observed of are p0551b%g\1n synthetic and b1010g1ca1

L]

tubes, and to evafﬂate what factors (wall, stress, geometry, structural

I

»>

-The thesis will present a mathematical model for the resonant

elastic vessel and show that the wall

stress and geometry are the most significant factors determining the

resonant frequencies. The model will be tested by studying vibra-

tidn spectra, obtained with a n&ﬁ-contacting, fibre—optic, displace-

‘ment sensor, under different values of wall stress and}

T .

Both accoustical stimulation and exposure to disturbed flow, created

: . ) . .
by a stenosis, are-used to test the model.
. . ;

T

- The results show that some resonant modes fall within the
€

range of frequencies that are assqciated .with murmurs in the cardio-

* -
S
.
-

vascular system. . .
* Y ) ‘
’ ' v 7 /
- . ’ ) - e
v a
: >
g ‘
. | '
P ’
/ p »
- - s '
. z J
"k s / .
}
‘ . A
— , ‘
)
,“ - - * e 9
A ~
e . - . . .
-

‘geometry. -,

N
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) Iy HISTORICAL REVIEW —~ - - - c
R . .
gti) Qynamic.Strpsses and Fétigge ’ : -

o_¢ -
o . .

All structﬁral materials Iave an ultimate tensile strength
to which they can be’ streSsed without fallure. Phis is true of both

b1olog;cal and syﬂ%ﬁetlc mqt@rlals. When{ ﬁowever, a substance is
»f. ~
exposed to dynamlclor cyclic stresses the mater1a1 is observed to

<

fail at 1oad§\gon51derab1y below those that it stands stqslcally. ¢

i i

This phenomena is known aé’ structural fatigue, with the dynamic stress

‘i.—- s
amplltude and the number gf cydllc deformat1ons governing the time
\ .r-

to fallure (Hayden Moffa#-and Wulff 1965).

(/Holman (1954 a, b) was the first to suggest that structural
. N - - ’ . r'y
fatigue-might oecur in biologgcal tissue; for example, in the’

-

henoﬁenon ofiposgﬁfenptic dilatation, a localized dilatation of the
arteriallwalf'is 6bsq§yed dewnstream £rom an arterial. spe;osis. An -
excellent féview of this pﬁénomené is provided in the Same publica-
tion, which outlines Ehe association with various types of arterial
constriction.

Using rubber tubes, Holmén produced similar dilatafggﬁg déwni

' ces s . : s © ot
stream from an artificial stenosis exposed to pulsatile flow. With

; .
- .

dye studies, he observed that the region of turbulent eddiés was
identical W}th the posiiion'%f dargest dilatation and also corresponded
to the locgtion of greatest thrill or bruit (Holman, 1&54 b). ‘Along
" with Bruns and others'(bruns et al, ¥59) he produced pressure
fluctuations ih the lﬁméh of penrose thbing with a viﬂ}ating reed

¢ »
and aga1n obseryed a dilatation at the point of maxfj;m v1brat10n

N

—— , )

1'Dynamlc' is used synonymously with ‘'cyclic' when refe;riﬁg to ‘\)

stresses in this text. /’\\\\ r

' _‘. I

-




Roach;(1963;,é,b) exténded the énalysis of t3e5pﬁenomenon
, ' i . . Li. "
of poststenotig.&ilatation by studying the st;QEEgﬁgiiprbperties
5 ~‘
“of arterles tham were partlally occluded by art1f1c1311y creatbd

,1stenoses wh1qh resulted in a dlsturbed flow dlsta ly She examined

.-

. the elastlc prbpeftles dlstal and proglmal to the

[4

tenosi§ both

in‘vitro (Roach 19?3a, b), u51ﬁg human and dog ji iéc'arteries,ﬂ
. and 1n vivo (Roach,&£963a b,) u51ng dog £emora1 and carotid

3

arter1es.'_F1gure 1 gharacterlzes her results, indicating not

@

. L . . A
only a dilatation (larger radlus) dIstaliy; but an 1ncreased
distensibility. From her previous stﬁdles on the elastic propertles

of arteries (Roach and Burton, 1957) she suggested that an '

alteration in thé elastic fibers or the links betweeﬂ collagen{

fibers had occurred:

-

-Following t

LY

( %
e ions made by Holmah, she noted. that

.“..

‘the degree of dilatation was relatéd;to the pre§%nce oi?a.thrill or

. - . . N - . b
bruit, which she attributed to turbulent flow (ﬁéach and Harvey,1964).

P

When the thrill or bruit was absent, as was the case with a pinimum

. stenosis (10-39% no dilatation was observed. However, when a _
moderate stenosis (45-72%) was created, a thrill or$bruit was observed

and a dilatation occurred. In these latter tests when the ‘thrill

- 2 [ )
or bruit was classified as weak the dilatation was slight (10-28%)
' ~ .
whereas-when it was strong-the dilatation was more severe (31-63%).
»!
These results lend further credence to the idea that dynamlc strqéns

indiiated é’ vibrations of tjﬁ wall (thrills), lead to a structural

weakening or alteration. -

The study was extended further by exposing arteries to

D

<~
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\ " FIGURE 1

Y Effect of a stenosis (obtained by putfing

. ‘ . )
a nylon taffeta band around the artery) on the

T
structural broperties of a dog femoral artery.

Reproduced with permission from Roach (1963b).

. i
Pre-stenotic refers to the region immediately upstream of the.

stenosis while post-stenotic refers to the wall region

immediately downstre Distal to dilatigﬂ'refers to the wall

region further downytream from the point of dilatation.

< s/
!




, .
/k.\
4
-
{
¢
sl
- .
o
N -
4 .

3

e-stenotic ,' :

. ‘, B | ,
Post -~ stenotic
e (dilated)

-




dynamic stresses ;reated by cocktail shake; (Roach, 1963 a), a . -

phonocatheter used in reve e (Roach ane Melech, 1}971) ?nd by
X . :

loudegeaker (Boughner, 1971). " In each case structural altepdtions

¢ ]

were observed similar to those ocurring in poststenotic dilatatioms.

That is, the vessels became more’ distensible.

~

In Boughner'% study, however, he fouhd the frequency of )
B ) " - € — . - > '
stimulation to be important.- Some frequencies would cause a vessel -

to dilate while others wouldﬁn0t- He correlated’ hls f1nd1ngs with

age and found that the older the artery the higher the frequency

Y Q

requlred to produce a dilatation.

+

Féllowing Roach's idea that sturbulent flow 'is the factor
~ T e E

involved, Boughner (1971} looked for a situation where turbulénce

-~
»

. . ! » - . - . s - bl
 was present ir the absence of a stenosis to see if there were -

structural alterations present.” He examined patients with atrial
- L] - ’
septal defects, a congenital defect where a hole exists 'in the septtfj'

dividing the two atrium: This abnormality-allows part-of th%e blood
; * 9 p ' . e NS

returning from the lungs -(to the left atrium) to pass back through
: . L] !

the right atrium with the venous return into the pulmonary artenx

Thls increase volume of flow raises the Reynolds number (Boughner, o
1971) past the critical value end a murmur is heard. When Le |
examined the elastic properties of thé pulmonary artery,. angio-
graphlcallx, he found the artery was more distensible and the change
was similar to that occurring w1th pulmonary valve stenosis.

Siﬁclait (1972) recently examined.the response of }soieted

- - i « . e

M I - -J ) i Y. *
dog bronchi to vibratory stress. Isolated segments of bronchi‘were

0



L]
.

perfused with a turbu}ent air jeét which-produced considerable

<

] Q

., vibration or a fluttering of the wall, and .significant alterations

i
.

in the geometry and properties occurred. Again, those. regions
exposed to the greatest vibratory stress underwent the mpst significant

alterations. T.his!\point is illustrated in Figure 2.

Although the exact natuI"e of the sitructural alterations in "
biglogical.tissﬁe is ﬂot clear, the impor%ant'facts of similarity to
'structural fatigue' are. The nezeesiiy of éynamic’straiﬁs oécq’ripg

w1th1n the b1010g1cal vessels, as evidenced by palpable thrills, has -

A LN

been shown to be a prerequlsise Furthermore, the fact that the
degree of structural alteration was related qualitatively s&-tbe

. <
degreé of dymamic stré®ses induced, provides further s&fport for

,
this idea. &

- - . . ]

(ii) Dist¥rbed Flow _ -

: ¢ -

qTo'ﬁroduce dynamic stresses within the walls of biolegical

vessels the flow must be disturbed so that pressure fluctuations =
- - ’ v - ' \“

interact w;ih the wall. Flow dieturbances,may arise from the inter-.

action of the flow with boundaries.b; from the shear‘betweép layers
. o «
of fluid., Once initiated, the disturbance. may then grow (turbulent)

° 4

or decay (lapinar) depending upon‘thei.‘l.ilitygnf‘the fluid, which

i
.

is represented by the Reynolds number

It was not until the recent use of hot film probes that

e
4 «

quanfitative‘analysis of blood flow in the major arteries became

LS
]

possibYe., Using a hot film anemometer to obtain the velocity pro-
- - ’ ’

files in ﬁog aortas, Nerem, Seed and Wood (1972) have established’

- L
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. " FIGURE 2

* 47 * 14

o

- "7« - Effect of vibration pn the structural o
properties off%solated dog bronchi, induced by a -

turbulent air jet. This was produced from two

<
L]

types of cannﬁ;ae acting as stenoses, as shown in
2 ' = N ~

the diagram. f'Elastance' is related 4 the modulus - \\\\\

of elasticit% by, Elastance ‘= Eh, where h is the wall

’ 3

-

¢ ,thickness. The normalized value is gbtained from. the

R .

ratio after exposure to that before, so that a value

>
£ Y

-greater than 1.0 indicates'aﬁ;increasing stiffness. ~
The %esults (mean én;_sténda;ﬁ error for.Seveﬁhga@plesf
. total) indicate a signifib;nt alteration-in the
properties both longitudinaIIQ'and circum%eréntislly;
P fver the regio; exposed to the gréatest yibratory B
- . : S~

stress. The use of different cannulae demonstrates . .

L 4
3

a shifting of'thi‘.point of maxihum structural .
r : : &
alteration with the point of maximum vibration. . Yy

-

. Reproduced from Sinclair '(1972). ‘ ' .

— ¢ ] o, -
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. < \ -
stability criteria for disturbed flow in terms of the peak Reynolds

number and the unsteadiness parameter ' “i’(<¥= Rvw/v), where R = .
o - ' -

radius, W= circular frequency and v= kinematié viscosity). They

characterize the flow in terms of the existence of high frequency -

4 [

(h.f.) velocity components as follows. : o ‘ ’

1) Undisturbed,(laminar) - negligible h.f. components

2) Disturbed - h.f. components only at peak systole

‘

3) o Turbulent -*m f components persist through the decelerative
. - J

g
.

phase of 5yst01e.

They found stability boundarles of Re_ =.2502 for the thoracic abrta

LE \\

" and Re =+150a for the ascendlng aorta. Their fasults suggested »

- -, "
that a state of tran51t10na1 or turbulent flow exlsts in dogs under
normal conditions. Clark and* Schultz (1973), using 51m11ar probes,
. s

did not see turbulent flow under normal -conditions in dogs, although
. [} -

low frequency disturbances were present.

* =
In any event we are concerned not with the nprmal physiological

©

conditions where structural alterations are absent but those abnormal

>

states where highly disturbed or turbulent flow occurs. These states

.

will occur when the Reynolds number for the flow'ezpeeds the critical -

value; either by changing, the Reynolds Aumber assofiated with the .,

fléw itself or by ldﬁe;ing the critical value. An.important diagnostic l

. N
indication of these abnormal states of flow disturbance is the

-

presence of murmurs or bruits upon auscultation. McKusick (1958),

+
-

presents an -extensive analysis of murmurs and other cardiqvascular

sounds, using spectral phonocardiography to illustrate his points.



\

®

" The Reynolds ﬁumber, 283 v = averaée “velocity, D=

o Y

. p : . . . . . ~ )
diameter and v = kinematic viscosity) associated with the flow can

-
v

L] ‘ I * .
be increased by altering the variou$ parameters InVOlved McKus1ck
(1958) dlscusses varlous abnormal states where the Reynolds humber

increases and a murmur occurs. For instance, in anemia where the

. : + . . . &
kinematic viscosity decreases, or in thyrotoxicosis or exercise where

-

blood flow increases, gurmurs develop. Other exaﬁpLes of murmurs

resulting from increased flow are patent dictus arteriosus (Dawes,
~ A

Mott and Widdicombe, 1955) and atrial septal defect (Boughner, 1971).

The critical Reynolds number cdn be lowered by boundary '
. . - - g

induced flow alterations such as bifurcations or stenoses. Ferguson

(1972) demonstrated a lowering of the critical Reynol&s number in

dye studies qf_g}?ss-mp@gl b;fd;c;tionsiand‘if§ dependence on angle
{theVgreatér théﬂangle the lower the critical Réynoids number). Other
studies,.usiné'ﬁot'film anemometry at branches in gfass,modéls ‘

~

(Gutstelh Schneck and Marks 1968) and at the junction of the dog

L)

aorta and 111ac arteries in vivo (Gutsteln, Farrel and Schneck 1970);

. -

also show the existence of disturbances at low Reynolds ‘numbers.
The lowering of the critical Reyrolds number with an atterial

stenosis has been studied by éeve;al authors, using dye studies
. . ’ )
(Roach, 1972), blrefrlngente technlques (Meisner and Rushmer, 1963'33,

hot film anemometry (Young and Tsal, 1973 a, b). Wlth stenoses .

of various dlmen51ons, Roach (1972) found the Re depended on geometry,
/ -

with the diameter or degree of constriction being more 1mportant-than

the length of the stenosis. Young and Tsai (1973,5, p) have Rerfor@ed

SR . N . - P
1 1 ) ‘ + .

O

. W



»
®
-

an extensive analysis of the flow characteristics of model sfenoses,'
\\ Ny '\ ‘
for sneé%y and yngzgsay\fﬁnw, using hot film probes. Using in-
stantaneous Reynolds number they found, as above, a lowering of Rec
t .

Y

for the onset of turbulence with increasing degrees of narrowing.

They- also noted that mildly stenosed models were more stable under )

oscilLathy flow, whereas severe constrictions showed little differend®
between steady and pulsatile flow. Sacks, Tickner and Macdonald (1971)
found a stability boundary between the critical Reynolds number and -

- »

. ) [l
stenosis geometry, using the occurrence of a murmur as the criteria

for critical‘heynolds number. They found a convenient empirical
- . 1 . .

‘.'reiati n Rec = 2000 ( %-)Z.where(i is the occluded diameter ;hd D is

) »
“the normal. diameter of the lumen. Their- results. showed good agree-

. . - 4 .
ment between the time duration of a murmur- and the duration of

'super critical' flow, -
f

In summary, disturbed flow occurs when the Reynolds number

’

associated with the flow exceeds the critical valué\ Q..EE will occur
< v . .

normally when the appropriate values of flow rate or diameter in-

crease oy _the kinematic viécosity decreases beyond the normal

physioclogical values. However, an effective lowering of the critical

Reynolds number will provide the same effect under normal physiological

values. " This, arises from boundary induced flow alterations such as

bifurcations or stenoses. . Ce .

' ~
(i1i) Flujd Pressure Spectra .

The previous distussion has emphdasized some of the conditions

-

where ‘abnormal flow states result in disturbed flow. A knowledge of

Phe magnitude and frequency range of th;ﬁpréssS;E%fluctuations

13



L ‘.

vzzgéing from this disturbed flow is important in studying the question
P 5
of fatigue. The spectra of fluid motion has been étudied.by many '
aﬁthors, using birefringenée techniques (Meisner, and Ruéhﬁér, 1963
a,‘b; Anné ef a1,<19673,,spectra1 phonocérdiogrgﬁhy (ﬁcKusick, }958;
Winer et al, 1965; Leés_and_Dewey, 1970),.pressurg'fluctuétioqs |
(Yeéllin 1966; Foreman and Hutchison,'197d a) and hot film velocity )
éluctuations (Nerem, Seed and Wood, 1972; Kim and Corcoran, 1973;
Giddens ef al, 1973). All of'thege'studies indicate an increa;e:in~
the magnitude and fréquency rgnge of dist;rbznces as.the flow
/

A

rate increases. .
Foreman and Hutchison (1970 a) measured the wall pressure .

fluctuations produgdﬁ’by flow through stenoses in rigid tubes.
- P4

+

Their restilts indicfte an increase in the magnitude and -frequency
range of pressure fluctuations when either the flow rate or degree

_of constriction is increased. °Kim and Corcoran (1973) observed

B ~ .

similar results using a hot\fi1M'probe to measure velocity fluctuations

in rigid tubes. An in vivo analysis on dog aortas has been recently

a . . -

performed by Giddens.et al (1973) obtaining both velocity and’ pressure

fluctations. As in rigid models, they found an increase in ma@nitude

and frequency range of disturbances as the vessel is nasrowed.
¢
The spectra of wall pressure fluctuation in a turbulent

boundary layer for different flow rates can he characterized in terms

. ¢ ) _ . .

of the non-dimensional power spectral density and the non-dimensianal
' . ) c

frequency (Willqarth, 1959; Bull, 1968; Clinch, 1969). This relation-

ship-is shown in Figure 3 redrawn from Clinch (1969). "Lees and,

3

4 -

14




—d .

#.,




r
- B &

)
Coe ¢
l: .

’ /

. FIGURE 3 x
B ¥ '
- Non-dimensional fluid pressure spectra in

&

a turbulent boundary layer. Redrawn ¥rom Clinch
4

(1970).
¢ - :-power spectrum of the pressure fluctuations
p - fluid densitf’
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Dewey (1970) have adopted this approach to represent the loud

carotid bruits observed in patients with Seyere atherosclerosis.

They, noted that there are substantial differences‘between the .

.

. . N | . . .
pElsatlle turbulent jets arising from stenotic occlusions and the .

constant mean velocity pipe flow with its constant non-dimensional

intensity. In spite of these differences, however, they feel that
: -

. . Y

LN

their results ""'suggest that the fluid jet'produéed by a stenosis

rapidly establishes a universdal turbulent spectrum just distal to

N the point of partial occlusion", ' .

There .are two wall regions agsociatar4:ith a stehotic jet

_whé}e we would expect different wall pressure spectra. Just distal

~ .

to the stenosis between where the boundary layer separates and

~

reattaches is a 'separated region' where there are low frequency

Co - disturbances (Young and TWsai, 1973 a). Distal to the point of

P

'

reattachment of the boundary layer the fluid is zighly distq;bed_
containing-a muéh‘kigher frequency content and intensity (Young and
Tsai, 1;?3 a). Both regions are dependent on stéhogis geometry

and Reynolds number., Roach (1972) demonstrated the effect»df
stenoﬁis diameter on the Eoint‘of reattachment geg length of the

-~ .~ highly disturbed region. The results indicate a movement of the

' feattachment‘point closer to the stenosis and a larger zone of

L

highly disturbed f{gy as the degree of constriction‘is increased.

This provides qualitative agreement with the observation of Roach .

and,ﬁacDonald (1970) that the lengﬂxQﬁ?poststénetic dilatation

was inversely related to the stenosis diameter in renal arteries.
- L ] -




po | 18

. . This could correspond to an increased region of highly disturbed .

?
3

flow with its greater spectral content.
[ In spite of the largkt number of pressure spectra studies
1 - . - ‘

o performed, no ?bsolute values of the pressure flpctuations within
the lumen of biolegical vesse}s are -reported. .Even in spectrél
phonocardiography few absolute valuesvare‘reported, with relative
intensity, .timing and duration’the quantities of interest. Murmurs
are generally quantified as loudness en a 6 point sc#le, which is .
largely subjective as reported by Lepeschkin (1957): He made
attempts to analyze murmurs objectively with an electric s%ethoscope.
In normal persons he found 1evéi§”of 20 to 60 dB.fdr the first heart

~'sound and 30 to 70 dg for the §esond heart sound. The loudness of

® : :
systolic murmurs ranged up‘%o 40 dB while some high pitched musical’ -

. & .
- murmurs’reached 50 dB. These are all levels recorded. at: the body

surface, however. ‘Wallace et al (1959), ﬁsing a phonocatheter
intravascularly, calculated an amplitude of 45 dB with respectyto .
1 dyne/ cm2 sound pressure level (or approximately 120 dB with respect

to threshold) for the second heart sound in the right.ventricle.

Eay

However, they provide no other levels for their intravascular studies.

It is clear from the above discussion that increasing the

A *

flow: or' severity of constriction (once the critical Reyholds number

hY . :
- has been exceeded) will result in a greater spectral content of

[

X | “
pressure fluctuations acting on the wall, as well as changing the

» [ -
region over which it ‘acts. The significance of these facts in view’

3 L

of the observations made by Roach (1970), relating the degree and




® ' "

-~ . - *
-

zone of structural ‘weakness to the degree of occlusien, is now in

perspective. However, whether it is the general increase in intensity

of the pressure fluctuations or the increase at higher frequencies f/ -

t

» or both is not clear. G
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. (iv), Murmurs

~
&

One important aspect of thé response of an.

9 . - b .

elastic vessel to disturbed flow is in the production

E

: , o ‘ )
of murmurs. The essential factor here is that the wall
. ° '
is flex1ble and can vibrate:in response to the turbulent
S\IA

hdary layer. The result. of this motion 4is an additional
sound field that may have a muqh greater intensity than

B 2 - -
that associated with the flow, This point is demonstmated
. ) ;
*by the fact that—a turbulent jet in a rigid :tube does not

a - -

- = * - l’
produge a murmiir, whereas if an elastic vessel is exposed

to.Fhe)same Reynolds nUmber a murmur is heard (McKusick,
[ L

1958) . Meisner and Rushmer (1963b)- demonstrated that the

¢

L

more flexible cellophane tubing produceé sounds. that ]

were 10 times louder than the more rigid tygon tubing
: . , ¢

3 . - .
under the same flow conditions.

o

Bruns (1959b) rebognizedrthat'furbul%nce elone

ecould '‘not account for murmurs but suggested that periodic .
. o' - ~
wake fluctuations of vortex shedding were responsible.

The prev1ous spectral analysis of pressure fluctuatlons,

however does not provide evidence for a periodic nature
ofs the flow. McKusick (1958) correctly summed it up by

r

statlng that "Murmurs are produced throu%F a complex

,1nterplay be}ween the disturbed flow and the wall or 3Eher

boundarx structure". It is flgar'%hat a further under-
standing- of murmur production requires an -understanding ef

the dynamic response @f the enclosing structures involved.

9 . - > .
' “ . »\ M
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o ~ (v) Resonance | o ] ' < : K
4 —_— &
The response of a biological vessel to disturbed -
flow i3’ one of considering the effect of a fluctuating
¢

force on an elastic system. In particular, ‘if that driving,
L] 2

force has a frequency content ‘that includes the natural - ..
) frequency or frequencies of the elastic system, resonance
. - ~ .
may occur. The development of this condition with its
v - ' ’ ’ -

.large vibratory strains would have considerable effect

1 A

on the problem of fatigue or weakening of the wall. .The
. , e .
previous section has discussed the frequendy content of the

N 5

‘stimglating force under the abnormal flow states. Th &

question that remains to"be answered is - what arg the
. .
resonant frequencies of biological vessels and have they been.

- o

observed? . . ,

' LY

’ ‘ - In reference to this,question Foreman and Hutchison
. Al

«+ (1970) obtained wall displacement spectra of isolated dog

-

[y
>

. & and human iliac arteries distal .to an artificial stenosis

perfused (in vitro) with steady flow. Using a non’éontgcting;

- . 9, .
capacitive displacement transduger they obtained results
P ’ -

similar to that in figures4, which clearly shows three ;
R - ~ g" ‘D . -
amplitude peaks at 130, 310 and 550 Hs. They considered {

whether these were true resonant pegké of the wall by

»

\ Etimulating the vessel externally with a constant level
: T ; o . .
, sinusoidal pressure from a 1qu§£4aker. Their results .

“

.o » - N . . i
> - demonstrated several.resonance peaks which showed excedlent.

‘correlation with that obtained under disturbed flow.
[=]

&

& Ce ’ .
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Wall displacement spectra distal

to a stenosis.on.a human enternal iliag artery, .

in vi Reproduced wikh permission from
Foreman and Hutchison (1970 b). ) S %
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They concluded-that "fluid flow through isolated arteggzs

with an gxperimentgl stenosis "excites the artery wall

.

to vibrate Over a wide range of ffeguencies that coincide

with the resonant frequencies of the 'artery -wall."

Boughner and Roach (1971), who found the dilational

]

responge of arteries to be frequency dependent, suggesgive
A ¥~ d

of résonancéndid not find resonant peaks in their

vibration stuﬁies.' However, their use of a pressure
. ' . L

transducer (Pitran Model PT, Stow Laboratories ) to

quantify wall displacements is questionable. .
. 3 - :

o

Other investigators have considered the-wall
vibrations in’resp’tse to disturbed flow, "Meisner and
Rushmer (1963b) used a phonocartridge in éontact with the

walls of tygon and cellophane tubing., Although no sharp,

resonant peaks were .found the spectra obtained were fairdx
complex, possibly.-contaiping -several pgaks close together.
Recently; Kim and -Corcoran 61973) havé ohtained 'wall'

spectra using a microphone in contact with tubing of different

thickness..  They did find fe%énance,_particularly‘in the

thinner -walled vesselsZ’XPIacing a phonocatheter against

the wall of cerebral aneurysms, in vivo, .in- humans,’
. - ’ ' -

quguépn (1970)7 has ob%ervéd musical murmurs and suggeéied
‘that resopance ' may be involved.
Except for the study by Foreman and Hutchison® the

question of arterial resonance “has begn examined poorly.

. I

v, »

<
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The use of pressure~sxzansduders: to evaluate wall » .

. . -~

. . , . ® .
vibration is.questionable, ormer study, on the

other hand, could not provide information &n the °

&

resonant modes of vibration nor were the properties

altered to see the effect on-the resonaﬁt/f%equencies.

' , . A . . . ..-l .
It seems yclear that an analytical and experimental
evraluation of ‘thle resonant modes-of 'a biologicdl vessel is

-~

necessary for a further understanding of murmur production

. .
and fatcigue. -

.

-




. II THEORETICAL ANALYSIS

(1) Introdugtidn-

- 3

To understand the dynamic reSpOnse of a- biological
vessel®we must consiger the prOpagagion of a perturba-~

tion of the vessel surface, The disturbamnce propagates
outwards from the poiﬁt of initiation;<cnaracterized by

o

the vave propagation»speeds.C and C .« It is eaeyato

L
. .1' '

"see that if the frequency of"- the stimulating force is

such that the returning perturbation circumferentially

L4

is in'phase then a standing wave will occur. Similarly,

-

if there was gome acoustical discontinuity longitud;nally,_
to allow part or all of the dis&urbance to be reflecte ,
then longitudinal st&nding wvaves might be set up. The

corresponding resonant modes are.shown in™igure 5.

-

L]

To determine the frequencies involved in the above

resonances, the wave propagation characteristics must

be knoun; The study of wave propagation‘has'concerned

-

’many investigators irnterested in the propagation of the

-

arterial pressure pulse, beginning with Thomae‘Young«in'
1808 (Skalak, 1966). Excellent reviews of the derelopj
ment of wave propagation theories, all 1ipited by con-—
sideration of anisymmetric disturbances, are provided

by Skalak (1966) and Noordergraaf (1972). N
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] FIGURE 5 t ‘

Radial vibration modes of a cylinder.

m= number of half waves longitudinally

n= numbexr of full waves circumferentially




-
.
N
.
’
[}
4 1
. - e % o
L L A S ' -o... . ? - - .
g B L4 . .
L] L d o
. , - *e
.
. LAY
‘.- *, * -
L
"......O" “®* e o *® e’ sent
- . .
am . - -
m =1 m= 2 m =3
-
.
\r L
- R v
»
-
@ ¢
*

VIBRATIONAL MOBES OF A CYLINDER

-




1]

- 1
]

“ | 29

The most comprehgnsive analysis of wave propagation,

[

theoretically andrgxperimgntall§,'that includef non
axisymmétfic disturbances is by Anliker.and his colleagues
(Anliker and Maxwell, 1966; Maxwell and .Anliker, 1968;

Anliker, 1972; Moritz and Anliker, f974). Their analysis

considers the in place

.

xial (v») and tangential (v)

al motion (w). These

«

movement in addiEion~to the ra

3

»

results indicate. that three types of waves - axial,

toréional, and Pressure - gag be_ propagated, characterizgd

by their_dominanf, tion u, v and w, regpectively.

The most general description of the motion of a -
cyliﬁﬁ}ical véssel comprises three equations relating
the translationhl.motion and two equations relating the
‘shear. From our point of view, however: we are inf.
terested ﬁrimarily in the radial motion of the ves¥e1.
The motions longitudinally (u) and tangentially (v),.
are of little 1ﬁterest since movement';n»these directions
would not result in an additional soup& field. The @
radial vibrations, howeGﬁ;, carg lead to a newrspund
source. Since an additional sound éource seems probable
in the production of murmurs or bruits (interaction of
the f}ow with an elastic*structﬁre (McKusick, 1958)), *
which appearé necessary for fatigue (Roach 4nd Ha;vey,

1964), it would seem that our concern shoull@ be with

the resohant modes of radtal vibration.




(ii) ‘M;mbrane Analysis

rd

The equation of motion in the radial direc%}on is

(Dym, 1974):

1 1l "o "z _ e _ 9w = ’ ,
R * R 30 R R Ph —5 + F =0 (1)
z o ot
S a

where Tz, Te are the stress resultants (tensions),

. +

1 , 1 , the principle curvatures, iongitudinally éndf

R R
z L)

circumferentially. Fr 1s the total body surface force
acting in the radial direction. Qz and Qo are fhe

-
transverse shear resultants related to the bending

. a'/ r ‘ ¢
moments by ' ) . '
3(M_R) oM
z oz oR -
QzR oz + e Mo 3z (2a) »
3(M__R) aM_ -
* = Z0 z a_R
QeR 9z * de + Moz oz (2b)
B .. ) y
r's
" However by making the agsumption of a thin' waill .

.

(h/R <<1) the transverse shear resultant become small

so that equation (1) reduces to the membrane equation:

¥

I, Te © 32y -
"R TR -_ph — * Fr = 0 (3) Y
z e .9t

3

Noting that r = 2 i + R(z,0,t) £ and R(z,e,t) = a + w(z,e,t),
- ‘ '

where a is the mid surface radius,.then th'e principle
N ‘ .

curvatures are (Dym, 1974): : ' ,




Similarly

1 _1_1 32R _1 1 3%w
Ro ‘R R2 Be? a+tw (a+w)? Je2 ~\
o1 w1 3w
T a (1 a) a2 Je?
ignoriﬁg the higher orderﬁzérms in w. : v
S 1 _1_1 5, 32 ° S
: . Thus R~ 3~ 32 (w + -5-;‘;—) (4b)

T ] T
3%w .- o 3%w 2w e
Tz 3z2 + T (w + Bez) 7 ph ot?2 + a Fr

) : L : , .

o

If we consider that the time dependent part of
the ten}ion due to the perturbationm (T = ™ + 1", is
0

small relative to the prestressed level T , then

T = T "and
'1'”0 -Z-Y-'l”wuo (v + a2"’). = W L4 - F (5)
z z2 a2 de? at? P

! wvhere T¢° = Apa. This is ghe ‘'same approach taken when

considering the motion of a string under tensfon. If
o » . ) -
the last two terms f% gquation (5) are ignored we have




- O‘{u

»

- -

‘\/ L

8 & .
the dynamic equation for a Gylindrical membrane under
\-

tension in a vacuum. This may be compared to the more

familiar equation for a rectangular membrane "

td

Eﬁ 32w + Ex 32w _ 32w .
ph 322 ph 3yZ - Jt? -
' o . L
which reduces to ‘the wave equation:
‘ .
Y '
2 = = w- 2 _ I__
A i T S
- - ‘ -
when the tenmsions are equal, ie. Tz = Ty« The two .
equations differ by the term w/a2 arising from the .
permanent curvature. Hence we can rewrite the cylindri-
2 d3%w Ce? 32w 92w
cal equation as C, T t o1 (w + 537) =TT €6)
. ] : .
T T
2 2 2 e
where Cz “5h and Co oh - -

~

L 4
b .

For a qylindrical shell of finite length the normal

modes of radial vibration are (Warburton, 1961):
w = Wo cos (no)'sin.(%l z) e lut

14
"y

where n (0, 1, 2, .::) is the number of full waves cir-

. ‘ )
— - .

‘cumferentially and m {1, 2, 3..F) is the number of half

waves 1on§itudindﬁly. Supsfituting dnto (6) we find

22 2 .
‘2 mTm C 2 _ 2
“2 Lzaw+:;‘_(n.'1)w"”w .

orT

32



-~ M & [
] . ¢ , - 33
AC 5 k ) -, ) -
2 - 2 _Z_ 7 _ Ce 4 - .
fm,n n (2L)2 +. (n 1) (2na)2' , (7
b since w = 27f. T e . o ; P e

. . =
[ . . 7
- : -
. s . - , .

Thus 1if the geometry and prestress levels of the,

membrane are known the resog'nt frequengies, fm‘h‘can be
;M a2

calculated. As in the case of a stting or a rectangulkar

membrarie, when the tensidn is increased the wave propaga-
? A N

tion speed increases,kthEreby raising‘ﬁhe resonant fre-
. . - y .

quencies. The resonart modes or standing waves of the.

membrane are shown in ‘figure 5.

-
v

* For the biological cases oﬁ interest, however, weé
T, o - .
have a fluid containpd within: the vessel ﬂnd t}SSue R
‘ b, B

surrounding it, as;ingarteries 6r veins, or just the

]
surrounding: tissue, as in bronchi. The dynamic response ig'
{ ) Y L4
, of a vessel containing fluid &% enclosed by it is sub-, .
. , C

stantially different from the results"in a vdcuum or’ in |
air (Warburton, 1961). Not surﬁrisingly, this regultg ’

from the radditional inertial response due to the res- L N
pective movemént \of the fluid itself. *That &s, any
o . K - /
.perturbation of the vessel w§11 is also'reflecfed by/a

)

similar motion of the fluid or tissue. . ' 4 ?
. % . S T . y . °
The fluid motion ,is determired from the édntinuity »
equafien in term; of .the veloc%ty potential (Warburtdg,"
o~ - B " ' ) e "‘
1961) . . S R a4
. ‘t , bE X i- 32 . . )
" A W
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o == fih"fﬁw
where ¢ 1is the velocity of soaund in the fluid aqd thex .

) :
velocity of the fluid motion is Vv =’-V?. Thus, the . ’

- L]

boundary condition relating ﬁhe motion of the wall to

.8

the fluid at the wall is - - T S e
v . . . . . :

3 ' L £

L & r\?;l'., Yyr - ‘ B ('9). | ‘
: . ) /—t\‘ 3t -é_— a i , ) . Rt "

-~

'Following'WaYburton (1961) a solution of the wave

-
-~

equation is . ] ’ .

BT o

~

¥ = F(r) cos(ne) sin(=—=

mﬂz) iwt

where F(r) = AT (kr) .+ BK_ (k) . .
: . K 5. wiql ;2 K - ' h . -
\ 1f K 2 7 >0 | ;
3 L ‘ C 3 . ’ - . - .
. ( bl ‘\2

For’ frequencies less than 1000 Hi}(w /c? is of order

- 242 . 1
10 3 so thatiwe may write k2 = E_%, » for L not tod large. '

- L ‘ ; ) N ’
In and Kn are Modified Bessels function of 'the first*and

> [

. R / - .
. second kind, respettively. Kn approaches infinity as ’ ) *\> N
~ ‘ ) . = L e .

f\q,d and In > ® as r +r§. Because the solution must

Y - »

ER be finite’at r = o tﬁ/ffid that B = 0 for the internal . )
, ,

%
-

) i
flui ie. ’ - Py }
. .d*" y ‘ -
o~ ‘ ! ¥ £

o j ¥i = AId(kr) cos(ne) sin(m“z) twt
N T :

-

. - : . - - ¢

]

(10a) .

*

: . \ ‘ . .
'Similarly for the externalimediﬁw where Ye must bg *

- It £

Pinite as r =+ o, ! . ) : N {

. § . ’ PR

Ve = BI k) o (ne) sin (%) fut (10b)

'
P~ - 9 - -
&- . ; tol ,

Bl . i A B ° v
&%. .

T
A !

L' less than 15 ¢m. for 5% correction, -

/ - N , . ,‘:5 ’ N - ) . -
) -\-[ ’ 2 )
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- 3 - 't
. . The constants A and B are evaluated from the boundary
’ . - A X

. conditiqg (9) , Thus. - - ' 5 '

. ’ f) v v ~

» - ° . -
iwWo cos(na) sin(mTTz e;wt . ])

mﬂz dwt,
e

& Ak I' (k a ) cos(ne) sin(

4
-
. Y

' iwWe iwWo .
o - . so that A = 0 = T . . >
o o KITCka) kL) (ka) ’5 :
o 1wWo . . B
[ n e 's
-~ - ) v . - X . _\
¢« Therefore we can write *
A c ” )
I- (kr) - a . PR
» 1wWo mwz iwt ‘
. 'Wi K I (ka) ips(no) sin(
- ) ' L (kry c o
. 1w —F———w ’ (l1a)
1'(ka) . -~
. n 4
A i , ' . - i
- Kn(kr)»_a . ’ . v .
a7 Ye = 1o giggyv ’ (11v)
.4 . [

' The pressure perturbation due to the disturbance

is obtained from the vel&citx“boténtiél by

P’ = -p 3— ‘o )
' * ot , { ‘ -
- , . l ; .
(5 In(kr) - .
thus Py = 0 T3 a)w + (12a)
A n- - e
t . r@ . ~
\ 2 Km(kr) . ] l ’ W~ .
and Bl =l | | . (17b) .
. . . . “ ) K
o~ Evaluating the pressure perturbation at thé wall the

fotai‘bbﬁy surface force Fr‘of equation 5 can now be

-

3 v




"Substituting this into equation 5 we obtain ‘ : .

yritten as . .. . ‘

> &
- d
=" - L ]
. F_ AP + (pi .pe) ' .
2. In(ka) Kn(ka)

w -’
AP+ pp ¢ I(ka) ~ Kr'l(ka)]‘f’

o - o .
"o 32w Te 32w Bzw wz I; Kn *
T, 2.7 — 7 w3 = ph 5 - pp Iy - Tl o
dz 147 < de” at n n
We can simplify the right hand side into the more in- "
formative fo}m : *oe e
f - ' ) .
p. I - K 2 ) : .
s = (on + oE (DB riay 20 , >
k I'N\ K 2
. n n 3t~ .

That is, ‘the éxtra term_providés'an adﬁitional‘mass
pér unit area associated with the shell. Calling this

the virtual mass (per unit area) (Clinch, 1970)

ol 7
- ’ *
P I 'K :
- £ _n_.n
m = ¢ 7 - ) a3 .
- n n : d
* ' v , R
we may write the effectivé masé*pef unit "drea as: ’ - s
f ’ - ) l.| - v -
ph = n, ) ) . v (14) CT

- } ! . - ) . ‘
so that the dynamic equation reduces to equation. (6)
. - L ) 7

but with p_h replacipg ph.  Thus we obtain the same
~ - c .o N ’ '
form as equationg (7) except -that

.



o )
2 Tz 2
Cz = > h and Fd m

e £e

-

The expression (13) for the virtual mass ¢an be

- ?

simplified iT we consider ka < 1 and n > 0. For these

*

approximations . } » r
I K ’
n ka n, _ ka
Iv = o @nd R [g7l =g
n n-

(Warburton,'1961), so that the virtu%l mass becomes

> . " (15a)

Note that.if either the external or internal fluid is

‘ -

present by itself then- m_ = pfa/n. These resulw#s show
f

L
that tﬁe inertia® term will be dépendentrupon the modal

Pl ' ’ - -

response circumfefentiallf. Thus, the dynamic response

. -

is consdderably more gomplex than tha4 in'a vacuum.,

One other factor that has been ignored in this

anélysis is the coupling of %he.in-p;ane motions U and

V.. Following Warbutrton ihe significance of these con-

L

tributions to the present anélysis is one of providing.

an additional term tg the.virtual mass,. ie.

4 . - "f‘“ ‘ s
. épfa .
mL = n- " '_ .' (15b)
Ugs2, ,V,,2 .
L] __.Q. _.D. . . ¥
[1+(wo) +(wo) ]
4
- -

e




or the dominant radial motion of intere%t, however,

the terms‘%n and %ﬂ are considered small except for the
¢ o) o R v
beam mode (n = 1) where U = 0 and V' = W, such that equa-
- p 3

tion (15b) becomes mi =

d

3

~
»

The precéding analysis w%&h its dgﬁelopment analégous
to that of af&ibfagiﬁg string or-membrane provides a
relatixél& fimﬁle desci{ftion of ‘the resonant modes of
vibration for a biological yessei. By éssuming that the
vibrations ‘are small enough to consider the wall stress |,
or tension as -approximately constant we h achieved
c0nsiderable simplicity over‘the equations describiﬁg a'
shell., The .assumption of constgnt tension 1is seen'to

2

be a reésonéblé’one in the following ana}ysis The per-y

turbation tension circumferentially 1s gIven by T; =,
» - .

th(g). Considering Eeﬁ as approximately 106 dynes/cm

.and using the result %'r.ixlo—a (from the present studiegf’

»~ then T ' = 200 dynes/cm." Howbéer, for P = 100 cm H,O and

o. ) : ) 2

&= 1 cm then Téo ~ 105 ‘dynes/cm, so'that,To' is oniy
. . s . . .' » i
0.2% of the prestressed value and cdn be ignored,

- 3 » ‘ -
»
. R

. (i1i1i) Bending Enérgy Contribution

-
1

The first major assumption was that the wéll was

0 . < . \
thin‘(h/a<<1),allowing us  to drop the transverse shear
terms from the equation of motion, . (gquation (1)). The

cut off valué is generallx h/a = lﬁlO which is not

10
+
' -
- . 7
l .
- - - .
.
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\with Me » M

F-\l - ' k o ' ’ 3 9
unreasonable for the larger artertes at physiological

pressures '(Bergel, 1972f; 'ﬁvﬂever, as the ‘modal pattern

increases (m or.n increase) the contribution due to

L . , ‘ .
bending moments becomes necessary. We may expect 5hat

A

the higher‘'circumferential modesykn)‘havé a s{gﬁiéicént

contributian -due to the smaller dimension circumferen-

The bending moments are given by

h/2 - , ' "
M = . | o E(l + E/Re) d& , (16)
Z —h7l2 Z. '

‘e’ Mez of similar form. Using the ortho-

_tropic nature of biological vessels (Patel et\él., 1969;

Botwin, 1973) to describe the perturbation stresses we

can write the total stresses as:

z z z z eV e '
N
o)
g =g +E € +E ¢
] ) o o zV z -
-
F e
Yoz oz oz . (1?0)
. K] -
el VA \ .
Lo ; . / . w .
s ’ D VI . -
where E ,’;E , E , E ana E -are related. to the aniso-~
. z° e LAY zV : &z < P

tropic moduli and tﬁe gtrainahé¥e given by (Dym, 1975)

2 - | 8
: . du- .. 3w
R L TL RN (182)

“ 2 ' ‘ ’
e, = [Ew + g5+ 23X - TPV F ) s
a . ) ‘ : )

N -

v
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I L A L S ST SR A '
oz Sz a ‘9z 3 ' - R
. © dzde e :
| +"{l31—5(—3—32" iy g T s
- : ‘ a de a dedz a'de ‘R, . ¢
’ ]
The quantities u, v are the in plane ,Jongitudinal and
tangentiaf motions described—;reviously. Substituting.
the stragins into equations(l7)the bending moments can .
. be evaluated. . B
) 3 2 2
h o 2 . 2,3v I w ov 37w
=™ - - —
‘Thus Mz 3 IO'Z a + Eza (-g? d_7)+EOVa(§; 2)] (198.)
12a~., ° 3z° . De” 4
3 ' 2 2
M o= - (0% +E )a 2¥ 4 E a(w + 2] (19b)
° 3t e zv 2 e 2
. s 1l2a o0z . de -
3 2 ‘ | -
_ - h av d°w
?ez Mge Eoz 172 [5? 2 x537) (19¢)
’ . H
. The transverse shear terms in equatioh'(l) can be simpli-
fied to
J l ’ ) } .
' 2 2. 2
- N § B(QZR) + 1 e _ ; M. + 2 9 Moz + L § Mo
R 3z - R de 2 Y 2 2
dz a oJde
= BT . ' ' (20) .
Av‘ P o
. where higher order terms in w” (ie. wz) are ignotred.
® . .This requires that w is @mall. Substituting the bending
ﬁomepts into (20). we find: R \
» ) ) * bl
. ) ' -
. b 3 . .
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Py
1 Uy o1 Vo - '
where U™ = ﬁ-ﬂ- , V= T We can rewrite #®his as .
) J'-' o (o]
YA, .
BT = -w[(nz—l)n2 —L + (E-TL)2 YA, ] (24)
a2 L7 T2 o
T2 3.1
where Al = Eea and A2_= n Ela +‘nE2a v

2, mm, 2 am. o1
+ Eza ((-—-I—:) +_"(——L-)V ).

Thus the benmding terms above provide a correction to

1
the: expression for resonant frequency (7) such that we _
. ) et L. B .
can write modified forms of sz and C,e2 as -

0 2 T '

c 2. Te ®2 Y4 - (25a) '

e p X : : g

IS . ‘ ‘ | .

and ) . ' . -
T @4 YA :
2 z 2

C % e Z2——2* ' © - (25b

z peh | | p ( )

/~—77 . g ‘ ) . i
When‘%/a is sm;il as .in fhe veihs‘or pﬁlmonarx .

;rtefx (approximately 0.02 as reported by‘Befge} (1972))

the value_of Y iS negligiﬁle'aga-the additional terms

in (25) due to bending cpn‘be igébréd. With vessels -

. . . } v
such as the aorta, howeézi, the value of h/a is approxi-

mately 0.1 giving a.value of'Y z-1o'“ so that the Bénding

terms may not be ignored, p&rticularly for the higher o T -
P - . .

4 i

”

circymferential modes n.

G

-

‘The complete expression for the’resohantpfrequencies T

s . .

L]




' B ¢

of -a cylindrical vessel is .therefore

«

g o, 2
fz i mz ,Tz fYAz . n2_1 £§r+n YAl_
m,n peh (2L)2 p h :12wa)2 ¥ )

» (26)
e

Expéridentally we can evaluate this model by changing

o

0 : -
the prestress .values Teo and Tz and observing the

change in the dfferent resonant modes shapes (m, n).

Similarly the radius, 4, or the length, L, can be

" changed and the corresponding changes in frequency noted.



* IV EXPERIMENTAL ANALYSIS . «

(i) Introduction

° . / !

[4

An experimental evaluation of the model

was obtained by measuring the radial vibFations of
cylindrical segménts of both synthétic tubing and
arteries. The wall vibr%tions were obtained from éh
optical displacément sengqr and tﬁe spectral content

of this signal was obtained fgom standard electronic
filters that are used extensively in the }ieldkof
acoustics. Thus, by varyiAg the varuéﬁ of wall stre'ss

or tension (changing the length or pressure) the predicted
changes in the resonant modes could be comﬂ%fed with

‘ti®se obtained from the wall displacement épectra. This
was augmented by spatial information on phase and ’
anpljtude (obtained by movement of the probe57providing

evidence .of the mode shape, m,n. i
The significance of the surrouﬁding or enclosed
acoustic media (;S’pnedicted by the model) wa;uexamined
by performing tests on the synthetic tubing in air, :
enclosed'ﬁy fluidiwith air‘intgrnally, and then with
fluid ipternally_and externally. This prov}ded a
continﬁity for the éqsts performed on arteries which were
. - ‘ v
exposed to the latter conditions. In all these tests
a disturbed_or~turbu1ent flow created by a stenosis was
«+ _the stimulating-force actiﬂg,on the vessel, Howewer, T

i . : . ) .
4 . during the first two tests on synthetic tubing with air ;.

internally, the samples were stimulated acousti;alﬁy with

a loudSpeaker for caqmparison.
1




' ) N 4 5
(ii) Technique:Displacement Sensor
The yadial wall diSpiacepent was obtained by using

. a commercially available non-cpntacting, fibre-optic,
displacement sensor, which PBAQiEted vibratigns less - .
than one micro-inch to be measured. The 'photonic

sensor' (Model KD-45A) (Mechanical Technology Inc.) 2

consists of a randomly ' arranged bundle of optidael T

.fibers; half of which transmit light from a source of
constant'but'adjustable‘iﬁfen§ity anflthe“other half

transmitting any refiected (plus backgr&ﬁndi“light to

B . . N . .

a'photo sensitive diode, which\prgduces a.vbltage pro- -~
portional to the intensity of 'light received. Therefore

if the relative distance between the probe head and

L

. reflecting surface chaﬁges a corresponding change in the

= ’ : . . 3- . . . i .

output voltage from the diode is observed. Figure 6A
~ "u\

-

shows thif change in voltage with distance. - '

This distribution, with ‘the tw6 linear regions,
A and C, can be qﬁalitativply described as follows.
When the probe head is in contact wi{h-é flatasurface
there w;ll be no light received a£ sthe diod;. "ﬁf the
sufface is moved away, however, an increasing amount of
feflected light is received by adjacent fibers (see
fi;ure 6B), reaching a maximﬁm when all th;§surro;ndiﬂg

fibers’ transmitting to the diode are receiving ‘light. Eﬁ) T

As the distance is increased further some of the reflected g

“light 'spills But' past the active head and is lost.. The
. . ) G

-
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o

.as that- for a flat surface.

sprayed an the.surface to increase the reflect
’ ¢

’

¥
R
-

intensity therefore decreases, following the dis- .
¢ ’ )

tribution shown im 6A. Thus, by centering the probe at®

either position A or C, vibrations of the surffce can' *

be. measured with a frequency response limited by the diode
itself (DC to 100 kHs). ™ ~ ' °,
fhe calibrétion levels from a cyliﬁdiial section

of‘pen}ose tubing, 6.4 mm in diameter, are shown in
. L " _
. P . ’
figure 7, demonstrating thé same form of distribution

The expected difference is

.

that a position of)zero voltafge does mot occur due gj

.

the curvature of the vessel wall. .., To allow for any

. i

changes in calibration dae to surface geometry or

reflectivity, however, each sample that was studied had

calibration measurements performed before $ach test. -

-

These' were obtained b¥+placing the sensor in a micro

manipuiator (with a resolution pf 1/400 mm), positioning

the probe to the region of intere§t (generally point" A),

. _ . , ‘
and recording the vdltage change upon moving the probe R
] " . ,

about the mean position. - g N 4

)
t

Since.the biologital tissue and penrosé’tﬁbing
. LY

used jn the exper

A ‘
parent, an extremely fine aluminum spot wa
Kl . f LY

ﬂmtntalvanalysis was partiélly trans-

s‘generaily
ivity.

Tests® conducted with and without the small spot in air

revealed no difference in response, when the different

.
. ' -

RPN 4 . ¢ : l
sensitivities were accounted for. This" te€hnique was ’
- - 1 .

3

-

. . - -
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' ) - FIGURE 7 .

- . a

-

- - +Galibration,curve for thg photonic sensor .
¢ ' ¢ .

on penrose tubing (smaller saé;lé, radius 0.32 ¢m)

- * - ” L ".‘ . X
with fluid internally and externally. Not€ the ". Lo

-

change in scale on the abscissa to allow for the ‘more e

sensitive front portiom of the curve. Maximuym DC

output voltage was 2 volts and the probe was usually'
positioned to the linear operat\:g'rénge at 60%

v b

4l

on the froft part of thre curve. The disﬁlacqmehts

R
at AQ, gb; 60, 70 dnd 80% were thén recorded for

ltaliﬁjation before each test. . o

. 5
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"tiglly. For these trials a'Model 820A Random Signal

g ’
.- Ld

found necessary-to raise the very smalIl signals of
the higher order.modal patte%ns above the inherent

noise levels of the instrumentation. .

v - : ' - . 3 : L
Signal Conditioning ’ : }
~ The signal‘vol;agé-from the photonic sensor

.
x

was conditioned in several ways, as shown in figure &,

4

The signal could be passed dire‘ctly %to a frequency

analyzer, for -information on the frequency content of .
. * ST
the Signal. * Two different sets ,0f electronicgfilters:

were used in the following studies. The first system

consists of a Bruel § Kj{gr-(B & K) 2107 Frequency
»

Analyzer synchronized with a B § K Level Recorder. In

this system the paper of the recorder is pre-calibrated
such thaf a spectral analysis of the input signal is
obtained, similar to that shown in figure 4. The

relatively pégr resolution of this constant percentage
bandwidth analyzeér at the higher frequencies was cir-

?

cumvented in the later stages of this study when a

-

Hewlett Pa’tkard 3580A Narrow Bandwidth Analyzer begame

y ~

available. This latter system slléwed a constant band-

width analysis:as small as 1Ha, When coupled with an

Y

xy recorder the output could bé recorded permanently.
In the final stages of the research program,a

second photonic senspr became available that permitted

\

the simultaneous 4dnalysis of two signals from different

. . . . . . . . ‘
positions on the vessel,.longitudinally and circumferen-

- 4
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SIGNAL 'CONDITIONING .

*

L4
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Analyzer (Physical Data Inc.) was used to perform

d . «

auto-and, cross-correlograms, providing-further

@

evidence of the resonant response of the vessels.. '

—. . . \

Tape Recordings

’ - ~

Instead of sending the signal directly to ‘ o

the conditioning facilitie, it could .be stored on tape
- )

for future analysis. There were two r®asons for this
. . )
> v ¢
procedure. First, it permitted tape loops to be constructed

and pihyed back . so that considerable smoothing of the

spectrum was permitted.,> Secondly, when biological samples

were used, it was desirab®e ‘to perform the tests as

quigkly as possible before any degradation could occd¥1
v - . ¢ ’ .
There Were,many tests performed on one sample, so that’

g direct recs>&$qg involving almost one half hour per test

.« would run into.more than 8 hours analysis.
For most of the tests when only one sensor was

available a high quality, single channel, Nagra IVL
' . T - -
tape recorder was used. The gain of the recorder was

adjusted to zero and the s'ignal from the photonic 4

,~

sensor bésSed throjfh the amplifying circuit of the BEK

»

e ’ r -
2107 Freqﬁency' nalyéer (filtering mode off). The known

gain of this amplifying circuit was then adjusted to
. . ~

pﬁtain a suitable req&rding level from which a ¢one minute

. " record was obtajned. At -a copﬁenient time after thé
experimental test a short tape loop of 7 to 8 seconds
B .

was constructed from the middle of the one minute record

\ and the wall displacement spectra obtained as done
e, .

® s |




simultaneous recording of the two signals,

8

o

R 55

‘previously. When the second sensor beecdme available a

{; P R J /

a .

two channél Uher 4000 Report L recorder was used, permitting

M 4
-

° The“.dynapi¢ range and calibgatibn levels, of all B

. ' . o
the gquipment used is contained in Mppendix I. The
weakest link in this ch7in of- analysis is with the tape .

- M 3 D
recorders, particularly(the Uher, where the, low frequency:

information «is lgst. As it turns out, however, the

resonant modes of interest occur within the linear

[

operating range of the equipment. - .

L.
Measurenent of Geometry o

& /

.‘The length and outside diameter of the cylindrical
segments under study were measured with calipers., This

was sufficiently accurate for the length but introduced”
the possibility of an error in the smaller diameter

measurement, perhaps by squeezing the sides o_far.

3

Since the diameter became narrower when either the length
v Ax,

., - . ¢ 1

increased or the pressure decreased, it had to be

measured dnder each condition, The resting wall thickness

was measured with. a travelling. mlcroscope'from a thin
slice ,cut from the end of the sample studled Thenusing
o %2332 ) ‘the wall‘thicknegs

could be estimated at thé prestressed values of 1nterest

1ncompress1b111ty (h = h

Using this value of wall tﬂ&vkness\¥he mid surface radius,

a, could be cal;pﬁated from the external diameter measurements.

e

1 '




With.theSe measurements of geometry the prestressed

¥

valués‘of circumf%rential (Teo) and 1ongitudiﬁal (Tgo)

Y
.

&

tension could be calculated., The circumferential tension

was calculated from Te° = Pa, where the pressure.was

‘

measured from a water manometer uhder the various tests.

The longitudinal tension, TEOL; Eah\eB + Vv Tep was
. ' A
calculated from a knowledge of the strain, €3 = r%— -

and the mpdulu% of elasticity, longitudinally, Esz.

This. latter value was obtained .from a simplé force-
extension test done on a sample of the synthetic materi
vy - | '9
’ , . :
giving a linear value of Ez = 1,65 x 10 dynes/cm2 over

the region 0 to 25% axtension;’ Sinoe the longitudinal

) '
modulus of elasticity for arteries is non-linear and
because it also varies with pressure, no longitudinal
. " . s -

extension tests were done en arteries. Thus the longi-

stud 'ed N ¢

(111) V1brat10n in Air . o ’

t

A CPS » ™

Our star ing p01nt in testlng the valldlty of

.

°

‘the model presented in chapter III is to consider the

Py 1

. .. : ' g . )
// tudinal prestress was not calculated: for the arteries

i . ? ! A L
dynamlcs in air. This removes the more c0mplex situation

with the.inertial dependence on the mode of vibration,

[

Another factor favouring thiB‘simplig’wion is that it

56

al,

.

becomes much easier to stimuIate the vessel (acoustically), -

4
[

}}A air. Finally, it should perﬁit an evaluation ,of the
: A - -

e
'technique to measure 'the wall vibrations. - .
- - ' ; - ~
. . > i . 8 '
¢ . ? \ »
) & '
f“ .
v L8 ’/
. o



Method

£ ‘ . .

Cylindrical segments of peg;ose tubing of
~ "
radius 0.42 cm-and of various, relaked lengths, L

(L/a>15)swere' attached to rigid'cilindrical sections’
. (similar dimﬁhsibns) of.ﬁlas%ic or s§ai;1ess steel v
* (see 'szﬁ(xré"‘)). Penrose tubin.g was us_ed chat.l‘se\iﬂt-s"

prop rt?eéﬁyould nbtldegenerate throughbdt’the test _

en

and because it w®s thin walled (h/a = 0.1) with amn
. elastic modulusdialthough isotropic¢) similar’to arteries
* ) ' ! S T ,
at physiological pressures (apprpxima!ely 10 dYHES/CmZ)u !
_ . 1 ){,—

-The sample was pressurized and its length stretched

.

prbdpcing the prest}essed levels,.Téﬁ and Ts°. . By -

chafiging. the pressure or Jength the prestressed levels
> e i g . .

could be varied and its effect compared to-the predicted

-

»

cHanges for a particular mode of vibration. “ b
. . . = ‘ =
o As shown in figlre £ .‘the '‘photonic sensor c¢ould
. : : -

be used to scaﬁ longitudinally ‘so tha%'determinati;n-of -
the {cngitud{nal mode (m) wasgypossibie. This was dong

. ,
by plotting the"amplitqdé at each résongnce‘versqs
longitudinal position.. .

< a4

Acoustical Stimulation . e . \
The dynamic -response was ewvaluated.initially by ’
- o . -
N & . .
accoustically stimulating the vessel undgr various pre-

. o '~ >' . h . -
stressgd levels, both internally and gxternalléj/ During
external §%imu1a§fon a plastic Bifurcation was attached
. : - . , ' ' 4 N
cto & cone from a Joudégea' r (see figure 10AY ,such tha't

o L . . - A

one branch led to the point of stimulation and tRe other _
a F-3 ‘ - : . -

. )

: R

-
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v Exper1menta1 arrgngemént for measurlng

a—wﬂkl,dlspl‘ﬁdement As shown, ‘%the probe ¢ould ‘be /

mOVed to dlfferent longltudlnal p051t.,10ns 6*chereby

4

prOVIdlng information on the lofigitudinal, mode
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/” fr7ﬁuency range of 1nterest (ZOHZ to 2 000 HZ)-. %Ed the

*

‘ e T‘ » \\ . * R B . '
(- . 1 2 . ,
, - e o ¢
to a %" condenser microphome. The condensor\miérophone-
. ; . .

T ‘ o o ‘
fcted as -a comrol transducer, maintaining a -constant

£

, n . . PO
e sound pressure levgl by feedback to ‘the compfeisor .

DDrsturbed-Flow

x~

‘dyhamlc‘respon§e of the vessei determined.

—_——

-

ciréuit of a Beat: Frequency Oscillator B.F.0, {B. § K

‘ ‘ ] - ‘ , LI w . o
model, 1022) that was driving the*lbudspeaker When the.
B.F.d was Synchronlzed (mechanically llqyau) to a B § K

’

Level RecorJer (model 2305) the output from the photonlc

sensor was passed d1rect1y to - tﬁe recorder with its

Wlth the level recorder

L4

drlvhng the°B F.O0.; the system was scanned thﬂaugh the

frequency pre-callbrated paper

°
-

oo

-
* B

.

end 1nterna11y and a probe mlcrophone (actlng as c0ntrola

(Mulrhead H 112) located im the lumen of the vessel (see

Q

flgure 10B) ..

5

mldwayalong;be tubé‘EenterLlne and the end plugge¢ﬂw1th
¥

UJ

plast1c1ne to permit pressurlzat{on ¢

-
y; (e

A, -

A‘%eries'of,tesbs wgre then perforged to determine

the vibrational response when disturbed flow washpresent
in the lumepn. Disturbed flow was .created by inserting

- . - ” ¥
s : o o . ' - ' »

, ; - ’ . . . -~ -
a plug (33% stenosis) at one eqd and allowing ‘air to flow

. . . ' .
- . ; - -

L4 . . . R
..thrqugh. The flow was ieptyconstaht,during*% particular
. 3 . .
c " ' g‘ “' - ) p . N . -
- ) |
g ‘.
T . p . . . e
’ " ’ } \
) .
P ’; r , ,
] ¥ - . ! '
i [ ’ ‘ » ‘o

except that the Speaker was aG£OUSt1C 11y connected 7o one

LY

‘The proéedure was 1hdant1cal for 1mternal ~stimylatzon

‘The probe,mlcrophone wasp051t10ned appr6x1mate1y

¢

*a
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v

test and monitored.nfingla Fisher-Flow meter. Apaqt‘froh

tne fests~dcne'an diffenent Rreét;ess'levels-tne fLoJ

& .rétp was also va"ed (%rom 420 Fo ZSpo'cc/mim'%r T
Reynolds-numbe;s of,lZS‘%d 740) to see what >ffec§,3his

T e -

- : . +- The{ signal fromothe photonic sensor was pessed

* ' n’ toa B & K 2107 Frequency Analyzer_coupled tp.a'L:vel .

«

‘ .

Recorder which -permitted automatic recording*of the o

/\' . ' - ;L."«._ “,. E
spectra’on frequend® calibrated paﬁer. The speﬁtTograms

- -,

were o talned at maximqﬁ sei6ct1v1ty (6 bandw1dth)

. \dupihg each tﬁ?fﬂtb pérmit the maximim resolution of
, Y S : :

-~ .the dynamic response,

»

- - - ' .
+ Results ‘ . . -
. - _-————-———- . ot < . v N
: - e . .
' Acoustlc StigmiNatien »
v s o Examples‘xf th. response to 1nternal and external

13

acoustical stimulation are shown in figure Il. ", Both .

results appear to show severa! resonant peaks m1tﬁ s

- - L

o
7 ' many close tcgether. The major peak around 400Ha in

figure IEB #or example, appears to con51st of more °
;; " fhén one, .Aythoug% qhevdegree of prestress.is noh
. # exactly tne same in the two cadses, the major resonant
v frequenc1e;'are ‘considerably dlfferent X

- ~ -

%
L The reason for the d1fferencequ1ck1y became

apparent when Phe pressure and ;dﬁgitudinal tension

- ) ’

, were vagried, For the'case of ex@efnal stimulation the

-

R . s . . Fad
(-3 -

1 - 5
- > 2 , . 4 T e N\ ° . — .
- maj resonance at 65Hz wa;\ﬁqund to be insensitive to
. . * pressure changes but responded to changes in thes
' e r a ; ' -

» longitudinal tension. Conversely the resonance at




k)

¢ .
K
- . I
. . ‘
) /
| ) . . .
. . . , o,
N
4 ' . -
. . , .
L . ﬁ
s ‘ |
| . ) ’ v 4
: n * i ’
k »
*
o S e o |
. . ’
. 4 ) - ‘
» " , . 3 ' ‘
- , ”
¥ - .
f
. .
* . rs .
c)
. i . :
i %
Y . . A

. . [ 4
Y .
.
¢
. . )
. N .
’ - ' )
. . .
-
* .
Y .
) . il i
. ( . i . ) |
® Peo ot aeqa . o e ]
O S SR Lo >
[ N . TLaew o R A
PR Y R .
' » [T D A ; .
. 3 - .
» . -
. R l
| .
.
< ‘Q . P
‘ ‘
.
| l ’ ’ » . I .
: .
I'd A ‘
- 3 )
-
-
L )
. ) . |
+
| ' > ' * A ]
LN
& . .
.
.
’ )
. : |
I S ‘
. . ’
. ) . - )
> . .
)
. . , ‘
; <
) ' - - R .
.
. . .
L4 - , .
- - . * =2
.
) [
. N ‘-a ] ’
v\ @ .
' E
(<4 . )
- . k ‘
y . )
1 ry i ) )
~ -
‘ . "~
. ) - . ) ' )
A = a
. ‘
¢ ) )
. - -
P

.




¥ v o ®© B ’ .
N .
.1 :' .
: #
! ‘(“ > o . -
e e ’ o i . .
. - ¢« b
R
’ A * -
a 4 . ‘
, - | . A
“ . - - \
. o . . \‘ .b . -
) - 2 )
, t;& ' —‘9 : . A
»
: : , : FIGURE I1 . ,
« ‘ - b
‘69_ iponse to acoustlcal stlmulatlon.
-
A) Externally at 75 dB saund pressure level (tdp
. . I S . .
dlsplay) with sample t Scm H,0 preSSurg'apd - - ‘
. . . A v
'g th = 9 7 tm (strain = 3%). - ) , . '
Bf Internally at 8& dB (bottom dlsplay) w1th sample- ‘ ' N
*
at 30cm*H 0 pressure and length l0.0gm (straln=2%).
? . ‘
. / Probe® Were locatéd at approximately 4% the sample
length.. - A , . N 'a' e
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400 Hz in 11B was very sensitive to pressure - changes .
and changed only slightly to longitudinal ¢Yension. .
7 a‘
The smaller peak at 60 Hs, however, behaved in the

[

same way as thé major peak 1n 11A; Similafrly the smaller

peak at 230 Hs in 11A changed in a similar manner ‘to the
major resonance in 11B.. It was becoming clear that the
: " resonant modes were the same but that the method of

stimulation favoured certain modes. =Not surprisingly,

the dominant mode in extefnal‘stimulation was the beam

19

i . . 4
mode, with’n = 1, = 1.\\‘

‘e

- -

This—resqlt was jpsfifi;ﬁ by setting tﬁe’frequency
N of the ®.F.0. to the res;napce'frequency,6gHz anﬁ scanning
the vessel longitudinally. Theﬁresu1£'is‘disp}ayed in |
figure 12A7 cleax}ly showing m = 1?.' To chn, the, vessel v

A circymferentially, the sample was rTearranged to a vertical

position so that th® 'sensor could be moved circumferentiallys

The result is shown in figure 12c¢c, giving n = 1, ‘which was
:, R ] \ . ]
» . expected®from- the insensitivity to pressure (n2 - 1= 8). -

r .

-

"The same circumferential results for stimulation.at
A . . . & N kS

-

I60Hg were observed and figure 12B shows the Tesults of ..

®

e : a longitudinal scan, suggesting m = 2, n = 1. .The fact

that this mode was -barely observable. in figure 11A is

due.to the‘prohe being pogitioned midway,,which'would
, s - / -

be a node for m = 2. ‘

L + - - - [}
Ong of the problems of this techhique is that

L

) . . . . .
a 'slave' filter was wot available for simmltaneous
v

. o -

filtering of thensignal at the ffequency of stiﬁulatibn,
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FIGURE 12,

) .

Effect of mov!ng the probe p051t10n axlally ;.
' Tet

and c1rcumferentlailx wh11e Ihe samp13 was stlmulated

-

A)

B)

-

‘C)

-Ssuggesting m=2,

externah*y 4t one of ‘thé resonant modgi : . L.

Ax1a1 varlat;on w{th stlmu}atlon at 68 Hz suggest&ng

m=1, 5ot - ‘

3]
. .
7 L. -

Axial vardsation with stimulatidn at 160 Hz

3 ; ! ;L -

‘ .

o
P ) . ' "‘ - .
Circunferdntial %iriationlwith,s;imulatiOn,ab

68 szZuggesting'nﬂa.r_Sémé~ge§ult was observed ',
Pt , : A

for 160 Hz s%ideéﬁLph:
’)'_’ %,
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resultlng in some artifacts due to dlsfortlon in the .

o

l Lo 'speaker. Pa&tlcularly durlng external sulmulat1qn
) »

o oo ‘ amplltﬁdé peaks were observed atLQ and 1/3 the domznant

! ,resonamce but when the signal-was. aﬁalyzed at fhese

STee——— . ¢ .
I o frequenc&es the v1brat10q was at that® of ‘the domlndnt

Jesonance. Foruexample,'i?/?;gure\llA, the smaller
. . ~\ I

"\

o N eaksrat % (33) and 1/3 (22) the major peak at '65Hs were
‘P ‘ . : )

a‘)\ ) .
- ™ not resonances but vibratioj at 65 Hs. - A T

LIRS A . @ '

o , 0 o This artifact was 6bserved with the probe
microphone‘at‘the lower freouencies and:. becamg more¢‘

d1storted when smaller pIastic blfurcatlons were used -

L
2 - > s . 4

' e Fonrexample, mainteining_the.sgme sound pressure.leveyn“

~ . IBSdB)‘and using gh?ée bifurcations with diameters
approximately 2,1, and %x the diameterrof the penroge

R =tnbing the artifaEt at % the domlnant frequency w%s 23dB
- L 1'5dB dhd 9dR down from the maJor resonaﬁke, reSpectlvely

. , . As a result of tHlS d1s}ort10n and the dom1nat10n
, « . s & .

of the beam mode it was felt that internal stimulatidn

a £ ) . ’ )
wopld provide a more natural response. Accordingly,.this -

t

L method was used extensively to;
' ‘ a . v

‘ M J ’ . a s ! -' A
under ‘various prestress conditions. It is also obvious

study.the resonant modesy

L 2

" ~ from figure 11 thét the frequency‘scale must be expamdea ‘ ‘

to obtain proper resolutlpn of the resomant frequencles.
s » *. t
‘ 2 JAs well ‘as expanding the frequenc1es scale by a factor

of 10 the system was scanned slowly and stopped at.a-

resonance peak . The signal was then f11tered to see, if
‘ ‘ ' : ‘
- . it corresponded to the stzmulatlon frequency and then '

recorded on the chart, T

LY . . , N ~ J

<
-
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F1gure 13- 111ustrates some of these results

under dlfferent values of prestress w1th’the expanded

scale permltplng a separatlap of the individual modes ;hat
were obscure in figure 11B. As mentioned'previdhsiy,. 2
. A ~ ‘ (N

-

< i ' ’ . N . - o~ ’ -
these modes are extremely sensitive to pressure and less:

SO to changes in 1ong1tud1mak ‘tension. The fact that the

. @

'frequency 1ncreases w;th pressure rathex than decTeases

-3

suggests from equa\1on 7 that they may/iii5e3pond to the

’c1rcumferent1a1 mode h = 2. Furthermore the separat1on
between the three mode9 appears to 1ncnease W1th‘1ncreased
longi;udina; tensioﬁ,,euggesting that they correspond to
different‘lengithdinalamodes, m. i : | \( B

These modes.were fq;nd to correspohd tom ;.i,z,

3 by not1ng ehe respectlve phase of motion durlng a

lpngitudinal scaq. An indication of thg relative

thase was obtained by taking the signal faom the
'-qscikiafor and lsihg it toggriﬁe the,horizontal sweep

on an oscilloscepe. "By movihg the sensor longitudinally
iah;gpt.rever§a1?'in ph{%e‘(léoo) here observed as a
nodal line was pasSedf(as,wéig‘as the eq;reépondihg
.'eecrease in‘ahpliiude);

Sufficiedt infOrhati n was now davailable to

evaluate the express1on fot resonant frequenc‘

- 2~ _ _2Cs? - L
; ffmfn =P gne (n -1) Ce/€2“43 e

'ﬁhere, Cz = (Tg+'YA2)th aqd\Ce_= (Tg+n2YA13/Oh B
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FIGURE 13 . .- C - .

Effect of‘pressugf gcircumferential tension) -

and longitudipal straig/(tensi J"on the dominant e .
H € . . . . .

1 * - - P a, ” " . .
resonant peaks occurring under acoustical stimulatden,
. - - . %

internally, at 85 dB in ailr,

AN
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of the' wall and a harrowing. .This result was obvibqf

- . . oo . .
?
[} . 4 '
. 4
. ‘

By plotting £2 versus cirgﬁmferentigl tension Tg

} s .

or T =Tg/(2%é)2~then from the slope = (nz-l)/ph we would

. . [ ) ; @ R . R
be able to eyaluateenheihexmp=2'1s correct, This result

' ton onecte,

i$ shown in figure 14 for each of the three modes obsérved.

. T .y,

As expected the slopes are, lLinear and the same but with

dlfferent intercepts whlch is expected E‘Nm 1ntercept

(n2-1) . n2yAy
m C /(ZL% °h (Z72) 2 .where 1ncre331ng m results

in a greater intercept . B .

. The slope from figuré 14 was found to be 71 5 so-

that (n -1)/ph =71 5 'Substltutlng the calculated values

for ph=0.039 we f}nd nzas.é_which is very cilose to n=2.

~

censthnt_except'for‘m the difference between intercepts

1-2 and.2—3”shoufﬁ-be Enethe ratio 3:5 or 1.67. fThis

agrges. very well with the obserx;d dlfference oﬁdﬁpz :5.5
ey

or 1 71 g1v1ng a value of CQ/(ZL) =1, 1;104

giﬁ’be ob%atﬁed by plottlng f2 versus mz, as shown in fi

Since all ﬁhe quantities in the intercept abee-an"
. - ’ . . ‘ * . .

'

This 'same’result

gure’

15A for ﬂlfferent longltudlnal ten51ons The slopes give the

r-'z

quantlty o /(ZL) and the-lntercepts (n -1)69/(2ﬂa) The

intercepts change with 1nc1ea51ng length becauise of a

/e

plo;s of f2 versus T' at differeq;ﬂlengths where the sloppks ' *

are 1nverse1y related to thlckness E;/pﬁ) The assumptio

9

pgs)

inning

A

®

lln%ompreSSIblllty'(h=hoR9L°) Proglded ex;ellent agreement with
L ]
fﬁgg{hiqkniss qalculéteq.fggm the'slopes: . 5“
| ’ L oA
. s i '

of -

73 -

”»
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. FIGURE 14 S T
.L/ - 2 e ) L ‘:}'\’ Py
~ A plot of f° versus the.circumferential !

4 ] - . 7 ‘, '
term Tc withhthe length.constant for the three

i -
h . -

- _resgnant péaks~dbseryed'in,Eigure.IS. L.
i . 2z ” b

3 .
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A) A plot of f° versus m~ for the three resonaht .
. L4 4 -
peaks in figure 13 at different loggitudinal. N .
- . R o . < * . . L] N N
P : strains. The three resorant peaks Have been
L} . - . . N ’ . . A
) - a%suhed to.be m=1, 2, and 3. [ , ;
. - b -
: Sy I .
. B) A plot of sz versus the longitudinal strain’. °
v N . . *
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‘ : . .
Since we can write Ts’ = Es h&s then . 5

M 2 L F he s yA SR ¢
: 8 = , :
: | B8 1 Es ‘Thus, by plotting

Es + YAl .

) Ph e - R ‘ .
Ca versus E8 wWé can Ubtaln the slope Es and the . -
A ¢ S L~
intercept IFE- Th1s has been done in f1gure 15B. u51ng
ph - .
the results in figure'lSA for dthe C1rtumf§ren¢§al

» o

.  mode n = 2. fhe results for the beanm mode {(m=1,n=1)

ca

are §350 shown for the same sample excited externally, ' a‘\‘f

¢ 1nd1cat1ng a much better ftr~£h&a—thg\£iiu1ts for n=2.

L - This® latter value gives a slgpe of 1. 43x107 or E\\ e
o . 1 6x10 which agrees qu1te well with the value 1, SSxIOZ £
s e

obtained from a force exten§1on test. The intercept °
(1.6x10%) gives yA, = 6.4x10% or A, =B.4x10° for y= 1074,

Even thbﬁg@gt@e valﬁe of A, is difficult to estimate the

2

value Qbtaied experimentally appears to be too high.

The term YA, can'be détérmined from the intercept .

M h\ . &
‘ in_figure 14, know;ng the contrlbution of Cazz. bsing
' = (2L).
. this value as 1. lxld4 then L . -
o . -1) 2 YKI =’3,1xln4‘ '
g ph (znajl . o
so thatyAp = 7.9x10% or A, = 7.9x10% (using y=107%).-
‘ Now Al = Ega so that Ee"is de;erﬁined as 1.9x107 dynes/cm2

. - ‘ . PO . .
‘Assuming that the penrose tublng‘Ls isotropic this value,

Y

St v) is not substantlally different from the result Es = 1.6x%

107 obtained g@bove. Th1s result wolild seem to be_duité Coe

promising in demonstrating that’ the bending term correction’

dee is accurate. : ' ' .

T !

- .
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Disturbed Flow - ..

» " M . - .

There are several reasomns why the ekposure'to

'disturbed flow Wwas studied First ‘this’ type of eXpogm

is most similar to that Qccurrlng nathrally. Secondly,

art1f cts due to acoustlcal stlméigtlgn will: be éTlmlnated
. 5

Finally, 'since acoustical stlmulatjﬁaarp fluid was mote
d1ff1cu1t and therefore not done, thl%,technlque will
prov1de somé continuity between the results in air and
in fluid. ’ S 0y -

° ‘9

Figure 16 shows a. characterlstlc wall v1brat1on

.

TR,

spectra under this tYpegef flow, degonstrating a complex

:response deminated by two peaks, one at 55 Hs -and the,

o:her at 450Ha.' Keefing in mind the loéarithmic nafurea
- : ’

of the plot these peakerare‘qulte pronounced, with the

one at 450 Hz‘IJdB or approximately 8x~g§eater than its

immediate backgropn&.’ k&liowrﬁg%the réshlts of ac?ustieal

. - h >
st imulation the order of magnitude of the two major

>

peaks suggests that they correspond to the beam mode

n =1 and ﬂhe higher order c1rcumfenentlal mode n = 2.

4 -

< PR
‘These suggestlons are'conflrmed in figures 17 and

-.—‘

‘ -18 which show the spectra under d1fferent prestressed

'underg.acoustical

condatlons Flgure 17 demdnstrates the sensitivity of the

h1gher frequency peak to pressure similar to that
stlmulathn.\_Fiéure‘IS demonstrates

o

- the deﬁendence of the lower frequency peak-on léngitudinal

4

tension, similar .to the beam mode befdre. Figure 19

., . a
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spectra, in air, while maintaining the length at .c*
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a 10.6 cm (strain = 6%j<and tﬁe flow at 1000 cc/min.
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o .. FIGURE 18 L

o -

=

‘ Effect of longitudinal ténsiqn on the wall .

L) * .
. displacement spectra, under disturbed flow in aif,
"~ while maintaining the pressure constant at 70 cm H O - .
" : -b‘.\' “ [
and the flow at 1000 cc/min. . ‘ S 3
’ . X
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FIGURE 19
O™ H] ' ‘
A) A plot of £ versus T, for the dominant high
frequency peak in figﬁre 17.
. B) A plot of f2 ‘v\erSus_\tihe longitudiral strain term
: . e L
for the beam mode (n=1) in figure 8.,
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shows these results plbfted as a function of -thé

-
,

prestress valwes. o N

! ' .

ol In spite bf the’factwdhat only three p01nts

-

are used_ the results g1ve values similar. to that w1th

. acoustical stimulation. That is+in 19A the sfbpe

q

= 80 which gives the value of n = 2 for this mode. Using * -

AY

the value of n L 2 the thlckness is calculatéd as 0 034cm.

& -

which agrees quite, well with the value (u51ng 1ncompre551-
QA s
2

A

bllaty) of 0,035. In flgure 198 f ﬁoy'the beam mode
is plotteg aga?hst €a/(2L) which shaufdugive a sﬂope

of Es/p as discussed before. °The measured slppe of 1.6x

107 is' in_excellent agreement wi'th the previo esult

o

by external agoustical stimulation, 1\.6x107

FRJ

*The othér smaller peaks, sbch as the on'es at

g °

145Hs and 240 Hs-im flgure 18A.appear to be the beam
modes m=2 and m=3 Froi their re§pective changes with

-t

longitudinal tension, 9The lowe§ frequency'beaks at

.25 30 and’ 45Hs are a result df sone background v1brat10n,
since these levels per51st after the flow is reduced to

‘.’ 0

zero. The one at SOHs seemed\to be due to a ccmpressor
in an aﬁjacent TOOMm 51nce'1t dlsappeared when the compressor

was shut off. Greateg v1bnat10n isolation was considered
to eliminate the b%ckground levels but rejected. ‘The

v )
1ncreased experlmental comglexlty was not consldered

b

necessary in view of the dem1nane§ of the true signals

Ll

‘ana the abitity to observe their changes through varying

i )
[the prestress levels.

[




N

in 17B would appear to be a higher order longiqﬁdinal
. : ‘ e
mode m of .thke n =’ 2 circumferential mode. . The gradual

gisapﬁearéﬁCe.of‘Lt in figure 17A may be due to the

--doﬁinating.effect of the Cez ternm ég ghe pressureax

. .
-as the pressure is lqwered. ' -

" manner as figure 19A,f; straight line wi'th slope = 253
o R " o ‘ < :
’ . . - .
is obtained. ,Using the value of h = 0.035cm. we can
2 - p
. n- -1 -
estlmate'nvﬁfom slope —‘—EE—
A -

if £2 is plotted agalns(‘T . Hence a greater circum-

“ L] . t » i} b ) u' ’
. ferential mode n wourﬁ\ ve a considerably higher value ,

tlcularly the first eak at 1150He,  For example it appears

to shift to 960 Ha(in.17B and then to 760 Hs in 17C

'what figure 20 shows with an 1nteﬂcept of 27 x 10

o’

The smaller peak-at-$40 Ha_in 17C and 640Hs .

s ?
.

, R . v
increases. Thé highen frequency peaks’in 17A would
Vd ™ 2 *
appear to be hlgher .otfder circumferential modes, par-

e (T N
‘I

-

+

-

> . ' k J \ o
Plotting thsﬁe results in figure 20b in the same

»

‘e ™ L)
.

so that n2-l= ph (253) which gives n? ="9.6. Thus the N
nearest value of n would be' n = 3, . Considefing‘thaf

only three data points were used the error seems quite

- e

small. . ~/Q 7
Recall that the ‘model gives-an intercept of °

mCa'+(‘21) n27A1 T
- (ZTy 2 ) .

for the 1ntercepﬁ 1f m 1s constant. This is precisely
- ]4

contrast to a value of 4‘2 X lO in figure 19A. From the

. - 4

, Fm
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) A plot of £

in figure 17.

y

2

L4
£
¢
« ‘ !
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‘\'\ ,
AN
"FIGURE 20 % =L
- “.' *
versus TC for the n=3 mode
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9second term of the 1ntercept we would’expect a ratio
n--1)n2' n<-1)n - ’
of: (-—-—n-)—— [ n=3 ;-(—ﬁ__)—— l n=2ﬁ = '6:1 ) ]
N ] . , e
between the two measuretl intercepts. o JEN -
Assuming that m is constant-and using the .
2 . .
value of L& 2 0.2‘0x104 given in 19B then the observed
(ZEi - A
ratlb is 26. 5/4 = 6.6:1. This result would seem quite
geod considering the possible.sourcés of errdr. e
.o Tonsidering the relationship to be true N
. 2 2, ;
‘ , | .(_1‘_;_122‘_ Yﬁ_‘_l_ = 26.5 x 10% thea v .1 - 0.37x10%
- (CLES R _ (zray %on = O
.U51ng this_ result for the prestressed values in 17A
Y vicn £2 = 13.7 x 10% then ozl T90 5 4o oo ioimatel
< I . X% T ph (2ﬂa) PP ‘ yo-
12.2 x 10% or Te®. —4.1x104. Hence for n = 4 -
ph fZHa) - . X
we .would expect £ - 1§px104 or £ =1225 Hs which seems

reaSonably.cloSe to the first highé{ frequency peak in ~

Pigure 17A (ie =1300 Hs).

) > -
. In none of theéé .results could any peak be found -

\, L4 ' v
that would correspond to the axi symmetric mode n = o. .

This is not too surprising since modes below a certain . -

value of m will not exist. For exaﬁple, with the prestressed

.

values correspondlng to figure 17C we find Te° 2 =
. . ph(Zna)
4 2 4N 2
11x10 and Cs =0, 46 x 10 so (that fm 0/ = m (O 46) x
- (27>
104'- 1}.0)(10k Thus values below m = 5 aré negatlve and

therefore don'taexist:_ The other'p0551b111ty that discourages

thzsedmodes is tat.the nature ofXEE% turbulent flow may

favour 'asymmetrlcal modes.

-«
- -

s A R L. L4 I
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’ Lo ' "
N ‘ ‘ The effect of increasing the turbulent intensity

:

N

Lot of the flow 1s\shown in figure 21, Here the spectra
at different flow 1evels has been recorded demonstratlng T

NS
that the s#mé r&sonant modbs are occurrlyk at the same

frequency As expected w1th 1ncrea51ng flow the

o vibration levels increase,’ partlcularly at the hlgher
o frequencies. : . %
—_ * , ‘ )
DlSCUSﬁlon B

The results both for acoustlccl stlmulatloﬂ and

exposure to.disturbed flow have demonStrated that the

'3 . ‘ : . N ~
model presented adequately describes the resonant

v e . -

freduencies of an.elastic vessel in air.’ The results
obtained under eﬁs}urbed flow iﬁdicate that the wal{ 15
driven over a falrly large frequency range, Wne which -

. 1nc1udes many resqnant modes of v1brat10n The dominant
modes turn out to be the beam mode (n=1) and the second =
order C1rcumferent1a1 mode (n=2). ‘ . :

U51ng the values of E= .6x107, yA2 = 6.'4x104 )
and YA; = 790 the results of the resonant modes are
caiculated and compared with the obsgyveé frequencies undez
disturbed flow. These fe;ults are summarized in figure 22

\}for eeve:dl modes uneer the different préstressed values
of figuresu17‘and 18. Tﬁé'resulting fit is quiee good .

. ind{éatingtthe success of'the model in describiﬁg the resonant

» frequenciés,in‘air. These_results also demonstrate that

the photonic sensor adé&uately depicts the radial wall

vibrations of interest o : -

7
e
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. FIGURE 21 BN

Wall &isplacement spectra up&er differeﬁt
flow rates du;ing disturbed flow in éir while,the‘
20 épd the ~‘
}eng;h constant at ll.o.cm (strain = ;%). '. 4 -

pressure remained constant at 21 cm H
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' . , FIGURE 22

>

Calcglatéﬁ resonant frequency versus X

. : £« - . .
the observed value under disturbed flow in air for

- the mode shapes m, n listed. - :
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(iv) Vibrations in Fluid: Externally. . .
' - o

e

« o T
The extension to vibrations’ with an external

medium méy be compared to that of bronchi. The use

L]
’

of water externally will not provide the elastic natuxe.

- a

~ of the tissue surrounding bronchi but may reflect its
) ¥ !

. inertial re!!gise. Thi's extension is fairly simple,

experimentally, since the sanme arrangeffyt may be -used
. \

o : ' g
as in the past ‘except for having fluid in the‘Path. )
- q
Method . : g
‘ a - ‘ . — - ; -
» , ' The same penrose tubing was used as in the previous

@

method, in the .same experimenf&l arrangement. The only,
-4 -~
¢

difference béing‘that'water was added to the bath
enclosing the sample. The fluid level was appr%}imately
2cm above the top of the rubber tubing. The amount of

reflected light from the bare surface was sub;tantially'

L

- . -

lower s& that small aluminum-spots (approximately 2x diameter

pft$robe) were sprayed on.

Il

’

’ Acoustical-stimula¥ion_ (at B5dB) was similar to

the past experiment except that there was no external

stimulation. For the t??ts undert*acoustical stimplation
[ " . . . . .
al/3 octave band pass filter (B § K 1612) was synchronized

with the level recorder and B.F.0. This perwitted a

- N R B , N .
/ filtering of the signal over 1/3 octave bands which

would eliminate¢ artifacts due th distortioneof thplspeaker,
- [ ' '

"~~~ " .as noted previously. The tests ufder disturbed flow were

r *

-

. . performed as 4in the.previous test
P s P

K .'_y ¢ ?

“ ‘o a
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PO Resylts : T s
Acoustical Stimulation ' . T . LA '
. N The dramatic inertial effect of the external .

oL

fluidvis demonstrated in figure 23 which "shows the

‘response before and after thg addition of fluid. The
chégge in the dominant.circumferential mode (n=2) from

- 500Hs in air to 200Hs in fiuidlis.considerdble. Note
. f T . f‘ .
. - -
that the distorted response in figure 23 in comparison

b4 u

to those done before is due t6 the 1/3 .octave band”pass
filter. The small downward spikes indicate a decrease in

amplitude due' to the switching between filters. The
) t‘ ru .
advantage -of this, technique was noted in that the response

. of figure 23A showed a very large peak (8dB ﬂown'fr%?

major peak) at 250Hs (ie. % the major resonance) when the

“

filter was shut off. ‘/ ) N

<

The nature of the major resonance'in figure 23A

»

.. 8 and 23B seems to be-similar each with a smaller higher

s
.

L - frequency péak at apRroximate1§ 580 and 250 Hé,respectively,
o |

*

probably a higher.order longitudinal mode% associated

. . . o ~y ' 1 A
with n = 2. Figure-24 sfows a plot of fz'versus Ta T
0, & . .
- . A . -3 ‘ ’ [
. ‘ " “.these two Rpéonanxes both in air aﬁd.fluii. The siMilar

o

B slopes bed&eeg-the two peaks as a function of circumferential
L ' Y ! .

, stress goffirm the idea of them being different longitudinal

. —

modes. + . . ° - i .
‘& t v,
. . .
oL . As we discussed in the previous chapter a plot
2 1 CT . .
of £ versus T_ - should have a slope n2-lﬁ~. oL
’ . “' C o —-—-::)—‘ o
i ’ ' . ' - “ peh
o4 ’ . . v o

1The term "fluid" has been incérrectly used for ''liquid" throughout .

this text, since “£Iuid " refers to both 'liquids and gases.

«
- . . v
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: " FIGURE 24

. ‘d - sy .
I : A plot of g2 versus T, for tHe two dominant
' : . - , -
resonances in figure 23 with both air and flu%f -

*

.- . ]
‘externally. fl refers to the dominant resonahce and f2

‘2.

L. "~ 'is-'the second peak.




10

v
Y

’

2'00 s
T; (103 dynes/cm3)




- 2 - \ -

4

‘Hence for the same circuﬁfereﬂﬁihi'mode n the ratio : -,
of slopes between the results for air and fluid should
o ‘ . ) 7 s

"

.°‘r . be pe‘h/p}h. ’ . I X -
| L But fgh = p;h ;-pf‘ a/n for;exfe-rnal £luid so that
_Qe_h_ = 14 pf'% . Sinc’e S¥a = 10.5 and:n. =2 tHen.
-
s . %ﬁ% = 6,5, Ho;evex the meaﬁureé slopes from figure 24
B are in tﬁe ratio 64:10.5 whi;? gives a:r%tio of 6.1. | -
> .Considering the resolution available from charts like

, . those in figure 23, the agreemént is quite good. Using
o : - the slope from figure 24 of 10.9, however, we find g h =
' 0.285 which is about 20% higher than the measured value

of 0.23. ‘
> . . . .
Changes in longitudinal tension were not performed
’
. / .
in this series so that interpretation. of the longitudtinal
’ . D

mode number was not possible.

L

Disturbed Flow

The same: dramatic lowering of the resonant |
frequencies when fluid is added externally is shaqwn in .

e the wall vibration spectra in figure 25, when the flow

- ’

is turbulent, fThe fluid was added idmeﬂaately_aftef the

top spectra was obtained so that'the same prestress

» -
¥

cpnditions exist in the wall (except for a lowering of

the transmural prgssure,Z’cmH20, by the addition of fluid .

s ™

A\ .
f2cm above the level of the tubing ),




v
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FIGURE 25

. A comparison of the wall displacement

- ,

mr

spectra under disturbed flow with and without fluid

O

externally while maintaining a @onstant length

of 10.6cm (6% strdin), pressure of 70cm HZO and flow

of 1080 cc/min.

-
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As with acqustical gtimulation, the highr
frequency circumfgren;ial mode ' n "= 2 pa{hfallen to
.about 40% of its ipitial value (from 600;5 to- 245Hs) ,
The main beam mode resonance has also fallen from abput
68 Hs to 24Hs.) TRe two ;mallér peaks at 145Hs and 240Hsg
appear to be t iéher ofder beam mddes m = 2 and’m = 3
appa;bntiy dropping to 92 Hs and 135 Hs respectively.
The justification for’the 245Hs peak in 25B being
the pressure sensitivé circumferential mode n = 2 is
2 demonstrated in figure 26, which displays the wall vibrqtion

’

ectre under different pressures., The peak at 245H3

-

to 205Hs and then to 150 Ha as the pressure is

- 7 ¢

shiffts
lowered, whereas the beam mode at 24Hs is noted to be
insensitive to pressure, as eipected. In figure 27,

however, the longitudinhal tension is lowered showing a &ecrease

in the beam mode frequency off scale. The dominant

»

circumferential mode is relatively insensitive to changes irr

longitudinal tension although two smaller peaks (at 205Hs,

4
;

g‘ and 290Hs in figure 27B) associated wifh this mode are not. ~
Presumably they- are higher order longitudinal mokes m
With n = 2. . a

This would seem to be cénfirmed in figure@ 28 and 29.
Figure 28 shoﬁs.the-results of figure 26 plbtted%as a 4
function of circumferential tension.. The simila ;ty of
T . y
the two slopes (only the major circaﬁferentiai pleak and the
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° » FIGURE 27

L 3
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Efffect ‘of longitudinal‘tension'qn thé wgli

displacement spectra with external fluid while the-
i B T Pl ) - ' ‘ '
-pressure and flow are_constant at 70cm HZO and 1000 ' -
cc/min. respectiveiy;j . .”“‘
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. FIGURE 28

’

. -
A plot of f2 versus Tc for the resonant

L
-

peaks in figure 26. S
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FIGURE 29 - '

.- , A plot of £2 versus the longitudimal strain
J

term for the pressure sensitive resbnant peaks

a>SOCiated‘with the n=2 circumferential mode -in
igur . ‘ ’ .
figu e 27_ . . B .




AMPLITUDE PEAKS ASSOCIATED
. WITY THE CIRCUMFERENTIAL
MODE’, n=2

second peak

) -;—Q_ ‘_.‘7.\ - Q-

first peai
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following smfaller one were distinct in figure 26 and thereby
\ SRR usedf.configps that they irq of the same circumferential
mode, n. Thé vaiue pf the slmpe”(i2.7)'prov§§es
a more accurate description of péH = 04236 in comparison ¥
s to the meaéured value of.0.23, stated previously. Tbe
‘difference beéwéen this re§u1t‘énd that obtained undef.. '

- LY

acoustical stimulatiop (ib.S) may be due to an error in

- ® . RN
the frequency calibration of the latter system. Also -

* the frquency resolution obtainable from charts as in

L

. +figure 23 is poor. -
Figure 29 shows the two higher order longitudinal
’ modes o n = Z plotted against E:*;(ZL)..2 along with-the

dominant circumferntial resonance which shows little

change. The highest order mode plotted in figure 29
1]

Lt

appears to merge with the péak at 330 to 350 Hs in figure

. J
/2( 27A and wa’s arbitrarily chosen as occurring at 330 Hsz
. R ’; 3 . .
(this provides a detter fit with the data). The expected

straight line relations appear to be confirmed in this

plot suggesting that there two higher frequency modes

correspond to large mode values m. When m' 'was estimated

from the slopes (m2 Ehh - values of m=6 and n=10 were
, P Pe ) -

-

h . -
calculated for the two ,slopes. Why these particular values

. .

- ~ « L U
are dominant is puzzling. These values of &, however;

| ' \

are quite high and out of the range considered in the \y

. ’ . theorethcal developmenf (%%— 1,1),




LY

Discussion

‘The results presented with this series of tests

revealed the same dependence of the resonant frequencies

. -
‘

6 the state of prestress and geometry as was found
previously.- For the case of an external medja of fluid

rather than air, however, the model predicted a significant

4
LS

alteration in the resonant frequencies due to the additional

loading of the fluid. This inertial dominance by the

. . . R ,, . .
surrounding ‘media was. confirmed under both acoustical

L

stimulation and exposure to disturbed flow (see figure 24

-

and 28) providing justification of the inertial term

pf'a ' 3
— .

pyh +

The ‘diturbed flow studies again revealed that

~

the dominant resonarmt modes of vibration were the beam
-~ 1 . . :
mode (n=1) and the circumferential mode (n=2).

(v) Vibrations in Fluid: Internally and Externally

Me thod

‘The’relative difficulty in obtaining acoustical

stimulation with fluid coupling and the apparent success

-

with turbulent flow ing,stimulating the modes of'interesf,
‘ suggested the use o the latter in this present study.
R ]

Using the same experimental bath from the previous study

1]

the &ir 1ine was replaced with ,one from a water reservoir

.

whose height could be adjusted. With the adjustment of a
c¢lamp upstream and downstream of the sample, the 'pressure
coyld be varied over the range of }nférest while maintaining

-

.a constant flow rate. A plug similar to the previous one




o . A a . 118
was plac in the upstream tubing creating a stenosis

of 52% diameter. - The same flow meter was used in the .
present tests although a different libration curve
_ a . » ~—
~ » v

Il »
was used for the water. .
4 ——

. It was found during the tests that the fiow rate
could not be maintained at the higher pressures (%reaker
thah 65 cm HZO) due to increasing pressdrg,losses across
the _tlamps..,The result was a lowering o;E the Rfynolds
nﬁmber and therefore the degree- of terulence. To maintain
the flow rates at the higher pressure&lé pump was jnsérted
for two series of tests.‘ Its use, howévér, produced
additiaﬁal vibrations that were transmitted through the
fluid to the sample. These were noted by varying the flow

> i >
rate while maintaining the same prestress in the.,wall.

. To consider the effects of geometrical changes .

. \ .
a series of tests werg performed on a smaller diameter
(0.32 c¢m 0.D. and 0.031 cm thickness) sample of the

same penrose tubing. Samples of different resting lengths

were also used to demonstrate this effect. -

o
a

‘When a second photonic sensor became available
it was pﬁésiblé to do space correlation studies Ey
placing %he‘tﬁo_sensors at different locations. “By
filtering the two sfgnals (two B § K 2107 Analyzers) at

a resonance frequency of'interegt and then performing

cross'correlation (Random Signal Analyzer) on these

4
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2

Y - ) -~ i
_ filtered signals, the ‘respective phase shift between

£

the two signals could~-be dptermineq:,«%§yobserwing the

2

«»

relative phase changes longitudinally ,and Tircumferentially
- . . . M ‘

\ at several resonances the respective mode shapes:could

¢ )

. . @
be confirmed.

Results ’ A
Results

»

° The additional inertial effect of the fluid

£

internally is demonstrated in figure 30 where the two
, .

vessels are under the  same prestress confitions. Thej

-

resonance at 245Hs which was previously attributed to<the

-

. ‘ -
second circumferential fiode (n=2) appears to have decreased

to 188 Hs as a result of the inc;easeq ;nertia. The smaller
high frequency peak at 3%0Ha is.probably the next order
circ?mferential mode; n = 3. At first _the beam mode

mi_g‘ht appear to have %‘n::re;sed to.34-35Hs. However, as’
we shgll'see later this peak corresponds to the second order
longitudinal beamn mode,'m =2, . -

The sensitivity-of the two high frequency peaks

to changes in circumferential prestress is shown in

figure 31:§c6nfirming ‘that they are the higher order__
¢ . J - f .
\fcircumferentiil modes. The dom¥nant high’frequency mode

changes from 150Hs to 200Hz to 225H8 while the second
high frequency peak “shifts from 310Hs- to 390H=z to 430Hs
as the pressure is gaised. The smaller peak at 510Hs

in figure 31b suggetts an even higher order circumferential

.. T , , s ‘
mode (n=4). L. . . “
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: . FIGURE 30 - .
: b . e - .’

0

e

with and withoyt fluid internally (in addition to
external fluid). The samples are under the same’

.pres'sureA (70 cm HZU and length, 10.6.¢m (str;in
but different f1obrates of 1000 cc/min. (Re=300)

..- v & ‘ ¢ , , ‘ . BV - Q
'and 520;cc/min. (Re=1180), respectively.

A

‘ e . - . ~
Comparison of the wall vibratiotn spectra
q A L: 2
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. -, FIGURE 31. o
Effect of pressuxe on-the wall vibration
spectra with internal and external fluid under a
constant longitudinal tension (length = 12.6¢m). ° s

The fl18w rate cogld net be maintained constant
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. X ' :
pressure (70 cmH,0) on the wall displacemént spectra

’

Effectdof longitudinal tension at constant

-

s

FIGURE 32

s

rate was constant at 550 cc/min.

)

*

'with interpal and external-fluid loading.

«l

« The. flow

-
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- as in figure 31 the change becomes more evident. This
" - ’ ) ¢

" 126

- The effect of incrgasing the ldngitudinai tension
is shown in figure 32 The chapge in the dominant ciry

! - E] »

s 7 P
cgmferentlal mode is ‘even more pronounced than'in the ,

-

previqus- test due .to theé .chdnge in_tension being considerably

. - ’
more. Much of this change is 'due to -a narrowing of the

.

vessel (smaller radius) as fhéasample is extended. The

& tT [

¢hdnge in the' beam mode from 35Hz is not obvious in this:

v . ) ‘t. 2
, figure. However, at a higher flow rate and lower .pressure

-

.

mode corresponds to the second low frequency peak and hég

rd

N L4 ‘
5 ’ .
increased to 46 Hz. The £un4&ment€fabeam mode was off scale

in !1gure 30B but occurswin figure QZC‘Q% 22-23 Hz.

- Following the érocedure establishéd before, the effect

4

of €ircumferential prestress on the high frequency peaks are

% -

shbwn in.figures 33 and 34: The results féﬁkthe n=2 mode

with air internally (given in figure 31),are also displayed

- >
in figure 33 for comparison. If the resonance displayed in

. figure 33 corresponds to n=2 then the slope should be .

nZz-1 ' -_ 3
‘pwh*2pfa/n ~ 0.43

which~agrees‘ve%y well with the observed slope of 7.2."

7.0

" similarly, ye would expect the slope for n=3-*o be 26.5
. N - L) R : ) [{
which also agrees with that measured at 26.0.
Since the contributdion ofs the longitudinal mode

. ) (4 . . -
factor is small ('Ci/(ZL)ZzO'OSXIO 7for f1,1724Hz) we may:

approxiﬁate the frequéncy for the higher order circumferential

-

c .

-

3
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Vot

e‘

g

—_ . FIGURE 33
“ 2‘ 1 ’ »~
A plot of £~ versus TC for the dominant

high frequency peak under internal and external
fluid loading. The response with air internally’
is shown for tomparison as the dotted'ling. The

results for the two different lengths are at strains

- —

of 6% and 26%.
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‘ oo . &  FIGURE 34 .

* ' . . -

* » . - 8
3

LY R N ‘2 ) <, - K ‘ :
. ' oo A plot of £° versus T_‘for the higher
- hd - 4\.' ' ‘ "
: ) ;\*frequéncy peak‘qovﬁ&!pqndlng to the circumferential
. . - S PRl ‘p}D“‘
' ‘ 7 e . ) ‘
+ mode n=3. v ®
b - P/ .







0

s

: 0, 2 . - Cr L
; ‘f%-n L -1l TovpiyAr ST S

peh (Z'na)z ' _,(}27)
L :' . . i v ~ .
so that the intércept§ are approximated by - ' ot
. ) o k R .- . ) o, ~
:‘ b ‘ - v
n’-1 . n?}Ai S : g’ " ,“;'
peh ({m)z : - o ’ p

«

BN
L4 ’ L
r . ° ¢ N . .
* '»
.

. Hence theé ratio of intercépts between figure 33 and 34

for n=2.and np=3 should be_32/22 x ratio of the slopes.

L ., : . ’ LT
"This gives.an intercept ratio ef 8.5 which is significantly

- ‘ ' ’ Ce

higher than the observed value of 6.3. . However, the R

. s . ‘ ) a

source of error’is large here with a small change in

the intercepf for n=2 causing coﬁsiderable change i%' . K\»

L]

the ratio.

! Us1ng the 1ntercept of 2. 5x104 for n=3 this

gives a value of yAl/(ZTra), - 107 (YA12750) which alrees .

(3

. - ’
reasonably.well with that obtained undefr vibration in air

- . - v «
a . - N B

( A1=790); Substitufipg this value into equation 27

-

along with, TO/(Zﬂa) = 2, 5x103 for the prestressed )
condltlon in chart 31C and u51ng peh pwh + 2pga/n =0.2%. (
for n=4 then fﬁ = 26, 3x104 Jor f4 = 512 Hz. As isf . ( A

obvious from flgure 31C thls calculated resohance c01nc1de5

*w1th the small peak suggsstéﬁ—earller a6 the hlgher order / '
—Q

c1rcwmferéntlal mode n=4, . . iz

Y

The decrease in hlgh frequency v1brat1on as th

]
« @

pressure was 1ncreased in’ flgure 31 was due to a decrease

LR . PN ‘

flow-{;;é (640 to 400 cc/mln) w1th & correspondlng
s L /,fm ‘ \‘




. k; R . . S s . ) .
decrease-in Reynoldsﬁnumber (1450“%5 900) -+ As.mentioned
t ) A
in the previous sectlon thig problem was eliminated by
. v 8

o

using a pump. . ‘ . SO
- " . [~ B \ .
The effect of dnc¢reasing longitudinal tension
. » ‘ ’ RS - . .
on the fundamental beam mode, m=1( which was obkcured in
k]

> figure 32 because of the loM Yrequency (off scale), 15

.

shown 1n flgure '35 where a. sample of shorter length

was used (f «I/Lj). As-done preyiously the ;esultg
2

are plotted in ﬁg;d!"?ﬁ-{;

_

Con31der1ﬁg the}errors HPVOIVed in.resolution here, with
ta

or»Cz/(ZL)Z‘versus enz/(ZL)2

. the fnequency changlng only from 21 Hz to 26 5 Hz, the

resultlng stralght 11ne appears to b%_a reasonab-e £1t.

Since we have _ 2 {T +YA2) . w?
: m,1 =M peh (2L) 2~ Do h

“then the slope\\f f2 versus ez/(ZL) sho

\ But for the beam mode (from equatlon 15b) peh o&h+pfa/n

&

whach equals 0.44 so that for m= 1 and h=0.035 cn. We have
@ * R

&z = Oeﬁ7ﬁ_x slope. %%>nce the measured slope from figufe\

'35 is1:2x10%we £4nd E,%1.5x107 which agrees quite well

"with‘that_pblainee in air.’.Hoquer, the intereept‘gives
YA3=7.7x10% which ie‘zggher tian the ﬁre}ious result

(6. 4x104)ﬁ Con51der1ng“the errors 1nherént in the

approx1pat10n of length thlckness and d{/hefer however,.

the results Seem qu1te reasonable -
R .

a
‘ B

Geometry R :
»r ) . . ﬁ'", N v ,
The effect rof a Qecrease in radius under the.same
.. prestress conditions is. illustrated in the figure 36,
, A . ; ~ '

-
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S | ¥ - FIEURE 35 _ ,

A plot-of f versus the longlt?dlnal

. o’
( . ‘ Straln factbﬁ for- the beam mpde n=1 under internal -

i‘

. Emd extérnal fluld loadlng
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: ' FIGURE 36 .
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§ . ! {- . .
Wall vibratiom s under disturbed >

< . o ) " ",I“ . N ,

A flow for the large and'smqgl penrose tubing. The ' ¢

¥ r

. <,pressares are 96 cmHzo and 92. 5 cmHZO and the- lengths
O’J ‘ ' '
L + are 8.1 cm (4. 5% strain) and 7.4 cm (b% strain), y - N
respectlvely The flow rate was éonstant at 900 cc/min.
’ g;v1ng Reynolds numbers of 2150 and 2850 respectiVely.
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r As expected the higher order c1rcumferent1a1 modes P =
and n = 83 1ncreasé~in\¥}eq ency from 210Hz to 270Hs and
450Hz to 570Ye respegtivelf{fﬁ\he results of a test

3
done on the sm ller sample at different pressures is

for the large sample 1nc1uded for comp

' frequency informatién is, plotted as a function of

pressure rtather than Tc:§¢g accentuate this geometficpl

?ifference TTCf « g )y, *® o C. ' : :
The Fxpecj‘d slope of £° versus P would be .

2 -1 1 : ’ . .
5?&7 Tn'z'. For P in cmH,0,a = 0.32cm, h = 0.03cm and
ne2 we fihdfthe expected slope to be 6.7x10° which i3

not substantially different from thé measured slope
B ® )
of 6.2x102. Hqowever, the intercepts, which should be -

in the same ratio as the slopes (if m is the same and the

-

L

term is small enough to be negligible), are signiflgantlyf

d&fférent, giviﬁg a ratio qf 3.5 rather ihan 1.5 as
‘expéttedu 'Thié resuif suggested that th;-lonéitudinal.
. mode fo; the results on thé)sméll ﬁﬂbe?was;gr%ate; than
. . “,
1. .This suggesfibn was confirmed wheﬁuthé résg};é

of a longitudinal scan were plot*ed (see figurg‘Séjf‘

The ahplitude distribution suggests that-the mode sizpe
). ’ ’ . . ’ . B
corresponds to m = 2. L .

~

The reason for, the dominance of the m=2 péak
. 3

] ’ -,

is probably related to the poor fesolution between

*

the ddfferent longltudlnal mode shapes for the hlgher
L Al

frequency C1rcumferentlal modes . ‘'That +is the term
. L e -

.
’ ?
- . f d




133

o°

~
-
_— .
. .
N
. -
’ o F .
.
.
N
k3
" -
- B
-, .
i
B
> .
- .=
,
»
1
.
hd a
s N .
-
- Y . .
h) .
-
-

i A
- B
- .
- ) _
* v
— “
. . )
N -
' -
-l
b O .
b ~
.
«
~
. i N s N
. . )
. .
E=]
N »
. ) ..
. . )
N
6 - . .
L3 p .
.
. -
.
o
. -
.
' -
. . C
- .
. P .
.
N t
- ~
P S Y . .
- .- . )
' .
4 d
5
. . .
LIS
N A . .




»FIGUI{E/ZW .o ’

: A‘plot of f2 versus Pressure for the . '

N L] » e
small sample with the results on the large sample .

™ "._( - , > a
. LE D ) .
incltded for comparison. . -

s &
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A

L o FIGURE 38
" z" ’ oy

5 'QJA plot.of amplitudé versus axial pd;iFion
for ‘the peak.-at 235 Hz under

A
-

disturbed flow with iniérnhl

A . < N : c . . i '-i
. 'and external fluid ldading suggesting ‘an axial mode

.o shape of m=2.

P
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Cs /(2L) is small relat\ve tq the one telﬁfed to

‘ L]

c1rcumferential pﬂestressowhich when coupled with the

3

decreasing resoyption of the Qonstant perceﬂtage band—
«width analyter (15H.Bw at ZSOHI) p;kvents proper

vd1§cr1minat§on of_the lower order modes. Grgaxer i

freqqeccy aiscriminationfof the~s@gna1 was obceined Qhen‘

~a cpnstant bendwidth pﬁai#cer‘(as‘low 53 }HeBﬂj,Secam;'”

Aavdgiable. The Tesult of:itS‘use iewehown in;figure 5;\3

. * ’ . = ' . .
which indieates more clearly the different longitudinal

" modes assoqiated with a partiecular circumferential mode,”
. . : . ' ‘ : .
n, ) o

hgl , - .

\ The . results for the ni2 mode of the small samplei
under. dlffetedt c1rcum¥%rent1al prestres;fare shown “in ,
" flgure 40 using thzs 1mproved resolutxon The lower” ;
1mtercept %Esocmated’w1th the smallest” peak.obj;}ved in

l

theSe results conflrms what was previously suggested

§ -

/That 1s, 5he ratio of Intercepts for the n=2, m-lwﬁfc‘ 4

between the small and ]arge tub1ng shouId be’ approxlmately
J 5y which-thls latter result conflrms R

X - By plottlng ‘the 1ntercepts in figure 40 versus

A

' the vdlue m2 correspond1 g %5 the expected longltudznal
- .

i‘; mcde shape, the resulﬁ shown in the upper pant of -

flgure 40 was obtalned " The slope of this plot is equal
-+ ’\ .

"o C /CZL) which can be compar%d with the expected
: ‘ F . *
- value. Using E° -‘1.6x107, b-0.03, the _jmposed strain
] : ) i -
. R ) . . \.\V- : . ' . "' . ‘ .
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- FIGURE 39 \ .
) "h‘ . k . ' “ \ , i
. o Nall vibratlon spectra us1ng the HPSSSOA
spectznm analyzer for.the small sample unden-internal s 3
‘and external fluld loadxng at’ T pressure of 67 cmH,0 : .
and 8 length of 9 6 cm {strain = 20%) : ’

»




Gl GR)aoNanBmus . o

o
o

[ g — —-m—-o—.‘ .
>
7

& T
~

..‘4—:’

9
VM. SKY

§

* o= oa
“s — %
-4 - o &
- » - =
oy -

. ”.... .
=\
M |
L
. 1]
- - o~ w
’ . w"n
- . Wf o
. o
- - I
; . 5
- — ‘ * a
: o
k L J » * - N . s : .\6'

7
PPN
!
-

meha<z< szhummm <owmn dH ¢

. ‘ oNIsSn n¢ , .-
. muaummmmbzmxmu<ﬁqmua g<= L . -




. N )
) .
-, . .
'
- o> -
‘ .
' ] ;
n
’ 0
P %
.
2
P c
. -
c v e

PR
.
.
S
B
°
R -
>
'
. . .
. . !
. .
‘ .
?
B [
M .
- L4
- .

€ ’ .
N 5
R .
.
.
4
3
. . .
o , &
-
* »
[ ]
te
»
u
- * Ll
N B N
.
.
, .
\
. «
A - -
.
’
- L ]
-
N k)
’
o .
b .
-
» .
f‘
4 .
| o
Y . ?
N
- . v\
. . .
.
.
v
.
-
.
\ -
-

"

.
¥
'
~N
.

Ly

LR
I

)




" FIGURE 40 . . . . . ",

’ - . . o '1"\ . ‘ ¢ o S

!
A plot of f yersus T for the results

'

6btéined similar to that in flgpfe 39 The 1ﬁtercepts

T obtaxned from this plov\pre shown in the upppr

part of the ftgure p&ot&p@ aga1nst m°2 The peaks “
NI '
“have beén assumed to’ corréspond to msi, 2 and 3 for

\" >

L 3]

‘ ‘* - / . \

fhe qircumferentiar resongncé?_n-Z;
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6.4x10%; thenCr;°+yA1)/(iL)2

)

£ 0.186 at L=9.1, andyA, =

= @65. But B . e 0.33 s PR

that Ce /(2L)2 -1, 4x10

F) E

The observed slope was 1 7x103

LA . D P
-

-

vFrom the‘various:tests-it was also o:>§ous:
- N ) N ’ 3

‘that the -beam mode resonance was'inveiseli.related

to Léggth. From thé beam mode which is the m
susézptiblejté changeélin length we equctfﬁzm,l E

m? Ciz/(ZL)? Thus for two samples'(émaller radiuy) "of
difFefént 1Qngths“(92; and 4.5 QX) that were exposed
to s%milar'l&ngitudina; s;rains (18%) a';atio of fhe
frequenciés'for the dominant beanm mode was fand t;
be 35/75 ar 0~48 .F§om the'lengths we would expect
the inverse: ratlo of 4.5/9.1 or 0.495 which §hows ’

Very good agreement with thar observed

Correlation Stud1es . ' v
. ' ’ 2 R
' fhen an additional photonic sensor become available

a

cross correlation of ‘the two signals was wpossible. With -

the two sensors located longitudinally at positions 17%

o

and 84% (not specifically chosen) of the sample lengiﬁ,
successive filtéring'at the resonant fquﬁencies 35, 72,
il4 (sée figﬁr; 39) produced q?dss correlation signals

that were- alterna11ve1y in phase and out of ‘phase (180 )
-4
. respectively.  This ig precxsely what was expected with
- v
the three frequqnc1es co;respond1ng to thﬁrbeam modes

¥

R

¢

n = l, m =1, 2 and 3. . -f

b

. >‘.‘ q- R
LN £ Y A
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oo

”'Unsatisfactory resu'tts were ob&ained when ‘the -
- —_— ) \ t -
A

o

fiiters were sdt_around the different mode shapes m

for the circumferential re;onance,‘n = 2, This resulted: . \4

frgom the fact that.the bandwidth of the filters in this )}
. L] 9 . L]

faﬁgefwas too large (ISHlBWi to permit the discrimination
~" - .
between the différent longitudinal modes, However,

when the filters«wené;%et to one of the higher erquenpy
' . {
- longitudinal modes (of n=2) that was sufficiently distinct

R (the 370Hs peak in figure 39 for example) the results

were more satisfactory. By moving the one probe angi-

‘n

tudindlly to four'othér-locationé,ithe°respective alterations

in phase from the cross correlograms permitted an ‘f

»

evaldatidn‘of-thg‘370Ha Reak as m=6.

-
e

. - ’ .
By locating the two probes at tlite same longi-
' 5 : .

—r -

‘e

tudinal point, but separating them circumférentially- to

g_ma;imﬁm of 1200,'justific;¥ion oi the expected cir-
cumfereptfal modal.patterq_wasuﬁroviaeéb For eiample,
"“the auto and cross-éorrelatiqﬁ of tﬁe sign;Ls filtered A ‘
at 260Hsvand S50Hs for tie sensgr§ located 120° dpart ’
are §hown’in figyre‘4l. As ill&strated‘in‘this'same
figure, for a sep;r&tion of 120° we would exp;;t a phase
-_chaﬁg; of 1800, fof‘theln = 2 ﬁoae ;ﬂd a phase”change of

\ ' 0° for the n=3 mode. Both of these results were observed,

as wés an expected 1809 phase change for the filter at

~
7

&@ the beam mode (n 1,m=1), - When the probis were’sepafatéd
?ij - ~ Ll/ . -

. . ByTQOO the 260Hs s%gndi was still 180° oﬁt of phase but
< . “

the 550Hs signal changed from 0° to 180°, Finally, at 60°

¥ . .
el . . -
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Correlation results upon filtering-.at osthe

- RIGURE 41 ,

~circumferential resonant’ 'frequencies corresponding to

» - » o 4

“ +n=2 and n=3, The probes .were separated by approxijr_latély

120%. The small phase ghift observed is "an axtifact

ARS

due to the instruméhnatiog\but was constant at 125

- .« R
- °

. micro seconds. : . . -

v ) ‘ E .
. -~ . . -




T DELAY ‘BN MILLISECONDS

o )
4

i - 2
. .
E !‘ . -
. f 4 . . o . .
N § .
\ - .o b . S
. i . . . N . .
. B i E "; A .
. I " { e 15:0 .
Q N4 M T - G .
- ' N . i3 L » .
- . ) | Lo . —
/’ .
'
.

L4

"AUTO AND, c“bss CORRELKTION op FILTERED SI 5
AT THE RBSONAﬁ saequsucras "

260, Hz AND $50 Hz =~ - . o
uﬂﬁ ) - e b \ D L , $~
o ‘ ) -
3" w) e
4 '\.'
-'
‘ o ")\
: _:_._ INRUT STGNALS !
! i‘LJﬁJ*“fILTERED AT
2 \‘ ER f‘s--a- :—-.. T_-a... ’.; —f{-"—’h;“ 260 Hz .
SR T T St o o S e A LT
B R :.*r“r‘ﬁ*‘r—r‘r’« g J.
0 2 4 T \
oy DELAY IN MILLISECONDS / 1
e

- . L FILTERED AT
- ' 550 Hz

! ‘ " - ////"\\\
B - | INPUT SIGNALS‘I

- 4 - o

0 2 3-8

. A

5

. o




J%‘I v 151
. . g ";,“ . * . ) .
-.separation thg Tespective phase changes were ;:'and '
180°% confirming fhat_the mode shapes were n=2 and
. ) . . - -~
n=}'ré§€ective1y.' . = .
Discussion J“‘,:‘.f;. L.
’ The preced1ng e&perimenﬁal ana1y51s has -
P S r
coﬁv1nc1ng1y demonstrixed the validity of the model ‘. -
H

'presented in chapter ITI, The‘1mp11cataoms of these

tudies to blolqglcal materlal are that wall stress,
s

- b I

"u agd geombtry are*the dom1nant f4ctors governing the R

a A ~
%psonant frequency. By knpwang JusE#;hg,pft??ﬁ??ﬂzgﬁ_’-‘f;fﬁl‘fﬁﬂ

: el L
radius of the vessel of_interest, a good estimate of
y . o . ] ,
the dominant circumferential resonance can be obtained.

-

o

The. results also conflrm the 1mportance of the

acoustical medig in determlnlng the resonant frequency
#

the inertial term emphas1zes the different

e "

This validity o

response ¢hat would be expected between bronchi and

arteries. In this regard the approacly by Anliker §

-~ , ' . \ : .

Maxwell (1966) wigh respect ta wave propagatiom in -

. . _ | .
arteries would seem to be in error, - Their approach does

[y

not consider the additional inertial résponse‘ok the

externai medium but only that of the interﬁal fluid. As ‘
is obvious from thé present'results this would result in ) .
a significant error. in the calculated wave propagétion ‘
Speedf. h |

The épproach by Anliker &-Mafwgll would algo lgad
to an. add1t10na1 term _QF(Zwa) - on the right hand side

of equatlon 26. The result wou?d be an extremely large

- ! ' rl
S

b

3

=




3 ) - . s ) , . . "
oo ,intercept‘=lps‘§e;2 forfthe‘mode n=2, m=k, which is - -

cléarly not observed. -
The additional description of the bending terms"

]

_appears to adeéu#tely deéériﬁe‘%hé non-zia' intercepts:
L 'qf the frequenéy §quarea - stress relations, par;icﬁlarly‘
T”~ that term for the circumfereﬁ?ial compgnéﬁi'yAl. ‘This term
< ‘was much easier to evaluate ﬁhich ﬁay aécount for if#

- » successful Qescrfptian. The dominatlng effect of thls

term over the 10ng1tud1na1 term//k may allow us to ignore

. whe latter term. The observ d results for this latter term
appear to be higher than at, expected and may reflect

4

an additijoral term tha

has been overlooked. However the

» . i ‘ . b T '
- (/ term is more complicated to evaluate and further'compa?iagg/
- ’ is avoided. . ' \ _
fj ’ . N . ! : o ’ 2 b
- Seemingly -only for the beam mode, the term ‘e ) -
' ) ‘ (. ! ~

* ~

does not Eppe;r'tokbe'cdnstaﬁt.wiih_xhe longitudinal ﬁq§é .
s shapé factor, m, Tﬁus ‘a plot of f ?1' Versus m> ieé "

to a non- 11near resp:ase rather than a- straighz 11ne

. . " The results appeared'to show dependence fn a n term,

-

- ' which does occur in-the term yA,., However, as will be

discussed later, the beam mode does not,appear‘to be an
LYo o ) 2 3 " -,
important one when con51der1ng tpz response physlolog1ca11y

The cross correlatlon results justify the assumpt1on
\\ that the sample is belng stlmulated at its resonant modes
when exposed to disturbed flow. By.ngfing the respectifp

|
phafe redations between thé sensors, the e¢ross corrélation

provides ewidence as to whether standing waves are being
.«ﬁ . /

-
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set‘up., Tf\%se results on disturbed flowA indicate that 153
- ‘the vessqg wall is st1mu18ted Yver g fﬁlrly large ;‘ . ;\) (;
' ' frequency range. ‘ o ‘?'-' , e '; | ‘\
: The adequate representation of the model
- 2 1.2 T¢°+yA'2'%*. ‘(nz_l) Te%+n? YA,

fm,n~'=agﬁ Tjryg——’. e ST s o
where péh ‘-th in'air,'kbh =‘pwﬁ + pfé_wifh‘fluid
-externally, énd Pe h - pwh + Eﬂii for 21uiq_intér;;11y as
well as externally is summéri:ed”in figure 42. The'¥e$u1ts‘

obtalned under- dlsturbed flow are used for the three types [

of experiment w1th the calculatlons based on E=1 6x10

' ~
o7 -~ M 4 . .
s = = .
S YA, 6. 4x10 and YA, 790 Y
- - The results summarlzed 112f1gure 42 indicate that ¢
the model presented déscribes the higher fngquency, o

- LY

asyﬁmetr1cal resonant modes of an-elastic vessel, surrohndeﬂrf

by and enc1051ng dlfferent acouaxlcal media; quite well,

. Although no tests were ;onducted w1tA fiuid 1nternally

‘and air externally, wh1ch would beé an approx1mat10n of

e ‘ - the env1ronment of the pulmonary artery, we would expect

pfa tO'descrlbe this

’

, the 1nert1a1 term, péh = pyh %

51¢uaklon, Th1s suggests that we should.be" able to

alculate the resonant frequenc1es of a biological véssel,

: knowing\éts wallﬂ%tregs,, eometry, and environment,

”

.(vi) Vibration. of ArteRrises . \' J ' . o -

Method ~

T

4 * ¢’

The left agd rigﬂu femoral and carotid arteries

“ »

were removed from a. 32 kg,-male dog and stored in sallng

at 3°C until wse; In each case the degree of retrad¢tiaon .

-
* ’

’ ’
. ‘ '
] - » '
. o
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e was. noted by measuring the Length between t1es before

a

removal (average dbout 40% based on’ féstlng length) SO. ehat
. the sfra1n induced experlmentally could be reIated to
| :;jtne tn}id;o.va}:eee:»Tﬁe two4caro§idixwere eeparated 1nte
ﬁaivégﬂgnpvidingheix sEhBieq}for invéstigation. ,yg‘least
-7 O f#khour;,elapsed béfé?e ﬁsing the‘firSt sample while L
' 'tne finalas:mple was examined 5 days post ‘mortem,

-

e The samples were mounted in a salxne bath ’
;7(:& 2 - - - T -
between two stainless steel tubes (3 Smm Q°.D.) with a
' oy y

plug (1 8mm~l D, ) 1nserted at one end This created\~

an’ effectave stenosis nf 46% based on the .outside diameter ‘

! s

.

of the steel tubes.A”TWO sarine reservolrs were connec;ed

Ed . H L

to the 1nflow ahd outflbw tubes of tﬁe sample such that a

o

;o
constant pressure head tand hence flog rate) was. maqntalned

- i -

~pressure in thq sample could be fgrled (up to a maximum
- .
of 145 cm H @) As done previously-the longitudlnal

-

prestress wad varied by altering the lengtw h

! hd ’

. For the four carotid samples with no branches .

-

the pressure wa"measured at the e of the downstreamJ?'

. stainless steel section. This mearnt that the pressuje B <P
' . ' . .7 ﬁ " r:a S : -
.reading was. in error-by the respective pressure drop * -
- " .

& x

along ﬁis seexionf This pressure}lgss was £€stimated as

15 cm H20 by meaSurements after the ‘bi ogical tests

we;! conducted. FYhe two .femoral nhowevex, hed a large

'branch in the mid. sectlon of the sample whrch was used to

.

H
|

!

¢ i

' \
!
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&

measuhe the pressure. A size 18 cannula was tied.to . -

"these bfépehes to obtain thehpressure tap. - -

R - . . .
- . - - 2 . I

S . I : '
The .wall thickness was measured in“the relaxed °
5 . s a , ) . . 4

7

‘sampie and ﬁ§ipg a travelliiflg microscope to meglure .

RPN : N
the thick{ess.‘ The resting wall thickness»Varied fram

the thin. wa11e4 femorals (0.39 * 0. Olmm at S 0 mm O/‘y)

‘fo the thlcker walled carotids (0.6 + 0.01 mm»a‘-4.8 ‘mm .,

"0.D.). - The thickness .under prestres;edkconditions-ﬁas

AN

estimated as: before, by ‘using inc0mp7§ssibility

4

(h = Ho 5% E%) ~ The outsiﬁe‘diameter was obtafnedlfrom

-
1

talipers at severalldifferent,preSsure§ and lengths.

FJ&IOWlng the procedure ‘used prev1ousﬁy,

- .
» - -t -

the surface reflect1v1ty was lncreased by spray1ng a

small alumlnum spot at the poxnt of 1nterest Th1s

was done wthe the sample was under the lqngltud1na1

t

prestress of interest and a pressure mﬁ'&pprox1mate;y'

90 cm HZO' " Thi,s was done because of the Eignificant
. x -

changesrin geometry during variations in prestresé

- ~ .
o

¢5.0 to 6. Gmp q D. vgﬁlat1on at ih vivo stpaln between

“ e " bn

30 cm H,0 and 140-cm H O). Thls resulted in a buckling -

2
of tghe smail alumlnum coating at the lower’ pressures.

>

¢ B

The photonic sensor was located at approx1mptely ot

Jo

k‘or 1/4 of the,sample length and'the‘51gnal was recorded

on the JNagra tape recorder.4'51nce the#e was a certaln

'
L4
- .

>
i

'state by caitting a thin section at one-end of the \>\\\~\‘

A
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eﬂant‘of'initial'creep of the tissue a.tLpee minute

- \ I.

‘stabilizing period was a}gpwed at_ e¢ach new piessureﬁ

b . . . . . .
* and-lemgth studied. Later, a spectral analysis of an
//r

' : - gy

- .eight second tape loop was performed ffom each’ one
minute ,record. I S , o ’ .
Results - - .

The results obtained ‘with biological tissue

-

demonstrated that, the dynamic response was the same as- that

.
v . [y

(' with the synthegﬁc material, with the dominance of the

beam mode n=1l and the circumferential mode, n=2.

) Y !

) . . Flgures 43 and 44 show characteristjc Spectra unw
e varnogs pre streéssed conditlons. Flgure 43 demonstrates
: L . -

o~ the sens1tiv1ty‘ of the circumferential modes ‘r.o pressuré
s ‘wi;h the dqpinant_ci?cumferential mode (n=2) changing »
f#om 265Hs- at 60cm Hz0 fto 3‘95,H5‘at’ 126cm Hz0, and the
hign;r order peak from 550 H; te.760 Ha. The\addltlonal

distortion of ‘the shoulder 1n flgure 43A at 1200 Hg’ 1s
// probablx the n=4 cxreumﬁgrenxlal mod;.

™

Figure 44 demonstrates the changes due- to increasing

rlongitudinhl tension. The domlnant low frequency peak ’

/

which is probably the fundamental beam mode apparently

- changes frgp 63 Hs to 78 He. The smaller peak at 110 Hs
in~figure 44A also anpeers to ‘be sensitive to longitudinal
stresé' It ney arise from part1al reflect1on from ;he
branch which occurs a4t a shorter length. .Note in flgure

7 44 that the dominant low frequency peak which we are
: attrlbutlng to the fuhdamental beam mode, appears to be

4

sensitive to pressure. "THi¢ may be due to a change in
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FIGURE 43

Effect of pressure on the wall displaceﬁent
o = ‘5
spectra of a femoral artery exposed to disturbed

-

flow under constant tethering (strain = 46%)®and constant

_flow rates 290 cc/min. (Re=1100). Note that the & -

-

\ input attenuator- isbadjugled in the higher fgequ€xi§

- [4

renges to permit the spégtrum‘to be displayed.”
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" not seem serious,

Y
/ o ’
- .
PR
. 4 -

N
’

-increases with increasiﬁg presJL;e (Tisz°+ vTc), although

no evidence of'fhe latgfrbwas found wiEh penrose tﬁbjng.
lThe frequency informatiqﬁ for the circumferential
mode s i; figure 43 is ploltéa i'n figure 45 and 46 for both
high frequency peaks, The data pr;Vides a good fit to |
a straight line as in the previous tests. _ The results
aré.élso shown for a set dqone at a different-longitudinatl

strain. -

/ﬂ

-~

The expected slopes are“glven by n2 LS. nZ-1
] (peh)n opyh+2pfa

n
, : . . . J
For the sample extended to 3.5cm (46% strain) with an

7

outside diameter of 5.4 mm the estimated{wall thickness

was 0.24mm, thg that this-gives an h/f'ratao of less

’ . »

_than 0.1. Using this gall thickness ﬁhe mid surfac;

radius is calculated as'a = 2,58mm; so that. - o
. ., _ , pi . -
[}

(peh);., = 0.282 _

(Peh) 5 = 0.196 . ) \
Thus the expected slopes are .10.6 and 40.8. The

first result shows excellent .agreement with that observed
while the latter appear% to be about 10% high. Thi§ would

\

made, . [

-

however, in view -of thifapproximatidn
_ .

a

" The intercébts should provide information on the
N

- bending termXA _as was done prev1ously. The intercgpt

of the plots in f1gure 45 and 46 are given by

wa)
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1
. 1 »
- P . A plot of £° versus T, for the dominant
I ' circumferenti peak n=2 in flgure a% at two- different . Lt
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The term Cs° is approximately 0.5x104 from inter-

. . D)2

pretation of the beam mode so that for the intercept

: ),
of figure 45 we have

L2 2
% n _1
N JYAL

. e T G

~Thus A, = 1.9x10% or Ee = 8x10° dynes/cmz.— )

2

a 0..5x104 or YA, = 1.88x10".

1

; _‘ ‘If we assume that the ﬁeak at 78Hs in figure
44 is the fundamental beam mode m=1, then we may plot .
his frequency information verégg ‘I/(ZL)Q, as was
done ﬁrsviqugly, to obtain an estimate of the longitudinal
. . S~ .

*hodulus; - This rTesult is®shown®in figure 47 far the

‘information im figure 44, Because of the expected non

Iinearily of the wall we cannot extfapolate the straight -

o line fit of the three data poihts to obtain the intercept.

- -

o “ N a

[} . -
However, at the lage strains of the data points we can,

.y
[

RSy . .
conside;“hé,modules to be approxiﬁ@tely linear and use the
1 . .

"wme——— _resulting slope to calculate it. The slope in filgure 47

is approximately 0»,8x106

L Eah g 6
given by E;K = 0.8x10" |
‘where peh[n_i = 0.282 and h = .024¥m then we find

6

. Since the expected slope is-

Es = Q.BXID . This value does not seem unreasonafle,

appearingwto be the right order of magnitude.
s S . .
. [ .
) .The®increasing importance of the bending terms
2N y .

j} . in the thicker walled carotids is shown in figure 48 = - !

where they are exposéd to the "~same flow rate.”In'bbph

v+ - cases the longitudinal strain was «46% at a length of 3.5cm,

—

G
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. _FIGURE 47
. . L |
A plot of £° versus the_longitudinal strain
factor for the beam mode, mn=1 of the femo;al artery.
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: 3 o ~ FIGURE 48 . ‘ ‘

v

Wall V1brat10n spectra of a carotid arterx//»——-—*“*"~v%~

with a result from/the femeral for combarlson. Ihé -

1 -

3. pressures and longitudinal strains are shg&ﬁ in the : o

X

. . figuye# . f : - |
- F ; | .




i e St

| %9 SP1 NIVULS

- -

HEdp8=d,

= LN
AU3L4V GILORYO

pasm———

..IO......H-.....'IQIIOCIQIO.C.-

‘ LA ’ Y
~ .

- (zH) KoNEnOmya .

[

i
\

—y § prg . —— iy g Py B

'] 3

Y . ! . +
T A. st |
O"HWI0L=d %9p=NIVULS i i ) x“uﬁ_ f;b*m .-
— . ! . v . - i 1 oL
; - XUALNV a1iewvs | . | ] e AEEES =
’ . ’ «,,./ -v-‘Hr.f'..-ocﬂnd-n'l-cu-.-...u.,ilslﬂi...l:totmlo.uilllnt!-vno:.-.f:.‘l.t.“l.lsl.ﬂl->l1“-°-H-Mr&.-.*.
X~ - . /. . P D S U .... LA O D (U NN AU, SR UL B e
B Sl e e =
’ ! ; ! e m__ ! E : Y
. m ] 4 -/ o, ~ ‘..”..|*. ¥ B
, g
e ~ : ¢ IP-\A 1 — .4 .~“_ m« -1 - “ ]
ES N , N )
—— N
0P HE209=4 | 9% NIvais | N7 | L N W
‘ AYILYV “TVIOWEL * L m ' G
- -_.1... .ﬂm. i _—. o

PV AP A

——

LA IR B B I I O I )
'

Lo 1]

A e Y S

[N

.
[}

te

(ebueyg gp-SZ) FAOLITIWY SWH




‘ 173
preVer,‘tﬁé-pressures and diameters are slightly v

e

different resulting in differeq& circunferential

bres%reésL In gbite of this, the increasing importance
. .-; ‘ . . L, i ! )
"of the term describing the contribution from the . .
. . . *

longitudinal mode .is clear. This® is obvious from not

\

1 8

=~ 06p1y the'highe} frequency for the apparent beam mode

(at l}sﬂa'in,hsB)'but also the separatiop'of the
individual 1é&gitudinal‘ﬁédes éssqciatéﬁ;wighthe.dqpinan£ '
ci?éumférengiélcmodg.' Iha;vthe‘thmee pe@k;';t SOOH;;
376Hn andr460H§ are due to the longitﬁdingy;strain is
- e Y ’
obvzous by comparlson w1th f1gure 48C, which shows the same L\‘E
’ “ . n e, +
0\ .- carotid artery at aﬁlghg;?ud}nal stra1n of only 14%.
.Although flgure 48C is unde; a sllghtl& higher c1rcum%erent1al ~'
— .
pre ytress the effect of decrea51ng tensxon is clear. ’

-

We can determine 1f the three peaks in flgufE 488~

-
i

are the first three longitudinal mode value (m 1 2,3)
assotlated with n=2 by plottlng fz versus m2 as in fléure

49, The resultlng fit seems qu1te good giv1ng a slope

’ .
X Cs? 5 = 1.54x104. Since thg 1nertlal term for ‘the beam

. 2D S i , : . .
moHQWApd that for n=2 areéapproximately the'same,'(see

’

equat1on 15b), thls result may be'compared with the beam

!

- mode. . The value given from the beam mode is f /nﬂ 1 32

xlof wh1ch i's, flot substantially dlfferent. The dqttea‘llne'

Y

in figuré¢ 49 represents the results firom the same carotid

‘artery at a different prefsure. 4 The third line represents”/
the results at thé same pressure as the’ﬂotted line but

Fl

at*a lower longitudinal strain (33%). The fresulting slope

o .
\ ” ,
.

o

N &

-

.
-
-
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' T FIGURE 49 E —\%jﬂ

v . : ¥
-

dominant modes associatéd with n=2 in- the carotid

artery at different presfures ang longitudinal strains.

’ ’ C r

.




slope = 0.92xi04_
i PRESSURE STRAIN
) SQ.S;msz 33% .
0= S9cmH, 0 46%"
® 7OcmH20 46%
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~higher than the,observed vggue,of 9.0. However the results

. The dotted‘Line shows the corrected form adding this. ' .

*correctlon of 15 em H 0 to the pressUres

"~ the theoret1ca1 predlctlon as in the past. For the

'c1rcumfereptia1 mode - (n=3) for the same sample is. shown'

.:; o . L 176

of 0 92x104 showsexcellent agreement Hlth the expected~

comparlson of the beam mode at 95Hs (0 9x10 )

< [

The vibration of. the f1rst two pegks (m=1 2 for

n=2) w1th c1icuﬁ£erent1a1 prestress are shown in flgure

rl

50. Recall that with the carotid samples the pressure

readihg’was approximeteiyJISCh Hzotin error. This is
the reason’fer the relatively large intercept observdd

in figure 50 which was typical of the carotid results.
~ ’ . : .

2

Since the relatlve pressures“are accurate,

however,'the slope in figure 50 can be used‘to evaluate

1
[

‘

range O pressures used (>50 cm H. 0) the out51de dlameter

l . .

was approximately_constant at 5.9mm under -a longitudinal ~\

. PR | )
straim of 46%. Usgng these values the wall thickness _
4 S . ) . . - -
was calculated as 0.38mm which gives am h/r ratio
of 0.15, considerably larger than the ‘equivalent value

for the femoral discussed... For the'h=2 circumferential ﬁode,

then, the expected slope is calculated as 1.2 which is
v N i R

»

‘on the other carotid values under sdimilar plots produced
slopes of 10.1, 9.8 and 9.2. ‘ - .

. [
The frequency information on the higher order
t

in figure 51, along with the estlmated result when

. a

corrected-bl 15 Cm'HZO' Using the same parameters as
above the expected slope is 38.0 which is higher than
4

»
A ]
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FIGURE 50 o ..

]
A plot/of f2 versus T, for the two dominant

. _mode§(;ssoc}aied with n=2 in the carotid artery.

€

The dotté
e
- /‘

line shows the correcfed value for pressure.
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] .
A plot of,f2~versué Tc for the n=3 cir-

cumferential mode in the carotid artery results. .

The dotted line shows the corrected value for pressure. ‘ ///
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the observed result of 32.5. ‘

If we assume ‘that the corrected intercept in

o

figure SO for n=2 is 2. 2x10 then we may estimate

2

the bendxng tern for the carotid sanple. Using é%ef‘ ' e

longitudinal term f'

/(ZL) obtaiped as 1.54x1-04 then
2 ~ ) .

n -1 2 . . . - = gt s

E:F—- :nt %:lz = 0.7xfﬂ4 which gives YAI 520. This SR -

value is higher th/n/that obtained on the fenoral (190)

whxch would be eipected just from the higher value of

Y, 1f the nodul1 were similar. USIHg the valu of h/r *

.
TTT——

calculated at 0.15 this g1ves?~ 2. 8x10 so that Fe = "~ » -

1x1?~fuhich is not substanttally different from the

- T

~

modulus obtained on .the feuoral. . il -

<

Discussion . ’ -7 ' { &« L o

"

-3

The presen$ results confirm that the resonant

modes of’ablologxcal vessel can be adequatelf\ﬁeaiflbed
by tife model- - These reSults emph451ze that the pr1nc1p\7\\\
factors governing thé resonance afre "the wall stress’ and

LR = ,
geometry. The success .-of this mode’ in &escribing the

[

resonant f uencies is shayn in figure 52, , which summarized
&84 L3 g

T

the test results obtained on the six saﬁ%les Fo; each

artery studied, the Spectra taken neareést 100 cijZO and ! .

g

. .

at the maximum longitudinal strain was used. Since the .

~

beam mo&e could not be calculated for the bxolog1ea1 data

Tao +YA2

~

/ : ‘ R (2b92

\\

its value was used to determine the term

I

so that the calculatlon of the contrlbutlon to the higher

czrcumferentxal,modes could be done. The values.obtained,
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ARTERY PRESSURE §$hAIN
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pfeviously, for the bending termyA; for the femorals

(190) and carotids (?20) were used in the calculation,

Finally, the prejsure readings for all the carotid samples
‘were augmeﬁZfd~by 15 cmvHZO to aeqount for the pressure ‘
erfot.' The resulting fit is quite encouraging,.

‘We ma& extend this success in descrlblng the A
resonanf\frequenczes éy examining the4pr1g1nal data L

.
-~

~from Foreman and Hutchison‘s study-.1 The major peaks ﬂ;j
observed in their wall vibration'spectrd exposed to
disturbed flow (created by a stenosis), simi%af to the
-'result'shown in figute 4, were tabulated (see table.I).
'The 1nterna1 geometry of these samples was obtained from\\
‘latex clsts,and }s recorded in table I. _‘Thelr results
are similar~to the present study, with a low frequency
peak‘that probably, corresponds to the beam mod& and two
.or three{high.freﬁueney peaks that would appear to be
tﬁe'higher order circumferential modes. It inimmedietelf . -
. . 4 . A

appgrent from the table that the smaller the radius . (

- J CE ‘ . .
the Higher the ecircumfergentidl resonant frequency. For

~ example the peak corresponding to the domimant circum-

o " - s
ferential modeé n=2 varfes’f?ﬁﬂ*&&i\ﬂ:}at 8.3 mm I.D. to '
566 Hs 'at 4.3 mm I;ﬁ., as would be expected. Lo B &

The use of a capacitive transducer in their experiments

meent that the vessel teuld not be-fully cbvere@ kith saline.
4 “»

1)

-

1Obtqined witﬁ'permissioﬁ from Professor J.E.K. Foreman. A




A summary of
study, (1970b) on the

artificial stenosis,

-

referred to as fl'

o \
n=2,3 4nd 4 and

s
-

ARTERY °~°  FLOW
(ce/min)
. . 5-External
Iliac(h) 440
6- " " -
7--m o 1000

9—Common<

900

) Iliac (H). Co-
S ¢Z-CcIJ/tixmon

. Ifiac(D) 250

The remaining ‘amplitude pegks fell

within the range expected for the circumferential modes ..

TABLE I

the data from Foxeman and Hutchison's

wall vibratign spectra distal to an

in vitro, Tgs dominant low fi%duencx

péak(was>in the'rénge_expected for the beam mode and

~
e

s

refq{:ed to as f,,f,,and £, respectngly.

- '

INTERNAL . :

19 7.6

LENGTH DIAMETER _ AMPLITUDE PEAKS (Hz)
SRR
20.9 6.0 145, 450 820 -
23.5 7.8 10 310 550 820
. - ‘ I | oo

19.4 8.3 1 305 _ 560

340

325 . e

560 1050
-

180
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: . B LI . “-. .
This result wowld be expected to complicate the

iresp&hse, particu;erly with respect to the inéttiél

’ ’ -
“term. We might expect the inertial response to be
20€a ‘ pfa

.some value between pyh IL——;—— and p'h + =
. n -

However cakculatlons quickly revealed that the latter

-

” a

result provided the best descrip;ibn. . ({ .
Using the inertial term pyh + pfa and considering

P - ) . ' n j ’ )

h/r = 0.1 (since no value of h was reported), for all the

——

Samples bdased on the internal diameter the resonant modes -
could be.calculated. t}he effect of the different radii

. ’ . et
were evaluated in ‘the following manner.
. ?

« Y v 2 2 2 ‘
. 2 2 Cs .(n“~1). Te®+ n<y A . |
Since £ .= m 2 + a .
| (1) PeR - (27a)?
L R , .
and.peh —'EH (1'+ n ;) = P{%(1+T0)
then f2 = 2B + n(n 1) Te® + n? YA-
" . - . 1+ \.:— .
- _ : ¢ %O) pga (27a) 2
. ¥ ‘ : ’ n = ‘ ’
0 l. 2 ‘ﬂ'.' . 2 -
Thus by plotting f~ versus n%n -1)
o = ' S R o
. ‘ | : To . Co. c ¥ .
we can obtain the:slope Te® . + nzY Aq . e
) L. J TZ-T-'T.Z aod
' - - -

This reshlt is shown 1n flgure 53 which demonstrates a

good.flt for the dat& available and clearly indicates

the,effect of different radii at the same pressure. If
» . N 4

v

we‘can assume that the term n2 YA, is small compared to

,399 theﬁ,we can - rewr1te the slope as P 12., A
' .‘ . {/ 4Tr p a '

The slopes from fxgure 53 are plotted aga1nst the
e \ ?* \
factor l/azufor the three samples used (allowing for.

~ wall "thickness, h‘; Q.IR) in the upper corner of f1gure'53.

L)
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é plot of £? versus the circumferential
mode factor, n(n®-1) / {1+n/10), for the results of

Foremamw and Hutchison's étuiy, The slopes obtained‘

from this result are‘plbtted in the upper part

against the corresponding inverse radius squared.

For the three extremes in data used the pressure \ .
. . - X
. — . .
remained constant at 100 .mmHg. T
3 . N ) . . .
) _‘ . ' - - . i : F . . ’
: \ , , N R
- . . , L . - i;
;oo . ' - | S
. ' ¢ - o 12 .
’ ' . . - - ’ .
P - ‘ » 1
-l . " r/ . ') .
' 0;. ; T ' . i n‘ﬂ
D 4 - v -
L4 } . ‘ [ | « .
. } . . . o
o ¢ [ ! . .
. | o : - ,
) ' o . -, , ‘ o |
LS i [ " \ )
- ™ R . “; . N ’
co ¢ t ' ., 1
v ' oo T - ' - g »
. I ‘ R ,‘ ) “4 v g 0 .
. Vv " : . ) . ' S

/ . . .
. - . .,
/ LN ' ; Y
. ] : . v
, ) ~ '
. “f o ' . .
“\\\$\‘;*f"’“’//' — FIGURE 53 ‘
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(1+n/10)
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The result shéuld give the slope i
. T4 . s 472

f'= 3.25x103 which
agrees very well with the observed result of 3.1x103.
Theliqsults for-the five human and one dog iliac

arteries are summarized in figure 54. The same assumption

i - v ) ’ ‘ . f
of . wall thickness was used (iince h was not 'available) and

A

the results from the beam mode used to caléulate the

longitudinal term. The resulting fit.would appear to be
‘quite good,”consfaering the approximations-made and the

eTrrors ppssible in .the galculation.” _




>

-
~

< v
v

-4



@ F
'Y , ! .
“* Y FIGURE 54
, . A plot of the ‘calculated resonant frequencies

L
versus the’observed values for the six samples in
) s

Foreman and Huﬁzhisods study. -
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A S0
YV GENERAL DRSCUSSION

“
. - -

“ N
-

(i) Evaluation of Model . o .

\

: The.objthivé o£ tﬁis-stﬁdx was' to &e&er?ine\,.'
{he resonant ﬁohes of tr;nsvers% oT radiaﬂfvibrayiagy
. ‘ of biological vessels. Chapter III preéeﬂ;%d a”th?é;{ticaf
model to describe‘the resonant frequgncies-involved '
/‘ “‘while chapter IV-ﬁresented equ;imeﬁtal‘justificafﬁon ’
. S .

of hatsdescription The ﬁbd€l sugéesfed that prestress

.

~andl geometry were é*e most 1mportant factors involved and%

the experimental evidence confirmed it. ’ ) :
4 ' .
By varying ‘the prestressed valupé of lpngifudinal .
e Atfnsion (changing the -length) and circumferential tensipn

[y . . >
JSchanging the pressure) the predicted response of each -mode

o ° . . . ’ - Y

shapé‘uas'éﬁaluated. Indeed, it was possihie to determine
- . . ! .
each mode shape (m n), exeept for’ the symmetr1ca1 ones ®

J * L3N]

- (n=0), by their dlfferent response to varlatlohs in pre—’
. Y-
stress The ‘mode’ shape coild also be- conﬁarmwd by notlng

-]

*  the spatlal vtwlé/}z; in amplmtude and phﬁie The absence*”/

<

of the lower.owder symmetrlcal modes from the experxmental x
L}

results was to ‘be expected“from the relat1velt.1ar&e
)

circumferential prestress. The lack of evidence of the

hfgher order ldng{tudinai modes (m) associated with this

L4




»

symmetrical modé n=0 is not clear. Their apsence in the

; studies on disturbed flow may be a reflection of the

- -
L e
. .

- (]
type of stimulation, with asymmetric modes.preferred.

. \ . e

Since the. state of prestress governs the propagatlon

speeds of the dxsturbance, the 1mportance of geometry

*x

in de;ermlnlng the_dlstande that must be fravellédd is

obvious. The predlcted 1ncreases in resonant. frequenc1es .

~ . <

due to*a smaller geometry was conflrmed by the use of

sqmples, both biological and syn;hetic, of smaller

| S

« diameter and length. RS f-
s o N

The 1nertlal term pred1cted a-response that was

-
dependQQ\ both on. the, acoustlcal medla 1n contact w1th

\

. the wall and the circumferential mode shdpe, . This
compitcatedhfesponse'was evaluated on synthetic tubing
. i * . " *
by ;egts in three different acoustic media: in air-air,

- , )
air-fluid and fluid-fluid. The results provided

,excellent agreement with that predigted in the three

types of acoustical media and “that due td the different -
> - oo

. ) . - . . - ®

mode shapes, n. . . - ‘o . ’
P >

It was seen that the resonant respon@ ?f the wall

could be estlmaned quite well from 3ust a knowledg*f

the prestress,‘however ‘considerable 1mprovement was noted

upon inclusiop of the bending terms, particulaxly the




S ¥ Y

circumferential one.” The evaluation of the circumferential

o " bending term n2 YAI’ seemed to agree quite well with the

value expected. The longitudinal bendiné m, WAQn %n
) : ) A

- . the other hand, was more difficult to analyze and did not -
yield the same success. . Estimates of it's value were v

substantially lower than the results observed and suggested -

that an additional term not accounted for may be involved.

In summary, the descripgion by equaiion 26
. L c. 8 , ' ’ ‘e . v
has adequately described the resonant modes of radial

.vibration & elastic vessel subjected to a constant
+ v wall stress, in vitro. Aithough the in vivo situation is

one of .constantly changing geometry and wall_s;réséq this t///

. B description is probably s¢ill valid. This would seem .~

~

-

: . C s .. .
true because the changiny conditions are quite slow"
. : - * ) .

4 ‘ L —’\_‘,‘ﬁ__’\

compared to the high frequency vibrations of interest. <.
- The cérdiac°cyc1e, for examplé; has a perigd of approximafely

4 (4 ¢

[N -

1 second whjle the respiratory cycle is even greater. _

’ .

Clearly; these changes are negligible'tomphrég to the
high frequency vibrations of the circumferential resonant .
. A i . . . i .

] f N A -
‘ ) - modes, with periods less than 5 microseconds, Thus we
- L . = © Y ' ¢
~ N " . e
wguld expect equation 26 to describe the changing resonaht
.. .

vibrations of biological tissue when the dynamic values

v

of sgress and geometry are included:

\Q - : ) : 4 ‘ . ' ‘.




e of resonant’ modes occurring withia tge frequency range.

(ii) Dynamic Response to bisturbgd Flow

If an elastic sysfﬁ; is exposed to a randomly

v

fluctuatlng force with &/frequency content that 1nc1ud§s\

some of its resqpxﬁ///;des, then it- W111_y1brnte Hlth 4\\\\‘

—
-
-

/ - .
an energy e¢ontant confined to a narrow region around
. - o i
’ tbasé'resonances. In. the present situation the number
. / '\ ) .

/

of stimulation was considerable as is obvigus from spectra
L\

such as figyre 39. .In every case the respdnse was

dominated hy tlie beanm méde (n=l) and the higher order.

-
<

circumferential node (n=2). .

R ", In evaluating the theoretical mfdel we have been
@

t

prlmarlly concerned w1th 1nformat10n on the frequency .

. Y
t ofvib(:txon, however, the actual amplitude levels of

P —

the v1brat10n are an 1mportant con51derat14n in the

prg?lem of - fatlgue and murmur,pmgductlon For a‘51mp1e ..
4 : -
linear system, (with damping)”that is exposed to a

fed

A [y . [ .
.’random force, the amplitude levels at Tesonance arwe ~

_given by we = Tsf(wr)gz (Mead, 1968), where S, is the

power spectral demsity of the forc; { Sf P /Af ), E‘!s .
the damping ratio and % 1s the stlffness constant - This
can‘be Tewritten in ‘the present farm to ﬁlve‘the root mean .
square amplitude as (wzlﬁz)%'Gl/[Af-fa(peh)n], where Af.ls
‘the halffpowér bandwidth. Thus the levels- of bibration'

4 ., 3 .
will be related not only to the root mAan square pressure

‘fluctuations but-inversely related to the resonant frequency

” )

(for-a particular’ circumferential mode). ”f




196

This inverse felgtion to frequency ‘of the-resonant
amplitude was noted in both the biological and synthetic

sampies during a, constant flow rate when the transmural

~ 4 °

pressure was varled F1gure 55 demonstrates this respona’ .
by plott1ng the amplxtude of the n=2 mode against 1/ £, for

the sd%e femoral artery as.in figure 43. The results . \u o

seem Juite good giving vibration. levels of'w =2x10"4
U a

Although the bandwidth, Af, is Sbscure due to the

‘presence of more than one resonant mode its value was

constant throughout this range. With Yncreasing circum-
: = . -
ferential order, n,"ithe bamdwidth increased which probably
| | : . .
-, 9 ' | Y .
contributes to the dec¥fasing ad%litude'with increasing .

PR

mode number, =5, . g . e

¥
As expected the*lncre351ng turbulent pressure‘

fluctuaq1ons due tq an 1ncrease in the flow 4:$¢s.(W1th*

~ , .
a stenos}EJ produced a greétgf level of V1braxion’ o .
. \ g - o »
, particularly at the high frquzgz?\e\d. This was evident,
- c . -‘\\~_~ _y
frOm}Ehe wall vibration ;;ectra in flgure 21\£%;\the .

rSSQﬁfs in'air.— Figure 56 dlsplays the change in amplitude’

\\

e

_ of the resonant pggk&/ﬁﬂ; 2 and n*= 3 under different flow
/ .

.rates for the ifnthetic'material (smallér Qmafle) with
fluid\intérnally and externally : T -

. Thus, the results seem to confirm that the vessel
responds like a‘simple elaStic system exposed .to a

e,

: randomly fluctuat1ng force (prov1ded by the dlsturbed

- :nature of the flow). We would therefore expect that
the in vivo response will be one of fluctuating frequency Ri' .
- . LA
‘ . -‘, ' . ,» ’

+®
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FIGURE 55 . ;

+

A plot of t%e'RMS-amplitude ratio w/a .

versus the inverse of the resonant frequency for the *

dominaptjcircumferehtiai'mode-n=2 on Ehe'femoral artery’

(in f&gurp 43). Tbé~lnggiigginal strain remained

" _— e ¥
constant at‘h6%\(1emgth = 3.5cm) anﬁ the flow at N
f ‘ « ' iy 0

«

290 cc/min. (Re=1100).

. . I
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’%IGUR& 56

<9

A plot of the RMS amplitude .of wall”dis-

-

: placementrvefsus the flow rate at constant pressure

- .
- . -

tQéDcmﬁzo) agd lengtﬁ (8.35cma strain = 20%) for the

.small diameter (0.32cm) pénrose"tubing. ‘The calcualted’ R
rd .

Reynolds numbers are also shown.
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Cd

. 031
and amplituae of wgbfitions. ?bp,résonantafrequencie§ \géj i
. o7 . R
will change due to the vari?t?qns’?ﬂ\Wal; stress P
discdussed in the previous sé;;ion.yhile the amplitude of
vibration wii%kgh:ﬁge due to the vériatioh in frequency and

'

the changing spectral ' content of the flow. throughodt

s~

" the cardiac cycie. As Sacks, ickner and MacDonald (1971)

-~

nSted, ﬁhe'length of time that a murmur occurred (evidencé

of wall vibratioﬁs) was related to the time that the

flow exceedged the critical value..
One other important aspéct of the dynamic response,/ﬂ‘

in vivo, that .should be considered is the viscoelastic .

. . .
nature-of the wall. fnlikewr (1972) has shown, for
example, that small axi .symmetric pressure or radial

disturbances are attenuated by the viscoelastic eleménts
. -1.1 Ax°
of the.wall according to the relatio A/JA, = e x .
N A ) . ‘ . " ‘ ' L)
Thus, with increasing frequency or decreasing wave-

-

" length the disturbance will be attenuated more rapidly
with axial distance. With(?égpect to the high frequéncy
. P \ N 7
resonant modes (n=2 and abbve) stimulatedﬁjocally by a

stenosis, therefore, we ma ekpect the amplfitude of

.
- A

vibration to- be localized. This would sgem to agreé with

the localized nature of both poststenotic dilatation and »
' .ot )

murmurs. - e

4

One final asbéct of the dynamic response of thg.

»

. vessel wall that‘ﬁan occur, in vivo, and was observed in

o

-




and could not be measured. . However, the impression

~the aspect of fatigue {Sinclair, 1972}.

‘ o
» ‘ : <

D . ‘, A‘ [
v ¢
the present study is the condition of 'flittering'
(Rodbard, 1957). With 'the pressure heéd maintaéned“

csnstant during the biological tests and the pressure

Sy

lowered there was an increase in vibration levels, as
discussed a‘BVe. Eventually, a low value of pressure
was reached at which an instability occurred and large

scale vibrations of the wall resulted. Unfdrtunately, * PN

» v

these levels were out of the range of the photonic sensor .
. a kg

v - - -

received was that a vibration mode similar to n=2 was
occurring wth the }arge-vibrations allowing the walls ‘
“ | - : P

to touch each other, Such an instability is sometimes
“a
thought to be the fechanisi in bronchial asthmi (McKus1ck
B
1958). The large dynamic stresses occurring with this

I

type of cond1t10n would seem to be quxt;\\mportanfﬁfrom .
é-‘

(iii) Fatigue

“The vibrations ‘arising from &1sturbed flow-

produce dypdamic stresses w1th1n the wi1l1.” of the vessel

+ ’ A -

that can lead to structural degeneration as in post-

stenotic dilatation. Since the stresses are:related to

the vibration amplitude, the resultant {%cfease in >

— . -

-~

vibrationa] energy content due tm stimulation of several

£
%

resonant modes may w the most significant factor-in this '
problem. The observation by Roach and Harvey (1964) that
o

moderate stenoses were required tobproducg-aldilatation may

P




“

‘be a xeflection of the need to have sufficient high

frequency energy content in the pressure fluctuation.
This, would certainly occur with increasing severity"

The. fatigue StUdleS of Boughner (1971), whem

*

of(occlusion.

. ceﬁpléd with the present study, seem to Bugggix that stimu-

lation at resonance was a necessary factor in the observed

a> L

fatd gue, : N -
Recall from chapter II that Boughner (1971) -

found the dilational response o’ arteries to be frequency
dependent, seemingly related to age. Figure 57 is a " .

reproducgtion from his thesis, showing the ‘frequencies .
. - . ” *

e T ‘ producing a dilatation versus their lpngth. The .
o e N .
interesting feature to note, ﬁ%re is that .the frequenc1es appear

to fall within pkfe% d1screte frequeﬂcy bands, suggeéxlng

. y
p0551b1y three refénant modes. However, this experlment K

, ‘ . y .
was not de51gne3 to\;élght all frequenc1es evenly1 SO -

-

.that such a conclusion can

-
-

ot be made based on this data.

NevertheléSs, .in view Gf the present studies we.would .

-

expect the resonant frequencies of these iliac arteries .
(similar to fg;eman and\ Hutchison% dat%)_to correspo?dJ
) ¢ ’/ M ‘ .

* " to the range observed. . ) ,
: ///Aa . Thg-relative insensitivity to length for the . .

A30QHz grd%p might suggest that it correspopds to the -

. . ~au
t " ~ o
. . ‘

personal communicetion - < 7 .
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o ) T FIGURE 57 .
. . ° ) i - " 4 .
. A A-plot of the length versus. the corresponding

. } - 2 . : i L
' _frequency producing, a dilatation. Reprbduced from/
L ' : ot o LD A . ,
Boughner (1971) with permission. . ‘
: ’h * - . .
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dominant circumferential ‘made n=2 since the longitudinal.

[

MY

term C% ‘is small relative.lo'the circumfefent§a1 o ',

I¢1%%

term. If we consider the behdlng term and longitudinal “\)

.2 ; .

“term negL;glble, we can write fn = n(n, «1) P for

- ~ - .
.o (153 SmZpat
.2 G. v

the case of gxternal and 1nterna1 f1u1d medxa 1ihu§‘

taking n = 2, 22 0.1; P = 1.33x10° dynes/cm? and £,%

’
-

9x10* then we can write a% = 0.1 or a = 3.18,mm.

Although the radii of‘the samﬁTES'used by Boughner are
not repg;ted we .can see from Foreman angxhutchlsons

results that the external iljacs ranged from 3.0mm to

'4.15mm internal diamgter.

¢ ‘ .
The two other groupings aroum
lid>

,and-lSOHa

have considerably more Scatter although they too appear

'

B \&p fall W1th1n a speC1f1c frequency range. We, mlght

expect that the 150Hs signal correspoﬁﬁs to a beam mode - .
‘ T ’ . . . ~
(n=1) based on our present results, However, we gight
. : yT R . ot 2
enpecm more-dependence on-]engthﬁ since . fi,if mz(%ijza
(#.e. frequency is inversely rejated to length)u' Without
A

control of the ten51on or. 10ng1tud1nal stress, however,
Q‘ ’.‘

- Voo

this could lead to'changes in,Cez. _Also”changes in_

- .
radii affect the term Csz.‘ If We'igmoregthe data point

-’

’correspond1ng to the shortest length thjn the rema1n1nﬁ ",

points do appear to be 1n4erse(y relat tf Jength. Tak1ng

'the extreme of lepgth of these remalj}ﬂg p01nts we f1nd a

length rati’oc of approx1mate1y 2. 6/1 8 = 1.45, while the

> / .
corresgond}ng frequenc1es are’ 1n/ﬁ ratlo of,d?O/l?O = 1.4,

“
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Thus if the geometry and stress values of'§hese data o
points were known it seems p&ssible thef may, lead to -
' , ) ) 9' , »~ ) . . ) -
the conclusion of stimulation occurring .at-a Beam mode = .- -
resonance. The lower grouplng may correSpond to a lower . ““y*
orger beam mode (i.e. m = 1) such that if, the'geometry and ‘
> . N a
prestress were known the. results may show the Lo “'ﬁ ;
‘ ),*H'J.’ , . ‘ ‘:‘ '-‘:.b-‘
dependence expected. . The sxgnxflcant relation to age e
: * o _,( Sle ‘ s CL
that Bough €r noted presents ,an 1nterestzqg 1dea 1nw“, ,mf
\‘\ . », ,., .* " ":“‘.I
relation to twé type of dynamlc stress expen1enced s
beam mode and hlgher order C1rcum£etéht1al mode woﬁld‘result V fij
: . ‘,44' . SR £ A TINR
PR ’ a7 ‘,’, Y - tera 'Hx‘ o
in d1fferent dynamle stresses The heam’mode for;@ AR
\ ) ' - ’ "-"‘4.‘-( : “‘, DU . '
may be expected to pfoduce predomzn&ntly 1ong1tud1nal '?7~”">5;
‘E ' yi‘ ‘
- Lo ﬁ. .‘ B ‘ ‘
stresseg, since there is. no eﬁfectxve change”Ln g1rCum¥erenee.._”u
\ Ed ;o Q
The c1rcq¥ferent1al mode, n =" 2 on ;he o~%&r hand wonLd IR
ok e i SRl A ‘\‘-:"
experience 51gn1‘1cant c1rcﬂmferent1al stresses Tﬁe ;_f'.;ﬁﬁgg;p
. . AP S TS Lo e
relatlonshlp toy age therefore,‘may be‘g reflirjion qf & (At”ﬁfkqn
xR - - d » ‘~_. [T ‘-.“ -"-7" L(: SR "4 s ,Q A'.' ) . '.",’ :' l“:.‘ ".‘,
dlfference in the anlsotroytc propert1 <3 ylth’a 'j_’ggggh{yyk ORLY
aad Burton’ (1957), /ample, have sheun tha "?
B ’. - et u : ..t«f/."‘,
structural propertzes , LT
. ;o . LI
a " i ; "'"_ i ’:. . . Rl i
. @ ~- P »‘ N f e l " PR 'R ~~‘:Jo /I‘*'& ! a ot v i ¥
Y there 15 'change in the lanéitudiﬂal'Rrop%ﬁﬁies‘« ’ 7
) N T " A"J" et wﬁ e T : ::/ N ,"' ;
w1th age such that thg ‘vessels. h e lnér-e w,d in “length™ . .
yleld',as far ‘as theyféan‘go, théﬂ”'% se ms poss1blq ARy
X ‘J'v~' ‘!".e
that. thevdynamic ;tress@%tlﬂnglg 1na11§ (a§ from the beam f Q‘?
e O S
mode) would have 11Itle effect. fn this reﬁhfd lt 15 oo ép] Do
. po R 4 ‘., .‘ . ?.

1nteTest1ng to . ﬁ@te‘%hathoaghnerh(197i] repqrts a retraetloﬁ

v 3 o
[ R j‘ e LS rw- o 4 ol
' A TS q" wt . ¥ .o e Ay L
o ‘ L . . - P ,
‘5, L7 ‘ 4 [ - '
] - - N e 8L ' e ” 4 ’;'-’.1 . R
T, RIS i o . L A ' o, .
o [N ¢ v . ; AT
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f: .::h£ enly 1%+ 2% for the iliac arteries, he studied .

'"'f ‘ ' : whereas Bergel (1972y regorts a value of 40% in the dog . '
25 p
‘ :_ < In thelc1rcumferentlal dlrectlon, however,
.i . ‘ | the ve;§e15~may fyieidl oT dilaxe‘when exposed to s ;"
a;:%?{ v’.;:c1r0umfereﬁ}1al‘stres\es. Tbus'thé’éircumferent:al
ﬂ;v~ ‘i - { 'resonance (n 2) wouldibe expected to cause a dilatation

. . . ‘

o R of the vessels whereas the beam ﬂ&iﬁ,would have no effect..

/'-..ﬂ _‘“ .!“ L '* ‘ ) . ] ‘
b LT '-gf Wlth the younger q;terles,,on‘the.other hand,

- - o ;“ yleldlng 10081tu¢19a11Y m&Y e perm1ssab1e.- Indged,
- \1 ‘fw the appareﬁé Prefﬁsﬁﬂce o£ the younges; after1?g%for the
‘-}if.- ;irvbeam mode may suggest that a 'g;eldingx or structural
ﬂiih 'fi_' alte;;tlumzn thls QireCtlon lS the ﬂOmrnwtlng &“e' l'.

i SRR T, These suggestléhs are. paturdlly, 5P¢CUIat1V°» . wf‘ ;

;,, :"\ ,& 1 : , o "
ST L
T 'J.slﬁoe a complete understandwng ef the~ef¥ec€‘of d%namlc
e )f‘

- - &a

stresses op b1olog1¢a1*txssue reqpir

bt
b ‘f" o

evaﬂuatlon w1th the tqmpiex 3n150%x\2}c propérties of

ot

ess, thg resuits of s -}f,

'

that t1s§ue 1n mind Never

e I‘
; s

e BOughner {1971)fand thase pf Roach‘and Harvex,)(lséd) 2.

‘..'«“
n.,‘ ~ 3 L

&nggeSts tha:‘;he relatlvely Iarge ﬁm,ﬂ;tudes Essq01ated
: » ‘ . .

| wlth 9trmulatrqn neéf;mésaha e

" rl
o~ -".,’,

. :5”gpressure fLuctuat1ans)wgs reqﬁ ed tn 22 duce a d;latat1on

i! ‘i""".‘»' o

:giv

. ‘t

/ . i
4/ circumfereptlal resonaﬁ%e Gn ZT; or above, is necessary.
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, . - - K ’ 1 W N
T tun produce an.audlble murmur -

’

the preseﬁt étudiee,.élthough the cyclic nafure of the

« The 1mportant p01nt however, is that the 1ncreased

"v

3

(iv) Murmurs

Y o ) N
‘8 Perhaps the most sig\ificant aspect £ this work

»

is the reallzatlon that- theefrequency sontent assoc1ated .
] . .

with man} murmurs (up to 1000 H:) includes several

resonant modes of. the artery’wa%l. ThlS implies that
i

thé wall should be responding in a.similar manner to

. iy . .
'L-}\ ~ - (S

! LY

-~

pressure and flow would produce a 51m11ar modulatlon

&

amplltﬁ¢e of vibration 4ue’to stlmulatlonqpear several

N

-

resonances would be-a déminant factor in producing the

]

L .
v sound thiat is heard. Recall from the lntr05$cthn that

R e v g
\./

a rigid tube with the same state of disturBed flow did

3 The descrlptlon of the external sound fleld

.

(equation 12b) gives the magnitude «of the pressure .

field at the.wall as IPe [ 0“2}% Wo or p(Zva)

; . [
‘' - - a

wh1ch rﬂdlcaes !he 1mportance oj both amplitude of vibratio

' i'and frequehcy. For example, if {? tonsider the results

4 ).
('S

-

1Y

@D,

n

o of the blologlcal tests where gg“N 2x10-4, for the dominant.

'\d , . 2 .

"circumferential resonance; n =2, as %cm and £=330 Hs,
A : P : o .
then AJPe [,is-calculated as 20 dynes/cm”. This corrésponds

-

" to a sound Preesureilevel of approximately 100 dB, uhich

o ‘ . -~ -
is a-eonsiderable sdund source. Thus a 1e3%1 of vibration.

# -

: which gppears insignificant is in fact*very significant

wﬁen c;uyleo with 'a relatively high frequency.

-

S




. ) . i -t .
) . An estimate of‘thé iﬁpottange’of s;imulh;ian ;
, near re;oﬁanqe can be obtained'from_the W;gnifica;ion | )
N }>f factof, Q, wH;‘h is a ratio Bf tﬁé amplifude at,reéonaﬂqef‘
Coe to that ﬁnéer sté;ic coﬁdition;~for the same.dri;ing |
“ ‘force;? Relata to the‘dampihg ratib,-it‘is obbained froﬁ.the,
.§L \ Kalf powef-Banindth, Q = fr/Af. Although measurement f—
f ) pffAfkwas partially obsc;red by'the presegce of'more;M%“i ;
B th%ngone féSonah; mode, an estlm;te of, Q\ﬁ lg~at SR
. ;ﬁyifological Str’55§ig¥@§ obtalnﬁd ;;Ing the flner
SEETINE ‘ rigblu}iqn 9£gfh?{ggnstant‘b;ndwidph analyzgr'(HP 3580A),§‘—‘
/This.wguqéusLovide a sighificant 20dB. increase o the sound
\
source over ‘the correspo:dlng level in the absence\?f
! a reso;ance Clearly, even w1th ia elastlc structurb ‘
. ’ v N
'.-\\whOSe f1é;ﬁllllty alone can be responsible for a A .
o ¢ o R ] . SRR
51gn1f1cant sound f1e1d (when exposed to dlsturbed flow),
#« the stlmulatlon,near a.resqnant mode can’ begoma the /{
2 doﬁinéﬂt factgr 'in the resulting séuﬁd;field; .
¢ Excgpt formmﬁsical murmurs, thch are raie, the -
, ana1y51§‘o% murmurs by spectral phonocardlograﬁky -dog’s Bot
; reveal the dominant peaks we mlght expect due” tp resonancep'
N > ,
i ‘ . Most murnlrs are chargcterized as nqigy ‘with -a sp’ctral .
S ) content‘that appears contfnuqus, as“shdén in piage-lA.
o . ‘ . °
o }‘Thj p0551ble.d1agnost1c usefulgess of ;he frequency content
@ . has therefore been'lost, w1thntim1ng, duration and relative
’ .f T ‘i%:éﬁs@ty gging the quantjties of_inter??f’fs_?3?~physicién.
. A ¥ ' . k ’ ' | . TS
. . . - . ', \ s
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Example of spectral phonocardiography on a noisy. N
© &
. _’{l . . - . - .

dhrmur due to rheumatic dotic stenosis-recorded ,
ra - v

at the base (léft) and the apex {(rjght). - Reproduced

’

& from fggure 247 -in McKusick (1958) Jwith' permission.

. ,BY

-

_‘cardiography.on a’'noisy %urmur due to'aortic

-
~

Example of a contour plot in SEectrél_phono—-

X
ate
U .

stenosis. Reproduced from Rushmes and Morgan

(1968) with permission. . .
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'resolution of the equipment used, both with respect.’

m1nor stenoses or lower Reyndlds numbérs would favour

]B) improves this techniqﬁe‘considerably (Prestigiacomo, . |

4962) Y A Lo ~

\ . -

There are several probable reasons i&$ the

absence of distinct peaks in spectral ph gcérdiogrgms.
¢ »
Probably the most significant factor is the poor

to frequency and intensity. Th9 records'disﬁléyed by
McKusick (1959), for example, uge a filtet bandwidth of
| ) :

23 He, ﬁﬁ::;’ih the present studies wou}d'not be able!
. ¢ - N b

to discriminate betweén the different longitudinal —

]

components of the second brder circumferential mode.

Furthermore, the use of diffewrent shadings to represent
13 . .

;

intensity.is at best qualitative. The 15 dB dynamic range

L

of thé electro sensitive paper does.not permit a large

~

énough dynamlc range to be evaluated wﬁgreas the Iarger
<
dynamic range perm1551b1e with photographlc ‘displays
requ?res too great a‘var;;tion in intensity., Howeyer,
. . ' L]
the 1se of contour plot's of the spectrograms (see plate \
. ) . ,

——
[

o(' h
The Telatively large ‘spectral content of pressuﬁe

fluctuatlons at the lower {fequenc1es particularly with

N
%
\

the lower modes,. -
t *
.

t The dominant circuqfefential mode An=2);.for examp]e;

was seen to occur primarily above 200" Ha. The beam modes

-

a

(n:]) on the other-hanld are probably less important in

id

v




.:3he ﬁhysiological state. In the present investigation N
" ) . .

Fl

logg samples were used, tethered only at their ends.

-

'

This freedom pérmiﬁted relatively large traﬁ?iiéie
- \

. * ’ . . . .
movements for the beam mode that would seem unFikely in the

physiological siatq with the restraining tissue externally. },,

For example, whe# the edge of a small plﬁte (2cm ‘long)

x

was placed along the sample, 90° to the probe, ¢to

~

constrain it, the spec.tt revealed little change in the
. A ,

circumferential mode (n=2) but a complete disappearance

of the beam mode (n=1) into the background levels (14dB

lower). -

-

In the pﬂi;{ofogiéal stae, single abrupt dis-

contindities are replaced w1th taperlng,acurva%uri_sz
. - 47

numerous branches which tend to complicate the respon¥e
longitudinally.  When this is"coupled with thé considerable

s R . . : e ’
attenuation of a disturbance, axially, the .absence of
v : '

distreté peaks of the. lower order cirtumféreh%ial modés-
e .

- : : . ¢

(n=0,1) seems 11ke1y P . ,\\\ & ‘

w"

A

3

‘All these factors, along: w1thtHe gﬁparent selectlve
att!nuatlon of” murmurs through the body tlssue [Boughner,

1971),'afe probably involved in the lack of discrete

peaks in sﬁect;al phonocardiography. ‘ Tﬁ'\ . - ) / '

An example of a musicé} murmur combjned with a o
noigy murmur ié showp‘inﬁplate 2A {McKusick, 1958)
resulting ;rbm a par&iai occlusion of the 1eft c;rotid .
bifurcation. As ﬁgted by McKQsick the frqque{iy dﬂ ghe’ v t:a
S . - :

musical murmur appears to follow ®he grterial pudse .
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“ ’ ‘PLATE 2 - )
¥ “ - l
) e R . Ld N
) A) Example of a musical murmur due to partial
- arterial occlusion recorded over the left.carotid-
- -

bifurcat%bn. As in plate 1A" the ordinate is
frequency. Reproduced fiom figure 201 in McKusick

o -
. -

(1958) with permission. _ ‘ B .

4

'\ B) 'Examgle of a musical systolié MUTmMur 3n calcifia -
- aortic valve disease. Reproduced from figure

1%5 in MuKusick (1958) with permission.
i . . }

1
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pressure, a factor which appeaxs to be common to almost
N ’ 'S '
- - [

all musical murmurs, As explained Ey Mcfusick'fhe;

N
.

continuous nature of the murmur probably arises from the

fact that the large pressure drep across the occlusion
. < 3

results in the proximal pressure always exceeding the " N

’

distal 'pressure. Howeyer, the musical nature was more

difficu}t‘to understand with the suggestifn that a" '

-mpchénism comp;rable Eo'bronchial asthma was involveq.
In viéw of the present-sFudy theﬁmuéiéal ﬁatufe

of the mu;ﬁur may not be difficult to unders%aﬁd.' We

would expect that the sound may be due to a stimulation

- “
¢

of the ci{chmferential resonant mode, n=2, which would
- . - Ay
respond to pressure in a similar manner, For ex;hple;

"if we casidered the bending terms and the longitudinal

term to be negligible we would'find_from equation 26 0

f : : 5
that for n=2, % = 0.1 and P in mmHg then f2= 9.5 %

.

-

Thus the resonantgfrequency would be dependent on the
, , ,
square root of pressure as well as the radius, which,

will also vary throughout tHWe cardiac cycle. If we

\

assumed that the radius was constant at 0.25cm then we °

o

can obtain an estimate of the pressures ffom the peak ' |
systolic freq&ency of 600 Hs and the diastolic level of
360He. This would correspond to a blood pressure of 250/95
whose absoluge values appear too high. -Hogever when -the
asgumbtioné made gré consideréd, this Iesuit may not.be

+

too bad. The possibility of both a smailen radius and

~




+ . . ) 4 - 218.‘
‘ g’fpicker wall .are likely du@,tg the arterjosclerosis *,

L . T .

!
. present., The smaller radius and the-need for iélluding s,

. \ 7

; , S , :
the bendilg terms would both lower the§e,valueséto a

_ - S

range that may be more acceptable. It is interesting to

.
Pl .

( nbfé the increased intensity of the murmur as it falls®

-

to a lower ffequency, similar to that discussed in a

[}

®

L . ¢

' ~

previous section.

Plate 2B sh@ws anpother musical murmur that was

<

due to a calcific aortic valve. The' same pressure .
N ' ‘ : .

sensitivity is notgd hérg, altﬁpugh"the intensityndrop§

off during the diastglic phase, pregﬁmably‘as }he_tufb&lent

} jet decreases. Note thg‘lowgr systolic frequency of 280Hsz
e _ for the dominant peak wlith a higher order one at S56&0Hz,

- T - . -
1 which may correspond to n=$. - The lower frequency of the-

dominant pe%ak, in comparison with the previous mu¥mur,
s : , v ‘
“would be expected from the larger tadius of the aorta, if

it correspongds to m=2. ’ . ’

. : Using a similar apbroach to that above, and noting:

.

the different inertial response of the aorta (externally),
we find a Yystolic pressure related to the radius by
P =470 a’ mmHg. To obtain a reasonable estimate of

~- \

pressure, thet&fore, we would have to assume a radius -of
L] .

~ .

‘ } .
5 to 7 mm which appears too gow. It seems clear, "that

. without a specific knowledge %f the wall stress and geometTy

- -

fufth

X4

er comparigon is useless. ' '

There are other hypotheses for‘pusica} murmurs,

. notably the 'flittering' phenomenon of Rodbard (1957) apd
L p ' bl

*
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the perlwdlc vorg?x shedding wf Bruns (1959b) Aé
discusse earTLer, the 1nstab111ty kno#n asw‘flltter\ occurs.
‘at 1ow’ﬁressgres which do not seem charac;er%stic of

. the two musical murmurs discussed. The vortex'§ﬁedding

£ \
due to stiffened.aortic <cusps, on the qther hend, can,

[l

lead to a periodic¢ fluctuation in the flow. However, in, ¥

3 ]

. . e - 1
. the presence of a transverse resonating mode the vortex -

-

éﬁédding periodicity would be expected fto occur at that "

of the rwsonance. This resulting feedba can lead to?

.

large sfale mot1on,of the f1u1d and the wall/
\ B R

f1f the aor(lc resonance around 280Hz in plate 2B

is. correct then the second contour plot of the sound &

from an aortic/stenosis (Plate 1B) may reveal a resonance

; ’ : ‘ . -
; k} .

around 270He. Note that this type of murmur was considered

.& "~ Ll

noisy.. The decreasing frequency of this peak contour

with decreasing pressure, that gives a 'christmas tree’

effect, common to aortic stenosis, appears similar to*-
) S

that of the musical murmur just discussed and that "expected

-

". of a circumferential resonance. o~
™~ : .. ‘* S
o One of the_gené¥al. characteristics 'of mu¥ical

murmurs is that they are intense. The dominance of
their frequenby content ove? that of the noisy murmurs
may be related to the nature of th; stimulating pressure

field. -The increased high frequency energy content due’

to severe obstruction or higher Reynolds numbers, for exaﬁple,

/‘*w-\ﬁ__ﬁ . g '

may aqpentuate he response in the resonant modes, Recall
-l &

’
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\lhat the presure f1e1§was proportlon»al to f° Wo so - ‘
~a
that the high frequency accentuates the résultlng pressure

) field. The correlation propertlés of the turbulent field
) » ) v & -

“ . also play a roie in the mgdal responsp,;so that'the
.- L 4

' localized response of af obstruction' may produce a !

\\ A different result than that from increase: Reynolds number,
. \ . - - ¢
for example.- . ’ - . .

t, In summary, the range of frequencies that age
- - ‘ .
+ characterized by murmurs or bruits appear to contain

those of severdl resonant modes of the arterial wall. .
. . ‘b -
It .seegs clear, therefore, that the wall is being
: o A N \ 2
stimulated to vibrate at several resonances which are

-

probably dn important factor in their'deteCtion, particularly

. With musical murmurs. -0
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VI Summary - , : ~ e

It is well known that,vibration of a structuré

" can lead to damage, possibly fallure and blologlcai//

>

tissue appears to besno exceptlon. The v1bratory stress
that is induced in artérles as a result of turbulent flow

can lead to a structural alteratlon 3’ the wall propertles.

-

When these Jtresses are locallzed as with a partlal

-

&

occlusion or stenosis a dilatation of the arterial wall

[ ~
“ B

‘occurs, (Roach, 1972)

> .An obéervatlon of discrete amplitude. peaks in the

v

wall vibratiol spectra distal to an occlusion, (Foreman

- - Jl

and Hutchison, 1970}, in vitro, led’ to the comclusion
) N . .

that the artery was beingéstimulated at its resonant

PR - - - . &

fre%denc1es Such a result bffers significant impIications -

“with respect to faz’gue and tﬁé generatlon of sound.

.

_ The’ relatlvely ‘large v1bratory strain p0551b1e at resonance
i -

* offers a plau51b1e explanation for the structural degenera~

o~ N

tion that is observed Furt)ermore, these relatively

4
£

large vibrations of the vessel wall can act as a sound

b - . } -° .
source, such that they may become the dominant factor /
o _ . e r /
in the production of murmurs or bruits. * :

e r

It seems clear that the questjon of arterial
[ 2. ) a [:3 s

3

resonance is critical t8 a further und@rstanding of . .J
L

structural fatigue and the a®sociated cardiovascuiar‘soundl
- - |2
< - . . ; .
The scope of thls'the51s, fherefore, has been to examine
} . - . B
this -question of .resonance and to determine what factors

are inv ed in determining the resonant frequencies..

vy .

- a0 “.




& .

-

are /possiblé? .
.’ R
A solution was.achieved by first examining

the proflem analxticaily. This was done by considering

a membrane an%lysis of the radial equation of motion

14

" for a cylindrical elastig vessel that wag under constant

e , : L .
tension. Yhis assumption removed most ‘the complexity

associa‘fd.with the Vibration of COntinéoﬁS systems.
Thugjuan"approach analoegous to that 95/3/;impTE/;;§;ng

was followed which revealed.thét (a€¢ in the string) the

wa}l stress (or tension) and geometry were the dominatingﬁ )

factors determining the resonant frequencies, The tension
) - o 4
governs the speed of propagation while the geometry

\ .o . ~ ‘
determines the distance that the¢ perturbation ‘must.travel,

tress or whén considering the .

Aﬁﬁthe lower values ogipr
9,

higher frequency modal atterng, however, the beniding

4
‘
energy be;ohes iphortant. - Bending terms reflecting tlis |
contribution wefe therefore included in the ff%alﬁ
' - L py "‘ - . - "‘
desdription . ’ .
-" *

~perturbatign oT the vessel wall also reflects .

- A}

-a similar motLJ’ of the surrounding tissue or the entlosing

fluid. The significance of this loading of the wall was

eonsidered_in the thepretical development (Chapter JII)

T *

where .the resultirng 7Jinertial terms demonstrated the
impprtance of the interrdalgand external acqustic media

.on the resonant frequencies. In the case of a fluid medie

1
J

the inertial term’prediced a different response, dependent

on the circumferential mode shape, n.



An experimental gvaluation of this model,

therefore, had to consider the effect 8f wall stress,

® s ) < ‘ " ’ '
geometry and the acoustical environment, as the three

’ ¢

dominant factors describing the f%sonant frequencies.

As{discussed‘in chapter IV this problem was
first evaluated, experimentally, by considering -the

radial vibrations (measured with an optical sensor)
f
%
of cylindrical s
R -

7

egments of penrose tubing exposed to
* - . - T '

either acoustical stimulation (b§ a-loudapéak;r)=or the l P

2
- by ? s \

random -pressure fluctuations of turbulent flow (created

- PR ) A .

by a stenosi;). The use of the synthétic material provided

v

a continuity for study under the three acoustic environments

-
-

. . ' e
considered (air-air, air-fluid, and fluid-fluid}, since
3 - - ! ’
- .
its properties <remained constant. The predicted changes ~

\
r . 8

-

in frequency for the various resonant modes due.

L]
-

. _stress was simply determined by varying t eJ‘

“*tepsion (changing the length) or the circumferential tension

gitudinal

. X - . ) < o
- (changing the pressure) under thé three acoustdc environments.

The effect 6f‘geometry'Was simifarly evaluated by using

sampies of different resting lengths and diameters. While

L] L7

"these variations were suffigient to determine the resonant

-~

- ’ . R . . .
modes analytically, it was tke’spatial determination of

3

.

*

. amplitude,and‘pha§e that confirmed themn.

.

'Ha%ing es%ablishéﬁ that the model (see‘eﬁuation:ZG)
' P

.
L - -

adequately described the resonant modes of the synthetic

v

¢

tubigg under the three acoustic environments, a series

a

of disturbed flow studies were then perforﬁéd on isolated’

L4

- -

arteri€s. The results were similarly successful and the
R '

‘




o analysis was extended to the data from Fo®eman and . ¥ :

Hutchisons study, where the predictions ﬁere also

seem to be accurate, .

1 -
’

The objecfive of this thesis was t%frefore met.
_ 2 . s ) . . .
‘ An accurate analytical expression fbr the resonant hodes

of vibrationwas developed and the experimental Enalysis *

4 .
s coﬁ%irmed it. Those resonant modes can be determined

from a knowledge of the wall étress, geometry ani\acoustic

. L . _ 5
environment. Although only arterial segments were examined

3}

v

a similar extension to other tissues seems possible.
. The response of the vessel to Qisturbeﬁ flow
was that of an elastic system;pxpésed to a ;andom ’
Y .
force that_has a frequency content containing seve!%l
Hpsonant modes of thé system. The radial vibrations
of both the‘synthetic and biological’materiai had an energy
content of vibration that was confined to felat{vely
narrow regions a?ound the regonant frequepciés. ¢ ’ ' '
o i;; evidence for the wall vibrations being ’
stimulated at several resonant modes under turbulent
- flow suggeéted“that this may be ;ﬁe'dominant factor
K o involved in 'fatigue' of the vessel wall. From the
. - ' .
diskussion it seemed possible that the type ofAresonani
mode ex9dtéd may result-in different structurallalxerations

» + and th§m.}he occurrence of poststenotic dilatatjon may

require stimlation of the circumferentlal resenant mode,

]
A .

n¥l. '




- ' ’ 2
4 - . -
Finally, the frequency ,range that is
. -. . 3 - - \‘(
- characteristic of murmurs and bruits is one which

- .
- - s r

‘. ® ‘ . .
contains several resonant modes of vibration. It
L .

AN

seems likely, therefore, that‘stimulation of those

‘ ! N ' 2 < .

modes and the-resulting vibrations may be a dominant -
- v

factor in ‘the sounds that are heard.

vy
-
a

-~
7
-
. -
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II Suggestions for Future Research ’

» -

The logical extension of these results, in

v

vitro, would be¢ to considereythe respomse, in vivo. ¥

With two photonic sensors these studies would also
4 »

provide information on the viscous attenuation of the
disturbances.
3
An evaluation of the sound produced from

P

wall vibration should be examined, correlating the

)

external sound field (measured with a high quak?&y
»

py#ssure tranducer) with the wall wibrat{on spéEtra.

Knowing the parameters of wall stéess, geometry S
.
and the acoustical environment the specific murmurs

- -

or bruits could be evaluated in view of the present

node}. In this respect the use of better fiiter;ng ; .

)

techniques would be necessafy to improve the ‘quality

N

of the frequency information.

o -
The question of fatigue in biological tissue 5
has been poorly examined., An approach similar to the

-

fatigue tests done on synthetic materials would seém .
s : > ,

neces}ary. That is, both the effect of amplitude of

the dynamic stress dnd the number of cyclic deformations

should be considered. Another important fattor to

consider, in the regard, is the-anisotropic effect

of the dynamic stresses.




APPENDIX I ' s ’ O

A .list of the equipment used. and their

- “l

L 3 ’ hd . a L)

Eirél and Kjaem (B&K) .2107 Frequency Analyzer

specifications.

-
’ v

k)
- continuouiii/yariable constant percentage band

&

~ )
o

- pass filtér.

‘;Qﬁdximum ;eleezivity»used wa;_6%“(at 3dB bandwidth). )
’ - * 9.5 dB from 2-40,000 Hz (’0.3dB from 5-20,600 H;L
. - mechanicaliy linked with Le;;i RFcorder to obééin" .
an automatic.pfecalibrated frequ%ncy Spre;tgﬁ i
- of iﬁfut signail. | “
Hewle?ﬁiPackard 39804 Spectrum Analyzer ‘ . ~ - .
--low ;?equgncy constant banﬁwidth signal-analyzeﬁ. 'Q
- - six constant bandwidth from 300#2 fo iHz (3dB)
— - ; R .
- £ q ( seied%ivity?" T ‘“',? ) )
. ‘ “ s
- * 0.5 dB from 5-50,000 Hz. . - . .
- o’tput i£2£5j7on display or* an *x‘recorder.;~ )
. . ; . % :
BEK 1022 Beat Frequency Oscillator
- precision signal gener;t03 wit? output krom
e : lzg,uv to '125V. " . : .

b Y

v . * .
- T 0,2 dB from 20 to 20,000 Hz,




[ o : , ' ‘ - /

- the output voltage. can be controlled from gn

external source by means pf a'regulating amplifier.

1

The external voltage can be maintained to witbih

2dB over a 45d4B changg in ouwtputsvoltage.

- -

' - mechanically linked with Level Recorder to sweep
| - ovér'the range 20 - 20,000 Hz. - ' '”’.\
, ¢ - : .
3 B&K 2305 Level Recorder - h . o
" - full wave trﬁe RMS,‘avérage and peak detectioh (

of input voltagg to within 1dB over the range‘

2-200,000Hz." ' . .

LY
A
. . .

- variable'yriting and paper speeds of 4-2000mm/sec
and 0.003-100mm/sec. réspecti{ely.

3 * -
- six interchangeable. logarithmic and linear

-~

potetiometers of which the 25dB and 50dB ranges

L)
were used. , , .
-

. ~Jechanically linked to drive either the 2107

Frequency Analyzer or -the 1022 Beat FrequenEy

.
o

Oscillator. - -

A4 ]
Ad ,r’;w

[} ‘ » PS N . %
N ') Physical Data Model 820A Random Signal Analéa&i

- this unit performs auto and cross correlation
(as well-as amplitude probability distribution
l—* and amplitude probability density distribution)

- of input fignals over th%e frequency range 10 to

a

250,000Hz . '

(




-

* .

N

"scanning rate of 10 seconds ‘to 160,minu£es\x

h g ‘ :
permissible with a maximum delay of 1 second .

possible in the correlation mode.

‘ -
A / Uher 4006 Rep;r%.é}TapejBecgrder'. ' . )
§ B dynamic range %2dB | ¢ .
- + 3dB from 60 to 13000 Hz at 7% ips = )
. (! 5dF from 40 to 20,000Hz) * ..
” -~ Wow and flutter 0.2% maximum at'7%;§$¥
. k ) : S,
' i Kudelski_S.Al Nagra IVL T&ée Recorder - "
- dyfamié ;angz 69dB - i
- *.2dB from 30 to 15,000 Hz at 7kips,
N - wow and fluFteg‘O.Q§%meximum at 7%ip%. ’
» . 3 - .
Mechanicalije@hnolquxModél KD-~45A 'éotonic Sensor!
o N - electgsnic circuitry with pléher photo diode
’ Las'a flat frequency r;spgnSG from DC to 50 kH2
o= . and{3d§ down at 100 kHz.

Fisher

0f 2,18 mm diameter

linear sensing range of 126 or 84

a flat surface,

3

-

"
L

e

d .

" KD-P109R fibre optic probe with active head

g\ﬁijron% for

Scientific Flowmeter Kit,'- #11-164-5

LY

variable area Pyrgx tube code 2L-150 with

glass float used.

YN




~

- * .
-

flow rates from O to 3800 cc/min in.air and

-

. 's
0 to 1130 cc/min in fluid.

»
7

the extremes 02 the manufacturers calibration

'

graph at 130, 600 and 1040 cc/min were checked
. with a-one litre flask and stopwatch. . .

. The results agreed within 5% so that the

~

manufacturers callbratlon graph was.used

v



-t

.7 .9 :398-419,
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