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AN ALL-PNEUMATIC ARTIFICIAL VENTRICLE ORIVING EYSTEM:
ITS DEVELOPMENT AND SIMYLATED PERFORMANCE AS A .
REPLACEMENT OF THE MYOCARDIAL FUNCTION v

Seimer Hiné Lau Tsang . \

" _ABSTRACT
R -

‘This thesis is involved with the development of‘gn_a11-pneum;tic
driving syétem which provides the Starlingfé cardiac reguIatién func-.
tion to a éac-type artificial left ventricle at constant frequency.
The system, built basically from commercially availaple fluid operated
devices, utilizes atrial pressure feedback to adjust thesventricle

pumping air pressure, with the aid of a hydraulic/pneumatic pressure

- transducer developed especially for the applicatibn.

A mathematical model of an air;driven. sac-type artificial vent-
riéle'is pre§ented. The moae1. derived from the energy and mass con-
servation equations of a deformable control volumé, fnc\ddgs terms that
can be identified as -the ventricle sac elasticity, the ventricle hydro-
static head,~the fluid kinetic energy, the fluld inertia and the
driving air pressE?g. The model aiso incfudes the inlet and-outlet
flow rates as vafiab1es to a11oﬁ for the transitign period when both
the inlet and outlet valves arg open at the start of either the
systolic or diastolic air pressure pulse. The eguation gives éhg net
pressure available for the'fluid ejection process during systo1e,‘gnd
indicates the contr1but1ng energy sources that help the ventricle to

restore to its-full volume during diastole. " The nnde1 with a 1atex

ventricle was evaluated in mock c1rcy1at1on tests, and 1t was later used in

a digital simu]at1on study of cardiovascular dynamics in which an artifi- *

cial heart replaces the myocardial function.
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INTRODUCTION

i

i

I : .
¢

= Coronary artery diséase leading to 4 heart attack’ is the most

common cause of death from heart di'seases. Research in drué therapy

. | -
for coronary thrombosis and preventive study an arteriosclerosis

(hardening of the arteries) of the cotonary arteries have made con-

siderable advances in the"combat of the disease, In cases when

Lo JIIN
clinical procedures have either been administered too late or been
unproductive, artificial hearts are good alternatives as replacements

of the physiological hearts in the- extension of 1ife C11. Artificial’

e

A functioning myocardium (heart muscles). "o
. ) .

The pu}‘pose of the artificial hegrt is to replace the.myo-

cardial function of the physiologica] hdart of the recipient, either
| as a temporary substitute, or permanently. The physio]oéicai 'heartn'
regulation characteristics, known as the Frank- Starhng Law_ l:ZJ of the
heart, are usually described by function curves of the variatwns of
cardiac output flow and the input pressure at the atrium, as shown in
Figure 1. Details of the cardiac functions arle described in the book
by Guyton, et al. £31. The operating points of the human heart are
the respective intercepts of the 1éft apd um’ght venous r?turn curves
with the left and right cardiac out;ﬁut ‘curves where the venous return

. flow equals the cardiac output. The normal mean cardiac output is

/ approximately 5 Jit/min with a mean left atrial pressure of 4 mm Hg and

=N\ . I

X . * pEn

hearts are also potentially beneficial tb patients stricken with;)p{)%rly

-

b




a?megn right atrial pressure of 0 mm Hg. At these conditions, the sen-

sitivity of "the Teft ventricle function curve is 1.2 1it/min/mm Hg and. -

4:3 lit/min/mm Hg for the right ventricle. The outputs from an

o artificial heart must therefore possess these regu]atibn char;cter- §
istics. In addition,:tbq artificial heart should ‘also be able to pro-

_vide the following fluid poﬁer output, mean aortic preséqpefahd mean

pulmonary pressure requirements.

~

g e £ mardf

47'..;.55‘"
=% " Minimum Maximum
Jg—'—:“—’/ X [ 'ﬁ”
F S e Fluid power output -1 watts i 4 watts
1* { Mean .aortic pressure ‘60 mm Hg 140 mm Hg
V-
| Mean pulmonary pressure 12 mm Hg 28 mm Hg
This thesis involves the deVelopment of a sac-type artificial - :

| ventricle system to achieve Starling's Léw response., An artificial )

ventricle system refers to the combination of the ventricle with its

contrd]vand power source. Air is used as the driving fluid of the

ventricle, as well asoin the operation of the pressure transducer and l

\, ) P
in the control of the logig circuit. Potential advantages of the sys-
tem.are its simplicity, Tow cost and the low air, pressure requirements

of the'driving system. |

The firdt chapter of this thesis gives a keview of existing

rfificia] heart devices and systems. It is followed in_the second

chapker with a description of the presently developed artificial vent- '

ricle driving and control system, and its bérformance in a water cir-

+

y - ' '

)




cu]atory system, In the third chapter, a simple mathematical model of

L\ .
the phusiological circulatory system is used to compare the simulated

performance of the system with Starling's response of the‘natura1 left-
heart. A mathemat1ca1 model of an air-driven, sac-type art1f1c?a1
ventrlcle, derived from the energy and mass conservation equatlons of a
" deformable control volume,‘ts presented 1n the fourth chapter“ The
f1nal chapter of the thesis is a further simulation study of the
driving system in a complete mode1 of the human card1ovascu1ar system.
using the derived ventricle model. Ear11er mock circu]at1on tests and
ﬁpe acquired simulation data 1nd1cate that the present artificial vent-
ricle system could be developéd further to rep]ace the myocardial fUn,

A

ction of the physiological heart.
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CHAPTER

e - " ¢ » . . ,
' . A REVEEW OF EXISTING
" ARTIFICIAL HEARTS -AND SYSTEMS 3

1.} Human Cardiovascular System

3
o r

* " A schematic diagram of th‘e physiological heart and the cardio-

[

va_sgﬁ]ar sysjtem is shpwn in Figure 2. The left ventriqle ejects - L
. freshly o;\ygena\ted 'blood thro‘ugh the aorta into arteries (the Sys- B i
_ temic c%]atory s}sfem) leading to. the head internal organs,

11n1iasr, heart mhsc]es, and the B;pnchia] ctapillary bed. Oxygen is
' diffused from the blood into the cei]_s of'tr_\é orga;us-. The oxygen
depleted b'lood‘ then refurns to the right -atrium-and right v?zntﬁde_ 3

throdgh veins and the vena cava. The right ventride_lpump's the

" return blood into the ]uan'(the pulmonary circulatbry system) where '

, oxygen from the atr@spher:e diffuses into the blood. The oxygen-: )

R dn iR, s 8

: . : @
enriched blood flows into the left atffum and left ventricle for

' vecirculation, The 'léft aﬁd right ventricles.contract and relax in
' unison at a normal, heart rate of 75 beats pey minute, "An arti f-

icial heart isimeant to substitute the physio]ogil:a] heart in the o . |

-

above describe . fuhction. * .

gL o “ - L a

)

1.2 " Artificial. Heart Classifications’ ) | - 1

¢ 1

U ‘Artifici.al hearts Sre basically blood pumps which de'l_ivér

. t
\ B o
X N »

-
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.j:ﬁ]o‘od= from one cirdulation system to another. The left ventricle T .

receives blood from the pulmonary circulbatory system ¥hd delivers it -

In ierms of the manner in which

. . v
blood is transported, existing blood pumps can be grouped into two
. v . .

to the systemic ci rcu'latory sys tem.

basic classifi cat/ib‘r@\;}\lfinetioc pumps and positive displacement
pumps . -Kinetic pumps , ufiTTzq‘ng ‘rotating impe]]ers; add L£nergy to
the blood by,mcreasmg its ve10c1ty as “in_ a centrifugal pump [4- 6].
The positive displacement pump achieves the pumpmg action by means

‘of a displacement of the chamber containing b]ood.’The vo]umetriq.'

¢ ‘disp1acement in thé latter pulﬁp class is obtained either from rotary

motion ofﬁchanica] mechpisms C7-131, from reciprocating motion of
. : )
pistons €14, 151 or from dJrect displacement action of cylindrical

chambets 16, 171, diabhragms £18-261, and ventr}tle sacs 527—4993.-'
[4

3 ” v‘,
. \ 3 [ B

7 ) .
“ o Tabte'l is a summary of some typical positiyg displacement

) hg'art pumps. . It_gives the.types of -driving system for the ,acthxting -

motion, which include electric motors, electromagnetic devices, _ T
hydrauTic motors, eiectro-hydrauﬁ\\c systems, e]e}ptm-pneumatic),sy:ﬁ- ’

tems, all-pneumatic syétems and electrical stimulation of piezo-
OV '

electric crystals. All of'tgle heart pumps can deliver the mean flow

of 5.11t/min,

4
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‘ TABLE 1 Summary of Some Typical Positive Displacement Pumps.

HEART PUMP TYPE

TYPE OF ACTUATION

TYPE OF DRIVING SYSTEM

o e ey Pﬂ}“-ﬂ'?‘uww :,,a::-,-c‘m, -
.
B

Fingers 73
Roller (7-122

Rotary 131
Piston C141
Pendulum £151

14

Bladder 163

AY

-

LY 4
Navé-Puls?Aion 173
Diaphragm {183
Diaphragm £19-221
Diaphragﬁ £231
Piezoelectric E24-26]
A
Sac [27]

Sac [281 ~

’

Sac 37,383

+ Sac £39,40)

Sac [29-~363 =

Rotary Mechanism
Rotary Mechanism

Fixed Vane, Rotary
Housing 2

Reciprocating

Mechan{sm

Reciprocatﬁng
Mechanism

Pulsatile Air
Pressure

Puisatile Air

‘Pressure

. Hydraulic Fluid

Motion

[y

ﬁﬁ1sqtf]e Air
Pressure

Pulsatile Air
Pressure |

Bending of Crystal

Motion of ‘Bellows

-

Hydraulic F]uid'
Motion

Pulsatile Air
Pressure

Pulsatile Air
Pressure : )
Hydraulic Fluid
Motion

Electric Mofor
" Electric Motor

Hydraulic Motor
Electric Motor
Electric Motor

Electro-pneumatic
System *

Electro-pneumatic
System *

Eﬁectromagnetic
System

Electro-pneumatic
System * ‘
Electric/Bellgws
Air Pump

Electrical
Stimulation

. Electromagnetic

System

Reciprocating
Piston

Electro-pneumatic
System *

All-pneumatic
System *

_ Electro-Hydraulic
System

e«

* See following Section for descriptions.
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1.3 Air Driving And Regulating Systems
) The major problems in the use of artificia] hearts ar; the

damage of red blood cells (hemolysis) and the format1on of blood

clots (thrombosis) t1, 41, 421. The 1ncompat1b111ty of nater1als

for prosthetic ventricles and heart valves with .tissue and blood

is ideﬁtified as one of the causes of hemolysis and

thrombosis. (Recent developments of new ‘elastic

materials for art1f1c1a1 hearts have reduced thrombosis and henn-

lysis €41, 431.) The other cause of hemolysis is the resu]t of

4
«

high shear stress induced on blood from the pumping action £421.

Among different‘types of artificial hearts, the diaphragm-type
and the gac—type are generally considered the most suitable because
of thFigentle gumping.action which produces a low rate of red blood
cell hemolysis 1, 19].‘ Rir is preferred as the driving fluid by

many investigators because of the ease with which it can be handled

and controllad={n pulsgtile sysEems. K\ '
& .

Typical driving systens'used for air-powered diaphragm-type

¢ '

or sac-type artificial hearts can be classPiied as either e]ectré--
&

pneumatic (E-P) or all-pneumatic (A-P). ' "’
N ) *
(a) An electro- pneun;§1c driving system cons1sts of voltqge-
controlled e]ectro pneumat1c components-which produce a

pulsating air flow to actuate the ventrisde. The freq-

.shency and the systolic (contraction) time period of the
. ‘ L -

ran b e b e~
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. , air are controlled electronically.
¢ 3 ST .

¢ (b} An all- pneumat1c dr1)1ng system uses only a1r~pperated

»

components to obtain the pulgat1ng air flow S1muT~ ‘

taneous contro]?of the systo11c and d1astol1c (d1]at1on)
R L
&}me periods of 2 pumprng cycle is achieved by manual
=

‘ ' a‘oustment of flow restrictors in the pneuq@t1c c1rcu1§. «

Table 2 1is®s those pubtications containing information on

-

Star]ing's—Law responéé;°it summarizes the main‘features o% the

< K
dr1v1ng and control systems and compares the degree of reguIat1on

achieved. The Detroit Coil Tlmer £301 and the computer1zed Servo
'System £341 (also reported in Ref. E44J) were des1gned fo operate

on manual selections of constant frequency and duty—cyc]e'(time )

v
&

rafio of the systolic period to the total period of a single
3

/cyc1e). The butput from the blood pumps are adjusted k§'varying

the pressure amplitude of the air signal, either manually c;pi or .

automaﬁjca)Ty £341 (see Table 2).

Other E-P systems (19, 321 employ ventricular position’
feedback “to initiate an electronic systslic signal. The’

. ! . \/
duration of the syst;hjc signal is adjusted manually and

L] [y /.-‘
O ventricular filling which is dependent on the atrial pressure. As

. . \
| a result, the system operates -with A fixed pressure amplitude, and
. . R - &

" a variable frequency. ; , '
3
; ’

s }andis. et al. t453, developed a novel E-P,system which uses

T

Lt oo

the diastolic period ¥s controlled intrinsically by Epe rate of

-~

. -
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- [ . .
the R-wave of the EKG to synchronize the pumping rate of a sac~

& - type artificial ventricle with the natural heart. The pumping air

therefore, operates with a fixed pressure amplitude, and a var1ab1e !
~ mfregyency: The system has been tested in total left ventricular

—

bypass .in calves,[361. °

v

|

o

o~ pressure 1eve1 in the system is adJusted manua]ly‘) This system, ’
|

There are other E-P systems which-are not referenced here, -
-since they have basically the same features as those listed in
@ - .
{ - Table 2. Those systems either operate on a fixed pressure ampli- ’ ' {

tude-fixed frequency mede, or on a fixed pressure-variable freq-

. uency mode, or on a variable pressure-fixed frequency mode.

N

The F1u1d Amp1i fier (FA) system E37J and the DtaphragnkEJector
'Amp11f1er DEA) System £381 are A—P systems which operate with a
fixed pressure amp]itude and a variable frequency in a manner similar
- to the E-P system developed Sy Kwan-Gett, et al. c193. In poth Sys~

tems the frequency depends- on the!ventric1e filling time wh%ch, al- :

T e Y amnd s e ot S % 4w

though- dependent on atrial pressure, is quite insensitive to it.
These systems were not primarily designed to achieve Starling's Law ;

response.

A

,‘),.(T\V ‘ Kwan-Gett;,et 91. £19,321 have successfully used the variable ‘ J

frehqgncy me thod %o obtain satisfactory cardiac regulation with an E~P

hdriving system. Hawever, the A-P systems (thé FA system L371 and the

" DEA systems £381) which operate in- the variable frequency nnde,

¢ ljdld not ach1eve the sane kind of success This is prébab]y due to

[

|
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’ : 6 .
the limited sensitivity of the frequency with respect to atrial

pressure changes exhibited by these systems. Nosé and Kolff r301,
Akutsu et al. £332 and Morris and Lock £d63 have obtainéd varyi‘ng
degrees of Starhng s response for the art1f1c1a1 hearts with the
constant frequency method, ‘usmg s1m11ar E P driving systems vnth a
mafiual se]ect\mn of ventricle air pressure |

The reason behind the varying degrees'of success achieved by
different investigatgrs' in the use of the constant frequency method
to achieve the inherent Starling's cardiacaregu1etion characteristics.
is not clear. In-vitro experiments (descrjbed in the next chapter)
were therefore cpnducted with an ar'tificia;! uentride to investigate
the various factors associated with Starli‘ng's Law behaviour [473.
The acquired information is used in the development of an all-
pneumatic driving system‘for sac-type and diaph.ragm—type artificial
ventricles. Since air is used as the driving fluid, it can also be
used to contro] the proportwnal and logic® components, thereby
eliminath’ng the need for an additional electrical poweF source in
the system.” An all-pneumatic driving system offers such an

~

advantage.




. = CHAPTER 2 , no
DEVELOPMENT OF AN ALL-PNEUMATIC

ARTIFICIAL VENTRICLE DRIVIﬁG SYSTEM

2.1 Factors Affecting Starling's Regulation
of an Air-Driven Artificial Ventricle
. 19

/
The.cardiac output (C.0., Q lit/min) can be related to the
stroke volume of a pumping cycle (Vg 1it/beat) and the heart rate
v

i
(H.R. beats/min) by the following expression:

Q = (H.R.) x Vgy ) . (2.1) .
' where Vj and Vg are the ventricle volumes attairied at the. end of

the diastolic period and at the end of the systolic period res- .

pectively.

Equation (2.1) shows that cardiac regulation can be ‘obtained

D

either by the variable frequency method with a constant stroke vol-
‘ - e

ume, or by the constant frequii;y method with a variable stroke v

{
*volume. For Starling's Law response either the frequency or the
’ ! . &
stroke volume must be regulated automatically by the atrial pres-~

N ~

sure. Both of these methods h§ve peen discussed by Kwan-Gett, et

€

al., c193. %Variable frequency wifh variable stroke volume is 'a¢

third but less practical possibility. , S |
e ‘
The factors that affect the volume V, are: ‘

@




1. atrial pressure,

inflow valve impedance,
. ventricle inside pressure,

/

. effective compliance of the ventricle,

=,

)
. impedance of the exhaust air path,

2

3

4

5. pressure and volume of the aii in the ventricle housing,
] .
7. ventricle-air exhaust pressure, and
8. diastolic time. ' o »
The volume Vg can be -a'ffecteq Sy: ~ .
1. ventricle-air supply pressure (driQing pressure),

¢

2. impedance of the inlet air path,

<

\ /

2

3.. pressure and volume of the air in the ventricle housing,

4, effective'compliance of the ventricle, |
:. ventris}e inside pressure,

outflow valve impedance,

. inflow valve regurgita;ion,

5
6
7
8. ventricle output pressure,
9. impedance of the circulatory sygtemﬁ and
0

. Ssystolic tihe.

N
at

The parameters which can be used most readily for control are the
ventricular air evacuation aée, ventricle-air supply pressure, the
systolic/diastolic time S/D) ratio of*a pumping cycle and the

‘ .

frequency. —

An‘experimenta] fnvestigation was carried out to determine
the maximum sensitivity that can bé obtained by "open-ledp"\adjust-

.
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*

ment and optimiz&tion of the three parameters re];tive‘torone

another.

2.2 "Opeﬁ-Loop" In-Vitro Experiments r471 ‘

o e

A schematic of the apparatus is shown in Figure 3. The driving
* system used for this part of the experiﬁénts is a home-built E-P ‘ ]

system similar to the Detroit Coil Timer €301. It consists of two RN

4 in. solenoid valves, a vacuum pump, a vacuum chamber and some

assorted Tygon tubings. The on-off sequence of the solenoid valves °
7 ¥ o
S cqntrofﬁéd by a relay switch, which in tyn is driven by an

electronic square-wave (see Figure 3}. The ventricle with hingad
disc valves and the plexiglas housing used {n the experiments are
'shown in Figure 4:/ Thé venitricle and the atrium are made of latex. ;
rubbgr (Uniroyal Lb£ 1185) and have vo]uhés of 200 m1 and 45 ml,

}espectivély. Figure 5 shows the shape of the ofigina] plasticine :

model and tﬁe mold from Which a-parafin wax duplicate was made. The - -
vgntriﬁ]e and atrium are made by repeéted application of latex on' the -
wax model. The ventricle used in the tests has an average wall

thickness of 1.1 mm. The inside diameters of thé connecting tube to

the atrium and of the ventricle output tube are 19 ﬁm and 32 mm,‘ ’
‘respective]y. and..contain the disc valves shown in Figure 6. The

3
valves have a large inside diameter of 24 mm and were developed at ' ﬂ

the University of Birmingham [481. ° | ;

»

The prosthesis of EggPJeff heart was tested in a water cir-

N
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culatory system similar to that used by Kwan-'Gett, et al. C191. In
this system (Figure 7}, the output from the ventricle passes
through 'a'restrictor and a closed reservoir before enterin‘g‘a
series of U-colums of rectangular cross-section. Water leaving
the final U-column flows through a rotameter and refurns to an open
reservoir for recirculation. Different values of atrial pressure

are obtained By changing the water level in the open reseryoir. .

. The ventricle output pressure can be varied by _rvégu1at1’ng the

volume of ai r.trapped at each intersection between two U-colums.

. During the tests, the atrial pressure and the ventricle output o

-

pressure were measured with variable reluctance pressure trans-

ducers (Validyne). The mean ventricle output flow rate was measured

with the rotameter (Fischer and Porter No. B5-27-10) , which was
dynamically calibrated at a pulse r:ate' ~of 75 beats/min. The mean

fluctuating readings indicatéd by the rotameter float agree closely

# A e e R R W R e Rl e A AR ik e e S N R
"

with the supplier's static calibration data with errors less than 12%,

R VA

Typical function curves obtained from the experiments at dif-
ferent ventricular air evacuation rates, ventricle-ai? supply pres-
sures and systolic/diastolic time ratios at a cons‘tam': pulse rate

are compared with -the normal function curve of the left heart in
Figures 8, 9 and 10, respectively. Different air evacuation rates 1

were obta{ned either by changing the exhaust air pressure; or by C

changing the exhaust path impedance (this can be achieved, for

J'Exampile by using different Tine sizes and/or ]engths)

The results in Fi gure 8 show the effect of a'ir evacuation

am
:, 2o
R

5 ‘-’:f )
ISNATE

ﬁ ”\&“ei.'ﬁ ." ‘“""(’;“‘«’_

SRR




ra,te on_ the rél ationship between ventrjicle output and atrial pres--
sure at a pulse rate of 75_ beats/min; a S/D ratio of unity, a vent-
ricle output press'ure of 115 mm Hg, and an aw‘r‘supp}y pressure of
250 mm Hg.‘ It. s postul'ated that the relaxation,of the ventricle .
during diastole results from'the resﬂience of the ventricle itself,
the ventricle \éressure at the end of systole and the rate of air |

evacuation through the exhaust port (see‘theoretical formulation in

‘Chapter 4). If a vacuum source is used to exhaust the air rapidly

duri'ng diastole, this will produce a negative pressure i‘nsid‘e the

. \ .
ventricle for a period of time as shown by the pressure-time traces’

“in Fi gure 11. By virtue of a largs pressure difference across the *

inlet.valve, the ventricle expands and is filled quickly to attain a
maximum volume Vp at the end of the diastolic period. In this case,
the Iarge pressure dj fference is mainly due to the vacuurr:~ source. -
Since the driving pressure during systole is constant, a near con-
stant end-systolic volume Vg is obtained, which results in near
constant stroke volume and flow. rate for a1l atri a1 pressures The |

dashed lines of Figure 8 show tms effect.

When exhausting to atmosphere directly, the lower rate of air

" evacuation restricts ;the relaxation process of .the ventricie. In this

-~ ' . .
case, the net pressure that aids in the fi1ling proceéss. is minly due

to ‘the -atrial pressure. (The pressure-time traces in Figure 12 show

“that the filling process produces a small, mean va&uum Tevel in the

- L
e

' “‘
ventricle during the initial phage of diastole. For a large‘portion

\

k4




. e : |
" of the diastolic period, the veﬁtric]e pressure is near atmospheric,
The filling pressure differeptial is therefore mainly due to the

atrial pressure.) The ventricle may not reach its full volume

yv/befoure the arrival of the next systolic pulse, when the filling preé- .
sure is low. As a result, the stroke volume, hence the ventricle ‘

output, exliibits 'some sensitivity to the atrial pressure, as shown . J

¢ [

] ) L N

- The effect of aiv supply pressure on che ventricle output

by the solid 1"1'nes in Figure 8.

function curve *is shown typically in Figure 9. The Aumber code ' §

associated with .the expemmenta] curve in the figure 1dent1f1es the

-,

dmvmg a1r hne the supply air pressure and the exhaust air hne

used in the tests. The number CZSOB for exampile, 1nd1cates that ’ ﬂ

»

line G was used for the transmissjon of 250 mm Hg of air pressure
to drive the ven?&‘c]e, and line B was used as the exhaust path.

Dmvmg—hne C consists of a " to 4" NPT bushing, a 4" NPT

KE ]
SV

'Schr‘ader‘ male qu1ck connect fitting, a 6 mm i.d., 18 mm long Tygon !
o ‘ - i

tubing, a 3 m 1.d.,15 mm long Tygon tubing and a #10-32 to 1/8"

Clipper hosé fitting. Exhaust-Tine'B consists of a 1/8" to #" NPT .
bushing/a 1/8" NPT, 13" 1;>ng ‘m’pple, ai" to " NPT bdshing',”’ -
1/8" to 4" NPT bushing” and a 1/8" Schrader male qui ck- connect

f1tt1ng ' ‘ ’ . ‘ : !

- |

The effect of increasing driving air pressure is to increase !
* L]

the ventricle output. " The ‘g(perimenta'l results show that there is -’
. / .

A

ng significant increase in ventricle output-at-atrial pressures lower =

han approximately 5 mm Hg when the driving air pressure is
) :

/’increased beyond 250 mm Hg. The results-also show that there




o

-

~

~

___shown in Figure 10.° N .

.. curve can be adjusted in an ""open-loop" system, a sensitivity ¢

)
’

M ’
' o -8
+ - -
* .

1 .
K

~

' ex1sts a supp]v pressure level above which any further 1ncrease in |, ..
pressure will not produce any apparent effect on the sens1t1v1ty of

the: function curve, , : 'x

In-vitro data obtained at S/D =1 and 0.45 with di ffere%‘t\ajr'

supply pressure a're shown in Figure 10. Oriving-Tine B consisted of ,

-

a i to 3" NPT bushing, i NPT#S(::hrédér male quick-connect

fitting, a 6 mmi.d., 23 mm’Tong Tygon tubmg and a 1/8" NPT
Schrader male quick- connect ﬁttmg and exhaust hne Cncons1sted of:
- exhaust-Tine B, plus a 6 mm i.d., 200 mm long Tygon tubmg 'The‘

effect of decreas&g -the systolic period at a constant pu]se'rate .

Cunsequenﬂy, the ¢

(75 beats/nnn) is to increase the diastolic time.
res1dua] ventncle volume attained at the end of systole mcreases

due to the §horter time allowed for the driving air to actuate the

-
sy W Tk S

ventricle. The ventr‘i,c]e vBWume attained at the end of diastole .

. B
R

also increases. The stroke volume to atrial ,pressur"e character: .

istics are therefore altered, producing the function curves as
The experimental résults show that, a'lthough the chiracter- i .'

istics -of ventricle output versus the mean atrial pressure function e

better than 0.7 1it/min/mm Hg at the _normatoperatiné point (as e e -

compared to 1.2 Tit/min’/mn Hg of the normal left heart) cannot be

obtained by manual adjustmént of the three parameters men-

““tioned earlier. The maximum sensitivfty is obtained by qperating, o

the ventritle aséembly at an approximately constant value of Vs. - : .

-

AN
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Th]S is ach1eved by using a‘tonstant ventr1c1e-—a1r supp]y pressure
and a constant S/D ratw " Thie volume VD in this case is determmed

) : automatically by the a fj] pres‘sure since all other parameters

affecting the ventri cular expansion process are held constant. The

. .system is. therefore ﬂinh rently self-requlating, but the ventricle
6 ' ’ y oL T

output does not have' \d'/e required sensuﬁwty to the atrial pres-

o - - e sure. ' . . ‘
R SR - b :

H

-ihe ventri cle output characteristics can also be affected by

5 /e | ‘the size of ‘the atr1 um C491. The ventricle output sensitivity to
PR * ) ' ’ b i"\ v, 1
% . ) atr1a] pressure, however, remains virtually unchanged [50] )
ok Co . : A
' e ' . . Sensitivity could be affected by the ventr1c1e inlet valve;

e
v

. impedance and the comphance of the ventricle sac. Prékus wor‘T(

such as that by Kiain, et al. CS].J, ShO&IS that artifi c1al heart

. < ) ' . -

! '\;a'lvghimpedance has ar insignificant effect en the sensifWvity.
o

L

- can clange the contractile behaviour-of a spherical elastic sac.

The varying degrees of sensitivity obtained by different inves-

a
#

. . \ . .
tigators "and in the "open-loop" study where the valve impedance is

°

fixed, can in part be attributed to difference$ in the compliances

of the ventricle@sacs used in the experiments.

~

The effe"cti ve compltdhce depends on factors such as the type

of materia] the thicknegs and the shape of a part1cu1ar ventricle
'\ A
a’
gac and it is thereforé not a para e that can be controHed

easily to obtain the opti_mum ventric]e sensitiﬁty. The desired

Rodbar!i and Hochberg.c521 demonstrated that the sac thickness alone

‘ Pl P ’L} R ,

~
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maxiryyﬁ‘n- value, -

" driving system must be capatﬂe of achieving the required sensitivity

with different compliances. Because the compl{dnce- influences both

* Vp and Vg, one wdy of minimizing its effect on the cardiac regu-

Jation characteristics is to ensure that Vp remains constant atMts
" ("

é -
- ~
— ‘-/ - [

2.3 The All-Pneumatic Driving System,‘.

In the presently developed a11-pMMic system, maximum Vp is

k-

accomplished by reducing the(e'ghaust-air path impedance, -and by pro-
vidihg a vacuum assist for the evacuation of ventricular air when
necessary. The ventmcle therefore expands fully dumng di astole
The end-systolic volume Vs is variable, .and lt_iﬁo“ntroﬂed by a
var1able-a1r pressure amphtude (at a f1xed systolic time), which in

turn is regulated by the atrial pressure through a feedback scheme
- . : 1

described as -follows. -

-
-

- The atrial pressure fée‘&ack scheme is shown schematically in

Figure 13. The feedback scheme consists of a hydraulic passive

filter, a hydr&u]ic/pneur;)atic (h/p) pressure transducer
specificai]y developed for this application, and a'one—tb—;ne (1:1)%
‘air-;pi]oted pressure reg&lator. _ The atrial pressure sfgnal

“Is. fﬂtered — transduced and amph’fied into a ventricular air
c\ontrol signal PVAC through the h/p transducer. The pressure sig-
nal' Pypc in turn controls the ai r-pﬂoted eyessure regulatorvto
provide  the ‘desired ventricle an pressure Pyas. Air af; the aul®-

maticallysregulated pressjre Pyas first passes through an air-

A
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piloted, two-way dtaphragm valve (FESTO, wi;ﬁ(&nlarged flow area),

and then actuates the ventricle to deliver the desired ventricle out-
put corresponding with the mean atrial pressure Pat. The ventricular
- }'

0 . aié;ijfer exhausts through ansther air-piloted two-way diaphragm

valye during the diastolic period. The pneumatic transmission lines

~

have an inside diameter of 12.7 mm. A pneumatic square-wave

. . - ;
*,ijq:mm:*-%ﬂ*ﬂw YT

s &..‘
}
i

generator is used to control the on-off sequence of the valves.

s

a4 i3

Any suitable pneumatic quare-wave generator (or time delay .-
relays) with adjusta§§2>fredzency.and duty—qycle can be used in the ‘

system. In the presént work, two pneumatic Lquaré—wave generators

"
e

bqllt from diaphragm fluidic elements (FESTOO\Eccord1ng to' the

pneumat1c c1rcu1ts shown in Figures 14 and 15 w\ve used at dif-

,férent occasions. Generapor #1 uses four diaphragm fluidic ele-

ments, a volume (pneumatic capacitor) and two néed1e<§TVes, as

compared to seven diaphragm elements, one f]ui§$hagiode, two

Y

-\~\\,pﬁeuwatic capacitors and two needlevalves used in generator #2.
. ‘ '
‘Generator #1 (Figure 16) has a lower power qonsumption (typically

1.3 1lit/min at §TP for PSZ = 150 mm Hg gauge) than generator #2

R S VRPN s

(typically 3.5 Tit/min.at STP for PSZ = 150 mm Hg gauge). There is

X &5
a mutual interabtion between the frequency and the duty-cycle , o
. \ - :
. adjustments in the first generator. The interaction is insignifi- |
! +
T chht in the second generator (Figure 17). . &*\

The h/p transducer, which is shown innFigure 18, operates on

the principle of the single-jet flapper valve. A schematic diagram

{
"

Tof the transducer is shown in the inset in'FTgure 19, which givegv

o‘

o
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.  sensor 531 is used, with a 7 cm dia. phosphor-bronze barometer cap-

0

-2 - - o~

the ejector-sensor characteristics. In this device, an ejector-

¥ * IS .
sule (Observator Barometer, Metherlands) which acts as the conven>

- l
\Q\\:ijna1 flapper. Theaejector—sensor (de = 1.52 mm, dn = 1.02 mm and

ds\= 3.18 mm) is used here because it is available from a.previous

work. The atrial pressure is applied to the barometer capsule

{hrough a connecting tube of pre-determined. diameter and ]e%gth, o
which together with-the capsule volume and an orifice, serves as a

passive filter. As the mean atrial pressure increases, the bellows

expand over a' pre-determined operating d?splgcenent range, thereby
reduc%ng the "curtain area® between the flapper and its nozzle. ~
This in turn causes én {ncrease in Pyac and consequently an '

Al
increase in the ventricle-air pressure Pyps as described earlier.

Typical ghéraéteristics of the h/p transducer are shown in Figure
%

20. The gain of the h/p transducer can be adjusted manuaily by
changing its air supply pressure Ps3 and its set point Xj. Typical ' 1

values of the input/output gains at Xo =\%g090 mm are 3.1 for o ' [ 1'
Ps3 = 100 mm Hg and 12.5 for P53 = 400 mm'fg. . ( - ‘ _

)

It was found later that, at the atrial pressure range > 6 mm
Hg, the above h/p transducer cannot provide a‘ventricle air pres- . ' ;
sure to the ventricle system that is high enough (a) to overdome

the higher Tosses in the pneumatic transmission line, and {b) to

a

accelerate the ventricle and the fluid rapidly enough to produce a
" 1

large stroke volume during systole. A new h/p transducg};was sub-

ijuent1y built to rectify the shortcomings of 'the system. The

modi fied transducer (Figyre 21) uses a f]apper-hozzle configuration

3

“~

v
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(de =6.35 m, d_ '-—-)‘1.50 m, do = 2.95 mn) as tk}e sensor (instead of ' ,:*
ejector) for the bellows capsule displacement. Figure 22 compares the

Pvas versus Fat characteristics of the modified transducer at dif%erent
values of Fat’ :PS3’ Xy and d with the characteristicsl needed to’ obtain
Starling's cardiac regulation. The desiredAcondifions were gEtained

from open—loép neagurenents with the present latex ventricle in mock
circulation. Note :chat the flapper-nozzle must have non-linear |
characteristics to achieve the desired function. The functional g

behaviour of the transducer can be varied either by adjusting the

transducer supply pressure, PSS’ "the set point )(0 and the sensor .
-seat diameter, ds, one at a time or simultaneously. \ The adjustment | *

c\aQaijty of the transducer should allow its use in other artificial =~ -

ventricle systems with different effective compliances éf the vent- -

ricle and the ventricle housing.

4

2.4 The Passive Hydratulic Filter

.
3
i
K ‘>'
3
3
b v
-
£
1
§
—_— v g
§
“

aThé passive hydraulic filter consists of the inside volume of

0 @,
the bellows capsule of the h/p transgucer, the flexible tubing con- :

necting the capsule with the atrium and some tubi'ng fittings. Its
- s L ]

function is to "average" the fluctuating pressu}!: at the atrium, so .

-y
{n

that a mean atrial pressure can be obtained for the automatic’

RPN e

. . ~
selection of ventricle driving air pressure through the h/p pressure
. | /

>

v
a

PRSI

transducer. \
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) An assumed, lumped parameter model of the passive hydraulic
 filter is\ given id Figure 23. Assuming laminar flow, the resist-
ance Rf and the fldid inertance If of the)tubes can be calculated
from . ‘/ LD
’ . L ¥
R = 128ut (2.3)
< nd*
L Y g W - »
and L =202 T (2.8)
y Co mdz - v - . :
¥ . . I '
- respectively 541; where - o
- u = fluid viscosity, .7
{ . . ,
b p = fluid density, » '
3 . 2 A tube length, and ‘ - .
E ' : !
“ d = tube diameter.’ . . Co s te
The capacitance Cﬂ, due to the displacement of the bellows
“’ ‘capsule’, and the c?pacitance sz, resulting from the compréssibi]ity' .
v . effect of air trapSed within the caﬁsule, can be calculated from . _
(Ref. r541) , ,
P A N _he . *
f ‘ [ Cf-l - 'k_b"s‘ . (.2.5) g
‘ 4 ) i
IR, _ Yo "
1 and sz = (?.6)
:‘k D’A v k i ~
] ' where A, = gffective area of the bellows,, ;
- ) kbs = spring constant of bellows (pressure/
. >‘, unin..qisplacer', e.g. N/m?), .
b R ¢ . ]
' Vbo = initial volume of trapped air, - '
. “ P, = absolute ‘pressute (above atmosphere,) ahd “ -
4 ' k = specific heat ratio of air. R
, , - f \ ! .
-~ !
E. \.‘.’ N ’ »
- , A4
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Figure 23 also gives a schematic diagram of the apparatus for
the study of step-response of the passive filter. The apparatus 7
includes the filter assembly, a hose c]amﬁ, a constant head tank,
two electronic pressure transducers (Validyne) and a stofage oscil-
loscope. The input pressure "step" Pi(t) iS‘generated by a‘sudden
release of the hose clamp. Tae resulting pressure response’of the
filter P(t) s measured at the in]ét to the bellows capsule. Dis-
tilled water js used for the tests. Typical photographs of the -
pressure-time traces obtained from the experiﬁents are shown in
Figure 24. The lengthssof the connecting tubes used are 0.305 m
and 0.610 m, with an inside tube diameter of 1.70 x 1073m. The high 2
frequency oscillatory pressure appearing at the input port tdvthe |

filter is due to the water hammer effect when the clamp was sud-

denly released. ~ It is observed that the oscillatory pressube is <\“*

i
A

effectively attenuated by the passive filter.

-

With a cbnnfcting tube of diameter d E=ﬁ.7p x 107%m, and of
Tength £ = 0.305 m, it 1is calculated®™n Appendix A that Re =_2.6 X
10% N-sec/m°, and I = 2.23 x 108 N—secé/ms (including the fittings).
‘From measurements, it is determinéd that: ky, = 1.41 x 107 N/m?,
the inside volume of the bellows capsule V, 1.9 x 1073 m’,'and ‘ 4
actual area of the capsule Ab = 3.62 x 1073 m? (see Appendix B). By
assuming Abe = 0.5 Ab’ Vb = 0 4 Vb and k = 1. O, it is ca]cu]ated
in Appendix B that cﬂ'_ 1.28 x 107 m*/N and Cg, = 7.5 x 10““m5/N
Using the above Ef’ If, Cf] and sz values, ?helundamped natural X

frequency of the second onder,lpassive filter system is

hed

sk,

A o KA
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Py

Re

™

] !
W= = 4,69 rad/sec. | ° (2.7)

w 1he associated damping ratio of the filter is

\

Similarly for.d™ 1.70 x 107 m, and % = 0.610 m, W = 3.23

Il

rad/sec and 7 = 1.64.

By solving the hydraulic analog circuit shown in Figure 23

<

. for an overdamped $ystem (z > 1), the pressure response of the

9
. filter to the practical input pressure "step" (with a finite rise
@ time) of | . — ' . -~
L AN :
Py(t) =P, (1 - &) (2.9)
is -
- D 142
_ Pown ’ 1+ ™ r2t
vy 1-2eH T + w; 2 {2\ 2’
\'& N - ] + TY‘Z Y‘—]T; 2 _t/_r' '
. —Wﬂ—e Y+ 131 - e ) (2.10)

where ry , = -z, tu JeF -1 (see Appendix C). P, is, the pres-
_sure amplitude and T is the time constant ®f the applied "step" in-
put (it 'is determingd 'fror‘n experiments that.t=0.1 second). ~Note

LY -

w__ .
that as v » 0, Equatio}(z.m) becomes the solution for a “"sStep"
] . ) A ‘ K

o

b

3
' o
4
!
{ ,g
{
H
H
!
|
3
}
\

RO Y

Bede




- 27 -

. pressure input.
The experimental results are compared with theory in Figures 25

. . /

and 26. The experimental curves are reproduced from photographs, of
pressure traces obtained from the stordge oscilloscope. The reason-
ably good agreement between the theoretical and experimental results

-

< suggest that the model describes the hydraulic passive filter adeq-

E ‘ uately. This model is useful in the design of the filter to obtain a
] . mean atrial pressure.

,} | In the design of a hydraulic low-pass filter for the h/p

4 pressure transducer, the damping factor of the sys{gm can be increased

L . i ’_ r )
N by adding’an orifice to the cannecting tube er by pinching

A

. the tube with a hose clamp. The domi nant frequencies of the fluct-

vy
—

& T vuating pressure at the atrium are around 75 cycles per minute, there- i
E fore, the present passive filter system is adequate}kor the averaging |

of the atrial pressure, as demonstrated in later "closed-loop" in-vitro

»
4 ’ ) )‘ " ¢
-

. o

experiments.

2.5 "C]oséd-Loop"EIn—Vitro Experiments £551 . ’

1

\ A\
E ¢ . ( A
E Typical "closed-loop" in-vitro data obtained with the all- -

-

4

g ' ~ pneumatic driving system, using the h/p pressure transducer with the
’ 4
ejector-sensor system, aré shown in Figures 27 to 29. " The water.

' | N {
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circulatory system and the artificial ventricle assembly have been

described in Section 2.2. The figures iﬁustrate the effects o‘f

t!;e h/é pressure tl:ansducer air supply pfessure PS3, the systoiic

-time period, tf:e ventricle air exhaust pressure PE and the trans-

“ducer’s set point Xy on the ventricle output at different mean

atrial pressures at a heart rate.of 75 beats/min and a mean ventricle
, ) ‘

output pressure of 100 mm Hg. B -

)

For fixed values of FSB \and XO' the ventricle-air pressure
PVAS'increases for an increasing mean atrial pressureas-a result
of the characteristics of the h/p transducer as shown typically iq
Figure 20 and of the 1:1 air-piloted pness;ure regulator. The in-
creasing PVAS results \i'n an increasing ventricle output from the
artificial ventricle. The Starh‘ﬁg's regulation achieved compares. -~
very well with the results obtained by Webb et al. £34:i, using a

computerized servo system (Figure 29),

The effect of increasing Pc5 is to increase the ventriclg out-
put genera]iy, and to shift the-ventricle output versus mean atrial
pressure function curve to fhe left in a manner as shown in |
Figure 27. The ?Qnsitivity of the function curve can be varied by-
adjusting the ini’["tia‘] displacement position X, of ‘the h/p trans-
“ducer,. Typical s‘bnsitivity\ values; measured at P'at= 4 mm Hg from
~'chelfunction curvés shown in Figure 29, are 1.2, 1.9 and 2.9 1it/
min/mm-Hg for X, = 0.078,°0.102 and 0.125 m, with Pgq = 190, 240
and 340 mm Hg, respecﬁvely.




- 29 - C :

The effect of increasing the systolic time at a fixed heart

rate is to increase the work done on the ‘ventricle by the ventricle-

air, and consequently to increase the ventricle output over a range
of atrial pressuresas shown typically in Figure 28, However, when
Pp = 0, the output reaches a maximum value of 4.8 lit/min at

. BN

P.y= 2.7 mm Hg for a systolic time = 0.40 second, as compared to a

maximum value of 7.2 1it/min at P, =5.3 mm Hg for a systolic time

= 0,32 secc;nd. This 'characteristic is a result of the reduction in

} A

diastolic time which Qccurs)hen the systolic time is increased at

a constant heart rate. A'shorter diastolic period does not allow
the ventricle-air to exhaust completely, thgreby preventing the
ventricle to return to its fully expanded condition before the
arri\}al of the next systolic cycle. A vacuum source was therefore
used to aésist vent\r'icmar air avacuation, thus ensuring that the
ventricle returns to ibts fu.Hy ex~panded state at the end of the dia-

stolic period. As a result, improved function curve characteristics

were 'c’Jbtainreﬂd (Figure 28). . _ \

-

The results illustrated in Figure 29, however, ére not satis-
factory for the atrial pressure range > 6 mn ﬁg‘ and < 3 mmHg..

The unsatisfactory char‘acteris}jcs can be attributed to the h/p

°‘transducer ‘as mentioned earlier-in Section 2.3. The ventricle out-

put function curves shown in Figure 30 are obtained from the all-

pneumatlc driving system with the modifiad h/p transdgcer with the

. flapper-nozzle sensor. The results illustrate a marked improvement

over the atrial. pressure range of 0-9 mm Hg. For Et>' 9 mm Hg,

L}




1mprovenent cannot be obtained. This is due to the limited air

flou hgnd11ng capab111ty of the two FESTO d1aph;agm valves at high

AN

atrial pressures vhen the air flow rate requirement is h1gh. A

further deve]ophent of diaphragm valves with large flow area could

fmb#bve the results. In any event, the “closed-loop" results are

»mark]y improved over the results obtained with a cons tant dr1v1ng

-

air pressure.’

S

2.6 Dynamic Response and Power kequirements~

Figure 31 is a four-pen stripchart recording which shows the
. e : . \
typical dynamic responses of the system in mock circulation. The . .
circulatory system used in this part of the experimgnf is described °
= ‘

in Chapter 4. Thé pressures were measured with.variable reluctance~

pressuré transducers (validyne) and the ventricle output, with a
24 mm 1.D. electromagnetic blood flowmeter (Statham Instruments).
Saline solution (9 gm Sodium Chloride per litre of distilled water)

was used. The figure illustrates the manner in which the ventricle- .

S e e KA AT e S i

air pressuré responds to changes in atrial pressure with the modi-

fied‘h/p pressure transducer (with PS3 = 250 mm Hg, XO = 0.132 mm

and dg = 3.78 mm). At point A,. the mean atrial pressure is

9

increased.(froﬁ an initi%l mean atrial pressure of 0.40 mm Hg) to

—

5.5 mm Hg by adding saline solution to the input reseryoir con-

nected to the atrium. As a result, the ventricu]ar air pressure.
anplitude increases from an initial value of 106 mm Hg to s

1456 mm Hg, the mean ventricle output pressure increases from a mean

[
3




value of 65 mm Hg to 90 mm Hg and the peak ventricle output
increases from 7.60 1it/min to 8.85 lit/min (for a fixed ventricle
loading, a heart rdte of 75 beats/min and a S/D ratio of

0.6). - ,

At poinﬁ B, the hydraulic resistance of the mock circulation
%4

lod

unit was reduced to show the effect of 1oadin§ on the autput side

of the artificial ventricle. }he reduction in hydraulic resistance
was achieved by releasing a pfnch-c]émp which was originally pinch-
ing a 10 mm I.D. tube to sipulate the dilation of the blood vgssel.
. This gives rise to a decrease in the ventrigle output pressure and
an increase in the peak véntric]e\outpu@ as shown in the 5
—figure. Since the volume of saline solution in the mock circul-
‘ation system rémains constant, the }ncreased'ventricle autput is
indicat%ve of a Iargér Tlutd cichlation, a2 lower amount of fluid
stored in the'réser%pir and, as a result, a decrease in atrial and

ventricle air pressures.

©

. The mean atrial pressure isxaécreased at point C by remoying

fluid from the circulation unit which results in decreases in the ven-
¢ Y

tricle air pressure, output pressure and the peak ventricle output.

]
.

The dynamic results as illustrated in Figure 31 show that the

h/p pressure transducer is able to adjust the ventricle air pressure

amplitude in accordance with the atrial pressure nearly instantan- . ¥

.

eously. Since the dynamic response of a ventricle to the pumping

air pressure depends so much on the rate of venous pressuye change




-

and on the .output loading, it is difficult to give quantitative
. comparisons between different artificial ventricle dri ving .sys tems

in mock circulation. Qualitatively, however, the above results show
4 .

.

that the pre'séntn aIl—pnedmatic system gives adequate Starling's ° .
regulation,,in comparison with the responses of the physiological
heart (doa) to verous pressure changes given in Rushmer £231 and with

the dynamic resp?nses of the electropneumatic s;lstems obtained by
p . .

’Pierceket a].\QSJ and. Kwan-Gett et al. C561. .

[ [

The mean atrial pressure as shown in the figure was measured

at -the inlet to the bellows capsule of the h/p pressure transducer.
N )

The results show that the hydraulic bassive filter was functioning

satisfactorily. ’ , . )

- 7

e

- At the present stag’é of the devezlopment, the power consumption
of the h/p pressure transducer isghi'g;h; typically ?.0 watts, with
Pg3 = 250 mm Hg, and a~n airl flow rate = 36.2 /]it/‘min STP, at Fat =
0.04 mm Hg. (Air flow meas‘yré_ments were measured with a hot-film
Thermo-Sys tem Mass Flowmeter.) It is szsiple, hdwever, to ,reduce
" the pover consumption by miniaturizing the davice with further )
d)evelopment.work.' ‘The power required to drive the ventricle in llmock
circulation is 4‘,25\wa2ts based on a ventricle air pressure = 106 '
" . mm Hg, an average ventricle a;'r f]qw rate, = 18 1it/min STP and
Fat = 0.04 mm Hg. The pheuxﬁatic square-wave signal generator #2

-

requi ves 1.2 watts. ‘ ' .

L3 ‘4\.3" ’n!t‘}g: ;g" \
‘ B
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U " SIMULATED PERFORMANCE OF Co

L~ © . THE ALL-PNEUMATIC ARTIFICIAL YENTRICLE SYSTEM
e ‘e IN A SIMPLE SYSTEMIC CIRCULATION MODEL ~ - ,

o ) ° 3

»

/\ \31 I ggoductlonk ‘ . T 'v 3
JIn an attempt to compare the Starling's response acm eved by

1, o t S : s ,
T Sl the a‘n pneumatrc driying s,ystem with that of the ndtural ]eft

| r .. o heart, a simple mathematieal model of the physiological cir- b“ \ .
‘ ; , : T-cz\;'\latory system is used in ‘a.simuPated pérformaaée study. . ‘
'x . “ : When the natu:a] heart is totally replaced .by an at'ti ficial
.,l .' . .heart in an animal, increasedtsystemic resistance and decreased ‘

- .

compliance can be caused by the compressmn of ve1ns arteries or of

. the artlfm‘a] heart due to an imperfect fit, or it can be caused by

2 ' & the! foqnaﬁor?of sca(r tjssue on the veins or atria. The animal .
§ L ) ccmnonb'l deve?ogs symptoms of heart failure such as steadi 1y. 1'}1— ’ L
. '. cfeasing venous or arc'tem‘a; pressures [191. The model allows .
. },5. N ) assessment o the re]atwe importance of artificial heart sensit-& | *
g 4/ o 1v1ty ‘and of changes in systemc res1stance in causmg these symp- | .
gj < ‘ : toms of heart failure. It a]sq s’hows the effect of the syste.lmc

5
¥

‘compliance on the sensitivity of the artificial heart.

s -
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R 3.2 Comparison with Starling's Law of the Natural Heart

L]

‘ Around the normal operating conditions:\c'ardiac performance

;M state is well represented by a linear function
Skt , . ,

Q=A+BR;" % ey

V' For Star‘ﬁjng's. Law, the sensitivity coefficient B is ]&.2_ 1it/ .

min/mm Hg" and the coefficient A.has a value of 0.2 h"t/min to give

. the natural left ventricle output of 5 1it/min when PV is 4 mm Hg.
T .' _ A linear regression a‘]ysis of'the artificial ventricle ltest
results shown in Figure 30 with Pgy < 300 mm Hg yields A = 0.18 and

B =1.14 Tit/min/mm Hg. A high correlation coefficient of 0.998

© was obtained with these test results which covered mock ¢i rculation o

£1ofi rates between 1 and 10 Jit/min. v ‘ :

» ~

o L :7.':';;‘ P 2
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Y

¥

N‘ 7 Comparison of the sensitivity coefficients shows t?lat‘the :

-

Ao By

present artificial ventricle éystem has a slightly Tower sen-

sitivity (1.14 1it/min/m Hg) than the patural heart (1-.‘2 1it/min/

mn Hg). At the average atrial pressure of 4 mm Hg the’ correspond-s "

ing flows are 4.74 and 5 1it/min. Both c1o§ervagr‘ée;nent at‘the"

¥

average conditions and a higher sensitivity can be obtained bS/

_ finer adjustment of PSB’ X0 and PE‘ | . v

k4
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In order to deterpine how this deviation from Starling's Law

e FEHre

would affect the arterial pressure, venous pressure and cardiac -
A

output in 'the'noy'ma'l system which is subject to changes in resis-

-
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tance and comph’an‘, a simple model £571 of the circulatory system

# as showk in Figure'32 is used. The model consists of a pump with

Tumped arterial compliance (Cp), venous compliance (Cy) and cir-

«

. 3
culatory,resistance (R). The system is. passive since there is no

[}

reflex control by the autonomous nervous system (baroreceptor res- .

ponse). -The independent variables are systemic resistance and’com-

\ ¢ 1Y
+ . pliance. A comparison of the steady s.tate simulated perforgmnce of

-" the artificial ventricle with the-natural left rkart'c':an be made’

using the appropriiate coefficients of the pump Equation (3.1). oot

k]

"\
' _The circuit equation is- »
‘ , p-P, : ®
, . . Q= _A...ﬁ._l ‘ ' . (3.2) @
+ ‘-*
S The -1ncompress1b1e mass conservation equatlon, dVA -dVy or
: wm—*wwwa E " \ |
t
. . L dPA = - (——-) dP = -KdPV (3\.3)*
where compliance 1s defmed as C = gg and K is the compiiance ratio
- N - » \ ~
CV/CA. | ‘ . ‘

Integratwn “of Equation (3.3) with the boundary cond1 tions
N PA = 100 mm Hg for PV =4 m Hg yidlds

¥

Py = 100 - K(Py - 8) | (3.4)

Substitution of Equation (3.1) “into Equation (3.2) gives

/Z » ’ ' ) .
. PA - AR * —— ;__ !
V=T TR (3.5)
\ $ .
1 .
- J




From Equations (3.4) and (3.5)

4

. 100+!((]JrBR 4)

A= X
T+BR _
. ? . ) ’ A . ' .
, . _ P = 100 + 4K - AR ’ (3.7)

V- 1 +BR+K

' J

3 ' From Equations (3.2), (3:5) and (3.6)

21 + 8 §
. q = 00 + 4K -{- :\_(‘1( K)/ ‘ ® (3.8)
3 © R+ .
3 , B :
s Equations (3.6}, (3.7) and (3.8) give the arterial pressure,

L4

venous pressure and cardiac output as functions of the systemlc
r951stance‘§ systemic compliance ratio K, and the function coeff1-
| _ cients A ang B (sensitivity) of tgg artificial ventricle and thg
natural heart. The ratio (K) of‘venous compliance to arterial com-
[’ pliance is given as 24 by Guyton C581. From data given by Snyder

and Rideoﬁi'c593,’K is 33.2, and by Reeve apd Guyton 601, it has a

B »« value of 37.5. Figures 33, 34 and 35 give the simu]ateq.vériations
; of arterial pressure, venous pressure and cardiac output with sys-
] temic-resistanée for three comp]iance/ratios of 10, 24 and 38. ’At
average conditions (Q =5 lit/min) tHe simulated lumped resisfance
1s about 19 mm Hg/lit/min. The coﬁparison with the artificial
heart (with A = 0.18, B =1.14) is made<with R vany1ng from aheut
one-third to three times thgﬁ%yerage value and with K = 24

- The variation of arteria] pressure wi Systemic: resistance
%

.

(3.6)‘

o
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is shown in Figure 33. Throughout the range of resistancehchqnges
thé simu]a%ed arterial pressure produced by the artificial heant
corresponds- closely to that of the g;tura] hear't although it is .
1ower;by about 2 mm Hg. This difference can beie1iminat?d by a
slight increase in the supply air pressure. Decrepsing the resist-
ance to half its average value would decrease the arterial pfessure
to abou£ 68 mm Hg with the natural ﬁeart and 66'mm Hg with tﬂe
artificial heart. Doub]?ng the resistance results in corresponding,
pressures of 132-and 130 mm Hy. In the natural system, the baro-
receptor response would act to restore porma] arterial pressure.

The artificial ventricle would therefore~place a slightly more
seQere demand on the baroreceptor system when resistance decreases
but there would be less demand on the system wﬁen resistance
%ncreases. Figure 33 also ghows that an increased compliance ratio
. places less deménd and a decreased ratio places more demand on the

[

baroreceptor system for both decreased and increased values of the
/ .

resistance. The corresponding changes in venous pressure and car-

diac output are shown in Figures 34 andw35.
\ .
Figure 34 sshows the variation of venous pressure with chaﬁﬁe
4 . :
in resistance. There is close agreement between the character-

istics of the natural and artificial hearts. The artificiaj heart

system has a simulated venous pressure which is about 0.08 mm Hg

less than the natural heart. The venous préssure is relatively
_insens%tive to large changes in.systemic resistance. The sen-

.sitivify increases with decreased values of the compliance ratio K.‘

-

e ey i i o b
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‘The variatio‘n‘ of ventricle output with cha'nges in r.es'isFan.ce
is shown in Figure 35. The output increases with decreased sys-
temic resistance which is consistent with the ph§sio]99ica1 res-
ponse where decreased resistance normally indicates an increased
demand for ca'rdiéc output. The output becomes more sensitive to

* decreased systemic resistance for lower compliance ratios. The
artificial ventricle output is about 0.25 1it/min lower than the
natural heart output for resistances 1owér than the average va]tei .t
but this difference decreases to less than 0.1 lit/min for resist-

7 ' \
ances higher than the average. '

<

3.3 Arfificial Heart Sensitiyity ..

I3

Figures 36, 37 and 38 show the simulated effect of the vent-
ricle sé'nsitivity ‘coefficient B on the véntricle output, the
arterial pressure and the venous pressu:g. “A constant compliance

. ' A
i

ratio of 24 is used. Three values of B are used, namely 0.2, '0.7
and 1.2. The value of 0.7 was chosen as the maximum auto regu- )
lation sensitivi ty that can be obtained at constant frequency [¢
beats/min) with the artificial ventricle. A sensitivity of 0.2 is
readi]y(achievab]e with most sac-type artificial ventricles. In !
each case,‘the coeffioflent A has been adjustgq to satisfy the
average flow of 5 lit/min at 4 mm Hg atrial preésure. Figure 36
shows that at the sensitivity 6f O.Z_.lwthe output f]O;N ‘decreases
from 6 1it/min to 5.6 Tit/min when the resistance increases ¥rom .

‘ - . - » ’ 1
half its average value to twice its average value. The required 4

S » | |




3.4 Conclusions ' Ry

' ' -39 -

4

output change is from 6.5 to 3.2 1it/min. The corresponding effect

on the arterial-pressuré is to‘incre‘ase its value from 50 mm Hg to

175 mm Hg for the Tow sensitivity of 0.2 as compared to the natural
ventricle change from 70 to 134‘nm Hg. An artificial heart with

0.7 sensitiv%ty will experience a change in arte:}ial pressure from
65 to ’147. These drastic changes in arterial pressure with inseh-*
sitive artificial ventricles will place severe demands on the baro-
receptor system of the recipient. The ass_ociated changes in venous
pressure are from 5.7 mm Hg to 0.8 mm Hg for the sensitivity of

0.2, and from 5.5 mm Hg to 2 mm Hg for the 0.7 sensi'tivity, as com-

pared to the natural ventricle .change from 5. 3 mm Hg to 2.6 mm Hé.

~ The changes are more drastic when the artificial ventricle output is

increased to match that of the normal heart (see Tables 3 and 4).

+

N

The above simple analysis leads to the following conclusions:

1. The steady state simulated performance of the artificial

ventricle agrees well with that of the natural heart for out-

puts from 1 to 10 1it/min and for changes in systemic resist- -

ances from about one-third to three times the average value.
Agreement with the natural heart is within 2 mn Hg for
arterial pressure. No excessive demands would therefore be
. placed on the baroreceptor system of the recipient of the
artificial ventricle. If necessary, closer agreement can Iqe
obtamed by adJustment of the air supp]y pressure and set-

point of the h/p transducer but th'l;S would result in a slight

" reduction of the upper flow limit of 10 1it/min above which

1
1
i
1

*
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TABLE 3
Variation of Py, P, and Q as Functions of Pump Sensitivitya

/

Sensitivity, B . Q lit/min P, mm Hg L Py mn Hg
lit/mingm Hg | R=10  R=40 R=]8 R=40 R=10 ~ R=40
1. 0.2 5.3 4.3 59 175 5.7 0.8
Deviatign,\3-1' 1.2 +1.1 =11 +21 4.5 -1.8
2. 0.7 6.0 3.6 | 65 147 | 5.4 2.0
Deviation, 3-2 0.5 +0.4 | -5 413 | 40.2 -0.6
3 1.2 6.5 3.2 70 134 5.2 2.6

TABLE 4 \ s

Variation of Py and P, for Q Mé_tching Natural Heart Output

Half Normal

v

Twice Normal

N A s ke e et e dmd

Resistance Resistance-
P ;
Sensitivity, B Q a R PA PV Q’ R PA Pv :
lit/min/mm Hg 1it/min mm Hg mpm Hg | lit/min  mm Hg mm Hg

2. 0.7 6.5

3. 1.2 6.5

Deviation, 2-3

6.5

‘

10

31

70

6.4

5.2

-39 $1.2

3.2

3.2

48 159 1.5

40 134 2.6
+25 -1.1

0

(k

|
7




the artificial ventricle characteristics would deviate from

Starling's Law. , : )

2. The sensitivity of an artificial heart has a pronoﬁﬁéed effect

-

on the output, arterial pressure. and venous pressure at dif-

ferent.systemic resistapces. Table 3 compare§ the simulated

s s aret i il
.

values obtained with sensitivities of 0.2 and 0.7'with cor-
§ @
responding values for the natural heart sensitivity of 1.2

e o
K

e
1it/min/mm Hg. In each case, the pump satisfies the average

T S AR R

flow and pressures and the' rasistance is changed from half to

i

twice the average value. For'instange, at 0.2 sensitivity and

wr

‘
" half the average révistance, there is a flow deficiency of 1.2 '

»

lit/min, an arterial pressure deficiency of 11 mm Hg and an
A Y
“excess venous pressurg of 0.5 mm Hg. The same sensitivity at
* ‘-
twice the average resistance would result in a flow excess of

\»
, ] 1 11t/m1n, an arter1a1 pressure excess of 21 mm Hg and a

anﬁus pressure deficiency of 1.8 mm Hg. A]though the dev1-

ations are less for the highest attainab]e auto-regulation .

sensitivity of 0.7, there is still a signif?cant excess of
arterial ﬁressure at the highest impedance to justify use of ~
‘ the feedback control system which results in a q;nimum
addjtional demand on the baroreceptor systemhof the recipient.”
If the artifictal ventricle output is increased to match thét

3 ‘ of the normal heart, the deviations become more ,severe as

3 shown in Table 4. Note for instance the high veg;:s pressure

. : “
) ﬁ* ~ predicted at half-the normal,resistance and the h¥h arterial

B Y




pressure at twice the resisStance. This characteristic of
insensitive artificial heart pumps could contribute to the

symptoms of hearyfai]ure such as the steadily increasing

o

venous or arterial pressures observed in animals tested r191.

The simple analysis given in this chapter suggests that the

v presently developed artificial ventricle system can provide adequate

Starling's regulation to the recipient. However, the analysis,

which is based on a quasi steady state model of the blood circulation
system, does not show the ventricle's ability to respond to a dynamic

change of the peripheral resistance, for instance. In order to fur-

.

ther evaluate the performance capability of the driving system, a
| . ' mathematigal model of the ventricle sac is developed, and it is des-

\ _ .
cribed in the next chapter. The model is used in a dynamic study of

L 4
the all-pneumatic system as a\replaqement of the natural heart (see

Chapter 5). , \

T~
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. CHAPTER 4

/. @

co o

\

-

© £711 and in the selection of methods for cardiac assistance to

' MODEL OF A SAC-TYPE ARTIFICIAL VENTRICLEY* i )
. ’ Lo / . ~
4.1 Introduction
'Previous works on blood circulation suggest a variety of
mathematical models for the natural hédrt. The heart is generally
modeHled as (a) a time-varying compliance or elastance [61-641, \
. \-—\\ ' ,
(b) a pressure or/and flow source with internal impedances [65-681, K
and (c) a thick-walled muscle chamber €69, 701.” The models, derived

fi\gm physiological data, were used primarily as tools to gain bet-

arteries and to obtain quan;ifative undeéstanding
of parameters associated with the circulatory system.

% . .
Mode11ing a cardiac prothesis®in a hypothetical cardiovascular

\sygtem has gained significant attention recently in studies related
to mechanical assistéhce’for circu]iﬁion. The study is beneficial
to patients suffering from acute heart failure wﬁo need cardiac
assistance as therapy to their failing hearts. It helps to predict
and evaluate thé performance of the as§ist device in simulated con-

ditions before it is, used on patients. The data obtained

from the study have applications in the design of the assist device .

achieve the optimum results C721& In their work on counterpulsation

* MAccepted for Presentation and Publication at the 1976 ASME
. Winter Annual Meeting, New York, Dec. 5-10, Paper No. 76-WA/Bio-7,

" * Accepted for Publication in the ASME Journal of Bio-Mechanical

Engineering. . o
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assistance, Murthy, et al. C711 modelled the intra-aortic balloon

/

pump as a "pressure-nodegayolume source". In a similar study by

Wemple and Mockros [723, the assist device is modelled as a pulsa-

v

tile flow source.

. - ——

There has also been some interest‘ in the mathematical n;ode]-
ling of diaphragm-type and sac-type cardiac prothesis. Spyker [73]
modelled a diaphragm-type ventricular bypass pump as a time-varying
pressure source, from the pneumatic driving system. On a sac—‘t_ype
prosthetic device, Johnson, ét al. ['{'43 represented the rubber
heart as an elastic sphere, whereihn the contractile.pressure is

L4

obtained from tbé sudden ré]gase of the €lastic stress stored in the

distended sac. More recently; McDonald €751 pi‘esented a massless'

piston-pump model for a pulsatile heart pump, and Hade [761 used the
control volume theory to model an artificial ventricle in the study

of stroke work and efficiency of an artificial heart pump.

3

The models on cardiac prothé‘is mentioned above generally

ignore the fluid inertia and the elastic capacitance effects of the

'

ventricle. In addition, the inlét and outlet valves are’ treated as

constant resistive elements without flow regurgitation (backflow)..

’

In this chapter, a mathematical mode_l of %n air-driven, sac- '

¢ '

type artificial ventiricle is presented.- The model, derived from the
energy and mass conservation equations of a deformable control
volume, includes terms that can be identified as the ventricle sac

elasticity, the ventricle hydrostatic head, the"ﬂm'd kinetic

.-
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.with variahle effective flow areas dependent én the openings 4f the

- 45—

!
g |

enér,gy. the fluid inertia and the driving air pressure. The inlét

s a +

and outlet valves are represented as non-linear resistive elements

+

valves. Flow regurgitation is also accounted for in the model.  ,

The results obtained from digital computer simulation of a sac-type

. %

’

artificial ventricle in a mock circulatory system are compared with \

experinénta'] measurements. The model is used in a digital simu-

lation study (;f the “a]l—pneumafic driving system in a detailed i ;
model of the human cardiovascular circulatory system: v Ny ‘
o b - ‘. g
4.2 Mathematical Model of an Elastic Sac . ‘ . ‘ ?
. - : X ? .

Figure 3% is a schematic diagram of.an air driven, sac-type

artificial ventricle. During the contraction phase (systole) of a .

B

X

puﬁping cycle, air flows into the ventricle hou;ing to displace the
. : 3

fluid contained within th?e]astic'ventric]e aga%nst a given load -

at the output port. DBuring the dilation phase (d'iastole), air is

exhausted from the housing to allow the filling of the ventriclerin

preparation for the next contraction Phase. [The problem is .to find L.
BN

a suitable mathematical model to describe this pulsatile Flow sys-

N AR s b Sl i Bt i o ol

i

/ .
tem. Since an exact solution involves the'cqnjplex unsteady Navier-

Si:okes equ'_ations, an approximate method based ion the jheory of a

Al

deformable control volume is used. ‘ iy

o _— »
Consider the elastic sac as shown in\Figure 39. The control. .

]

surface is taken as-.the inside wall of the sac and Passes perpen-

dicularly across- the inlet and outlet flows. The control volume

! . 4 -
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. where Qj'H -

. Wyeey

.

. WsHEAR

v

does not enclose the valves.

eél;ations for a deformable contro] volume are E77€'/ -

A

c

<

The mass conservation and energy

‘0

4 ) d -+ -+
N ' qe ) edo + oV - dA=0 (4.1)
A ; ‘
' 9. =¥ 2
o T e PR Y s (us v gmod,
: : ‘ v . a
c - ’ N
\/ ¢ ‘ '/ . )
b o Rl gt sy - @ (4.2
C +_Su+—5 7 gz)eV,. - é‘ b: .2)

/r-

-

= rate of heat transfer into the control volume,
. “ . 5 -
= rate of mechanical work done on the control volume,

= rate"of shear work done‘(on the control vol ume,fand -

= the control, volume. " o ‘

3

|

, 4 -

" The thind (term on the r'ight-hand-side of Equation (4.2) is assoc-

ijated with the rate of change of enerqgy within the control volume,

v

the fourth term is the net efflux of energy from tfe control volume
*and the last term is the work done on the moving control Surface.

The definitions of the symbols are éiven in the List of Symbols.

o

mass conservation

The fluid is incompressible so that the
equation, Equation (4.1), can be reduced to ’ LI

- V=050 - AN O
. g . J

where Qj'= inlet of flow rate into the control volume, i.e. the

—

ventrile,

e s

- . T
. '
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o = outlet flow. rate, antl

\.IU =ra¢e of ‘change of ventricle volume.

‘R ) ‘
. .
Equat1on (4.3) 1nd1cates that the tige of c!@fe of ventricle vo}\

umé is equal to the net influx of fluid intoe the ventmcle.

-~

. | The following assumptions are made: J
‘Y . © "

o ' LY :

1. The velocity Vr'is normal to the flow areas and is uniform
) . , ‘ . ,
across the flow areas. ) v

, - \

1

2. 'The contraction and relaxation processes are adiabatic,

Y
B

“ °

i:e. 6TH=0.\ -" " e . -

3.0 The shear work transmitted across the control surface is neg-

ligible, i.e. | NSHEAR = 0. )

3

The mechanical work is associated with the work done to defbr;ﬁ
- |

- * . i

the vegptricle sac, i.e. Moy = -PGVU, oo y

-

LY
where P the elastic wq]] sti?&s, is a function of the vent-

ricle volume, the modulus of rigidity of the sac matemal an

N

the sac thickness r741.

The air pressure acts uniformly 05\ the ventricle, so that th

- term assomated with the work done on the moving contro] sur

-

face can, be’ regresented by

.

-
dA =P Ve

L d

The change in interral energy is n'eﬁ'igib'le.. .

.\ "Ad-
_‘qd’& ;J"_
?

-.O \g gﬁ 4
‘;"’,’?f:




o TR

et T W D S 1IN

[y

7. The,potentialtenergy of the control volume can be represented

by -ghU/2, Whe're‘hU is the vertical component of the venfric]e

depth showrpin Figure 39,

. 8., Qhe energy within the control volume is isotropic. ~

9. The fluid vé]ocity within the control volumé is (Qo - QifYAU,.

where AU is a constant, average effective cross-sectional area

of theJyentricle.

1

10. The velocity of fluid at the tbp control suéface is

(Q0 - Qi)/Ae’ where A, is effective exit flow area.

With ‘these assumptions, the energy equation reduces to the '

following momentum equation (see Appendix D):

v
N 1 v -
va vt'%'fY[hg'No-%)%]+

2 p\ff

I3

‘p(QO - Qi)z ) s

- ‘ ) : p(Q et 6)2 - pv * bt
———— > - —"‘2.—'—_—]—' - _—U (QO - Qi) N (4‘4)
. ) Aez AUZ .

where Y =Tpg and Pvi is the ventricle pressure at the top control

surface. The equation is gpp]iéab]e for both systple and diastole,

.

.

i . '
1

‘E@éation (4.4) represents the ventricle as a time-varying in—‘

ertive elenent, The left-hand-side of the equation gives the net

’ ¢

pressure available for fluid ejection during systole and for the

¢

. +filling of the ventricie during diastole?p The equation is similar

" to" the momenthm equation given by Beneken and DeWit 183 dﬁ the

o

<

T

oo b
.
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;saline solution circulatory system is shown in Figure 40. The ven-

e g

»

~
<

nathal heart wherein the natural ventricle is modelled;as an in-
ertive element, with. a ventricle pressure derived from muscular
contraction/dilation of the ventricle fibrea The inclusion of both
Qo and Qi in the equation allows for the transition period when |
both the inlet and outlet valves are opened at the start of either

the systolic or diastolic air pressure pulse.. The parameter P0 is

" important in that it determides the effective stroke volume of the

veptric]e,'as will be shown later. In ;ddition, it is dne of the
<ébntributing energy sources that helps the veqtricle to return to
i%s full volume during the filling phase of the pumping cycle (as
6pposgd'to.the rubber héart £741 wbicm'draws the contraptilelgngrgy

{
from the distended elastic sac). The other energy sources that aid
»

“in the fi]ling phase are the potéﬁtia] energy?of the'ventric]e,‘%he .

rate of change of ventricle head and the kinetic eriergy of the fluid

due to -the. regurgitation flow from the outlet valve. Equation (4.4)

, s used in a"fﬁéital computer simulation study of a latex ventricle

» v ~
5

in mock circulation as described in the following section. , ”I

4.3 Experimental Apparatus 2

i

. A sketch of the latex ventricle with attached atrium and thé

.

-« tricfe is enclosed in a plexiglas houstng; - it has a volume of 180 ml

" and an approximate wall thickness of 0,8 mm. The fabrication pro-

cedure of the ventricle, the hinged disc valves used and the-all-

. '

pneumatic. ventricle driving system to achieve Starling's Law Res- -

‘ponse have been .described in Chapter 2. Figure 41 is a photograph

s

i}
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‘ . .
of the latest artificial ventricle used in this part 9f the experi-

ment. ; i . J

-

The circulatory system consists of a reservoir, an open,

_overhead tank and four different sizes of flexible tubings. The

o
ventricle output passes through two flexible tubes (2.40 cm dia. by
. 9 - .

16 cm Tong and 0.953 cm dia. by 60 cm long) into theqopén, overhead

. N 3,
tank and returns, to the reser&bir through a 0.486 cm dia. by 78.6

cm Tong flexible tube. The saline solution from the reservoir flows -

into the ventric]e,through'a 2.22 cm dia. by 54.2 cm\long\flexible

tube. This simple circulatfon system was chosen so that the resist-

ance and capacitance of each element of the circuit can be measured.

During dynamic tests, pressures were measured with variable reluct-
ance pressure transducers (Validyne) and the flow rates, with 2.4 cm

dia. electromagnetic blood flowmeters (Sﬁatham Instrumenté, Type

sP7517).

4.4 The Latex Ventricle Model

X e

In the absence of a theoretical equation to describe Po}

o

" experiments were conducted to obtain some empirical information on

the P0 characteristics of the ventricle.

Steady state conditions applied to Equation (4.4) with

Q; = 91 = 0, yields ‘ ’

© il

e A At ot o b BB
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i T

which gives the e

astic wall stress in hydrostatic eqwilibrium with

* above experiments are shown in Figure 42.

the net pressure #ct1ng on the ventrlcle By keeping 2 constant

‘head of fluid in the apparaths dur1ng the experlments, and by step-
wise variation of‘the ventr1cu]ar air pressure Pva’ different
va]ges of Py can be calculated from Equation (4.5).- The associated
changes in ventric]e volume can also be measured.

Somg typical photographs of the ventricle taken during the
i ‘ The photograghs illus-
trate the various eqﬁi]ibrium configurations attained by the vent-

ricle for diffefent pairs of Py and V, values. The pictures show

,
7

. .| . .
that as the ventricle volume decreases due to increasing air pres-

.

‘sure, the effective head h,, defined by the portion of the ventricle

that contains f?uiq, also d;creases.

The Py and hy" results are plotted in Figures 43 an 44, res-
a

pectively, as a function of V. For convenience, the datay are

-

approximated by the following empirical equatiogs, whose coeffic-

ients were determined from curve-fitting routines, i.e.
P =P gn (Yl’—"— (4.6)
= g0 v :

with P =780 N/m?* for decreasing volume, and P_, = 250 N/m* for

'increasing volume (where V,, = 180 ml, the initial full volume).

s m, h =h

o = 7.6 cm, and for VU <100 ml,

0 t

For 100 ml £V

h, = 0.076 V. ' iy C e

1 N
o i
N

6 .
By equating Equations (4.5) and (4.6), and after rearranging

\ o, i
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terms;z}t results in the following relationship.

L ~

1
(Pra ~Pyp -7 Y hu{ }

V. =V exp {-

. : v vo (4.7)

oo ° !
@ 3 . |
Equation (4.7) shows that for the given ventricle in a fixed cir-

“culation system where P, is defined, the ventricle volume attained
at the end of systole (_VU ) depends on the pumping air pressure. It

also shows thdt the ventr1c1e volume reached at the end of diastole

‘ (Vud) will depend on the exhaust dir pressure in the ventricle -

housing at the time. It therefore in effect defines the stroke ’
volume Vg7 of a pumping cycle, where Vg7 = VUd - YUsh(see Chapter
L]

2). Equation (4.7) also gives the limiting stroke volume of the

_ ) o LU
ventricle as VST = Vuo’ if Rva + o in systole, and Pv < Pvt+ ?’Yhu
in diastole. The' other parameter that restricts the stroke volume ™

{ , -

is the coefficient Poo' A "stiffer" ventricle sac would have a
higher value of P and & Jarger end-systolic vol ume V 5 The
above physical 1nt3;pretatwon of the present ventricle, model sup-

ports the mathematical procedure from which the mode 1 was derived.
A

Since hU = hUEVU(t)], the time rate of change of hU in

Equation. (4.4) can be expressed as L /
. dh oh dv
_ v _ Ty Ty \
=@ v, at . (4.8)

> : . :

where h, = 0, for 100 7:1 $Vy S Vo and b = 0.076’Y, for V, < 100

L3

ml. :

-

=

]
3
)
¥
3
i
3
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The ventricle pressures Pvto and Pvti of Equation (4.4) can
be related to measured pressures\énd flows at the outlet and inlet,
of the ventricle by the energy equation applied along a streamline

between sections 01-02 and i1-i2 of the ventricle assembly showp in

Figure 39.
. ph o0 - »
Pvt0 =Py +Yhy + K;"Qo + 4P (4.9)
and , . ( (
‘/ ph_i : '
RTINS AL vl (4.10)
i 1 1

]
The fm',étio/hsses in Equations (4.9) and (4.10) are rep-
resented by

. 1, :
_ no '
\ ‘ AP0 = KoQo SIGN(QO) > (4.11)

'

_ ni. 2 l L
APi = Kﬁqi" SIGN(Qj) (4.12)

where K and K, are coefficients related to the effective flow area
. t O

» of the valves. To account for the transient effect, the following

coefficients are used: ;0
) , (- '
, Ky = o, 1+ o exp ( - 3 )} . (4:13)
' ve i
for the ejection phase, and : ' ’J
02 . :
Ko =0, 0 ta £l -exp ( - §;;—)J} : (4.14)

for the regurgitation phase, where a, and o are constants. .
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~,\,Qi=0’ L4 @

Similarly for the filling ‘phase T
/

- X

_ i
Ky =0 {(T+aexp (- s )} (4.15)
ve i > .
The co;::;RB$, @, and o, and the effective valve stroke
Sve = ASV are assumed the same for both valves. Froh steady state

measuremerts , it was determined that ay = 1.0846 x 10%, no = ni =
1.7638, and the maximum Sv.z 3.3 cm forlfhe present valve assemblies.

The values for o and A(%1.5) are determined by fitting the
. :

simulation results with experimental data. L

{
The valve position parameters Xa1* Xo02 and x; appearing ‘in

Equations (4.13) to (4.15) are calculated from the following
) ; . i

equations:

’ 1

",

1t - ' '
e t .
¢}
i 1 -t ,
Xnp =3—J- - Q. dt (4.17)
- A
| S ]
x; =1-/5 g dt ‘ (4.18)
e ts+té ' .

(See List of Symbols for definitions of time parameters.)

The momentum equation for the ejection phase (systole) is

obta?ned by substituting Equation (4.9) into Eduation'(4.4) with

-

—— .
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(4.19)

. Flow ejection, however, does not begin until the right-hand-side of

<

Equation (4.19) is greater than zero. This in turn depends on the

. . : . 1
time it takes for Pva to become greater than (Pc +Pot Yh°+ E'Yhu)‘

At the onset of diastole, Equation (4.19) is ;pp11cab]e until
the jnTet valve opens. "The inlet valve will open if Pvt’ defined
by Equation .(4.9), is less than (Pat.+-yhi). For the period when
both the inlet and outlet valves are open, the applicable momentum

equation for the filling phase is

) . phe oY, . ' ,
i, A v
: @
! ' R L
.|.l . VU ‘ r.I - 1 D(Qo 01)
2 Y Y] on - Qi; v 2« A 2
i |V
2
1 (QO = Q‘) DVU . ’
+ = + m Qo (4.20)

Equations (4.4) and (4.10). The variable Q
_ \

can be determinéd from Equation (4.9), wherein Pvté = Pvt? is given
by Equation (4.10). , | " \
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The outlet Ja]ve is considered closed when the volume 6f back-
flow into the bentric]e is equal to'the product of éffective valve
stroke and effective valve area. After the valve closure, a
leakagé flow with linear fluid resistance of R, = 3 x 109'N-sec/m5,

obtained experinehta]]y, is assumad.

B

S

4.5 Model of the Mock Circulatory System

*

\ Figure 45 is a symbolic circuit analogy of thL']atex vent-
ricle and the circulatory system. The simplified,*luﬁL;d-paranBter
representations of the flexible tubes are modelled after existing
work on arteries (661, with the exception that experimental values
of fluid resistances and tube capacitance C0 a;e used instead of
thoretical quantities. The constant hydrostatic heads of fluid in
the tu?es are represented symbolically as "batteries" in the model.
The fluid inertances are calculated fro$'r = p&/nwr?, with an
assumed momeﬁtum correction factor bf unity. C] and CZ, the fluid °
capacitances of the open, overhead tank and the reservoir, res-

. pectively, are calculated from'Cé‘;;An/y. The measured capacitances
of the return tube (:), and of the tube (:) connecting ﬁhe reser-
yoir and—the atrium, are smql] in comparison with b] anc&Cz, and are
therefore neglected. .Cao(= BCO) is a lumped capacitance accounting
fof the stretching effect of the uppef part of the vengricle, and

its magnitude is determined by compaﬁ{ﬁg the simulation Pao.resuTts.

with measurenments. e
. \

By solving the circuit model of the circulation system, the

a
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following momentum and continuity equations aFe' obtained *
S . . . )
\\ (Cao# Co) Pao = Qo - q (4.21)
;]Q] + AP1 + yh] = Pao - P] (4.22)
Ny B C]P] = Q] = Qz (4.23)
% 1,0, + &P, - Yhy= P, Ij (4.24)
E \ . ' )
r CoPy =Qy - Qg . ~ (4.25)
| : , . -
| . - ~ - -
. - 103 +8P5 - Yhy =P, - Py (4.26) .
| Cat Pat =9 - 0 (4.27).
4 s H
* where : ap, =%, Q;"'sIenQ;) *. (4.28)
i B . .
| AP = K, Q,P2SIGN(Q,) T (4.29)
! ', . 2 2 12 2 ) 3
c§ To- - \‘n\f : - !
t AP3 =Ky Q3 §;GN(Q3) (4.30) 5
. . i
e Table 5 is a list of the numerical data pertailﬁng to the cir- j
H
culatory system. The numerical value'for Cat’ the capacitance. of i
B the atrium, is obtained from pressure-volume measyrements.
o :
) v . . -
F : ‘ 4.6 , Method of Solution —
. © With P_ given by Equation ({46), h and h, related‘to V, dnd
’ ' \.IU, the momentum equation§ of the véytricle assembly, Equations
(4.19) and (4.20), contain only the variables Pt Q;, Q, and Pao

r

=
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Data Pertaining to éirculatory System

.1/\ ‘
INERTANCES, N-s/m ® , HEADS, cm
5
¥ 1, 1.32x10 " 7.63
. I 8.78 x 10° : 6.67 -
N 1 0 ~»\
) - .1, 441 x 107 hy . 76.20 ¢
I,  1.40 x 10° hy . 57.20
4 .
| I, 5.13x10 hy . 5.57
hy 2.25°
CAPACITANCES, m°/N ~ RADH,
¢, = 1.01x107" “Tube (1) 1.20 & +
C,  4.65x 1077 Tube (2) - 0.48 ‘
¢, 2.53x10° Tube (3) 0.24
Cat  4.40 x 107° Tube (%) 1.10
: Reservoir - 8.90
) Overhead Tank 3.81
) ‘ Output Tube - 1.27
& < : . .
' ' RESISTANCE COEFFICIENTS DISC VALVE
R, '3 x10° N-s/m® S, 3.3 cm
' Ky .1.62 x 10" A, C 3.9 em?
K,  1.64 x 10** : i~
Ky  7.61x10° - .
no, pi 1.764
n} 1.915 b -
nz 1.576
n3 = 1.764
A | | . :
— . R
s m o
A . L
) 1




time step, thereby saving computation time. A time-varying aﬁ%

. CDC 6000 series 'di.g"ita] computer, for a pumping cycle of 2 séconc!s:«

" Equation (4.19) directly, i.e. the inlet valve is assum® to close

- 59 - - o

L .
, o .
With the additional Equations (4.21) to (4.30) involving the
variables Qs P1» Qps Py and QB,cpressur,eiﬂow' dynamics of the
ventricle and the.circulatory system can be simulated mathemati-

|
cally. In.the present study, Euler's numerical method, with @ step

size At = éOu sec, was 'used to solve the nine simultaneous differ- o
ential equations. " The reasons for using Euler's method are that
its error of the order (At)? is acceptably small, and that it does .

not involve too many numerical evaluations for each incremental

pressure P . based on experimental pressure-time recordings is used
as the input to the numerical solution (see Section 5.4). The For-
tran program written for the simulation work' consumes about 150

“.
seconds of execution time and .11 seconds of compilatiop time on a

g

Starting conditﬁ'ons at the onset of the systolic phase are as

-
o

follows: 4 . L ‘
Qy =0, Q, = 0, P,y = v(hy +_ht)" Pat = Yhy, V=180 mi,

where (h] + ht) and br are the static héads above the points of ‘
pressure measurement in the out'let and 1'n1e§ tubgs”respective]y:'
Measurements showed that there is no measurable regurgitation ﬂow’

through the inlet valve. The-simulation therefore starts with

instantly at the onset of systole, .

Y ¢

N Y » . * .
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— 4.7 Discussions

\

.

Toeevaluate the mathematical model of the ventricle, simulated *

results are compared uith experimental neasurements of Pao’ Q]-, Q3

3>

and Pat' Figure 46 shows typical results with a driving air pressure

PVAS =130 mm Hg and a pumping rate of 30 beats/min. #The measfured
results are reproduced from four-pan stripchart recordings as shown
. N .

typically in Figure 47. At this pumping rate all pressure and f]ow
fluctuations are damped out at the end of diastole thus prdviding a
convenient steady sta‘&ting [;ressure for the computer solution. 0The
values. of B = 3 and o = 10 are chosen such that, with AU =15 Ae

(A

o = 3.94 cm?), the first overshoot of the calculated Pa°d coincides

. 4
with the experimental trace and the corresponding magnitude of the

pressure peak is comparable with the measured value (Figure‘%,
Points A &B). Figure 46 a1so_ shows the effect of ‘AU = VUO/ZhUO

which generally gives poorer agraement with measurements. , \
ngure' 48 shows the effect of the coafficient « on the calcul-

o 'l“, i
ated ventricle output, pressure (Pao) and the ventricle output flow

rate (Q;) at an expanded time scale with B = 0 and A, = Vyo/2h,,s in

comparison with the measureq traces. The results show t‘haf an in-

o

creased value of o reduces the amplitude of the oscillations of Pao

and Q].o The parameter o, however, has no effect on the time (tp) at
‘which the first pressure evarshoot occurs. The predicted first-over-
, <

o =31 msec for 8 = 0, and t) = 50 msec for 8 =3,

.

do not compare wb11 with the experi-

-shoot tjnies of t

(Figure 46),us1’\h'g A, = Vyo/?h 0

A 7 )
‘Mental vatue of 60 msec. The comparison is bgtter with 8 =3,a=10
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,’In comparing the simulation resultg with measurements, the

' foH“gwi'rfg observations are made: \

\
. ‘\ \
- The model predicts the time parameters = 6\§ msec, t]

120 msec, and t2 = 2& msec very weH, as compared to the meas-
ured va‘] ues of 7, 120, and 20 mseq, respectively. ' These values
AN

,capnot be identified-on the tim§ scale used in Figu)gg 46. '

- The model predicts an outlet valve closure time of 0.715 sec

(the time at whicn Pao begins to increase rapidjy, measured \ ‘

L} P}
!

from the. onset of systole, /Figure 46, point C) which\nmpare§
‘3 well with the measured value of 0.765 :sec (Figure 46, point D).
Rfter the sudden closure of the outlet valve, Pao Tedches a

- peak pressure of 232 mm Hg at t = 0.785 sec (point £, as coms
b, -

pared to 238 mm Hg at t = 0.820 sec (point F) ‘obtainéd experi-

mentally

.\

.~ The ventricle output pressurp periodically becomes subatmos -
g P

.< .pheric due to the "water-hammer" effect when the outlet valve

- eloses abruptly. R1g1d1ty of the waH prevents the collapse oﬁ

‘I

. the tube which is o‘kerved/to oscﬂ]ate s1lightly dnder the

R action of peak and sub—atﬁospheric pressures.
s -

7

- The modm(predicts flow ré‘gurgitation at the outlet valve at the
onset of diastdle. The r‘e\sdlts indicate that the outlet valve

. opens and closes a fefv times during the diaso‘goﬁc’period, Just

. ~ , , "

‘as indigated in the experimental trace of Q. '
- The 'sim;ile, lumped parametér model of the outliet tube does not _
' . 4 k ’ ! ‘ ‘\
N v i o
L - ' K
. | (\4
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provl de sufﬁcwent pressure and flow dissipation as indicated
by the non-zero amplitudes of P49 and Qy after comp]ejadﬂ/f
diastole. No attempt was made to improve the aortic tube res-
) 3 is'{:ance model because it doeshnot affect ‘the solution of the

e‘ ventricle equations after the outlet valve closes.
- Y .

'~ The model predicts. the ventricle return flow alnd atrial pres-
. T ‘ sure dynamic charac‘teristiés r‘easonablly we]ﬁl in )comparison with
experimental traces.. It gives a time tp bf 0.95 sec (the time

.~ at which Pyt Be‘g's to increase, and Q3 to decrease), as .com-
p.aredfé an experimental value of 0.9%leec. The parameter tf

is indicative of the time at which the ventricle is totally

full (point K). The stroke volume is 56-ml, with Vyq = 180 ml

and ¥ . = 124 ml o : ,
v © US ‘ - ¢ [ \ p p
! . ‘\‘ ~ ﬁ/ T
. - ‘THe atrial pressure starts dropping after th\e inlet valve opens

.. .« (B). The atrium remainé fully extended until the pressure be-
| comes subatmosphemc when it is observed to first flemyinward
(H to I) and then outward (I to J) under the restoring e1astic
stress/of f.heowan.

fore the ventticle is full (K).

r

Several more wall oscillations occur be-
The simulated results with a

l linear capacitive element follow these pressure oscillations
1 * ’ .\‘

. reasonably well T ,

' o K 4

: : In genera'l A the simufation results of the latex ventricle in

)
“ -,

XS

mock ci rculatmn compare wel'l with experments Si.mﬂar observations

I

»
can also be drawn from Figure 49, where Qhe pumping a1r pressure is

120 mm Hg. R S ‘ ‘
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Conclusion

Although the presently derived matpemti6a1 model of a &ac~-

to any sac-type ventricle, providing the appropriate P, and h, func-
tions|are used. It can alserbe applied to diaphragm-type artificial

‘ L 5 . .
ventricles. . .

-| The mathematical model has application in the Study of cardiac
assistance to circulation with éac-type or diaphragm—type' artificial
hearts. \Sinc'e‘, the model associates with actual physical quantities
such ps the sac elasticity (Pg) and the ventricle dimensions (Au‘ hu
and ZJ:), it ca‘n be used to gain re]evant‘infonnation on the daesign of
artifiicial heart systems for the achievement of optima] cardiac assis-
tance| results. The static model as g1ven by Equatmn (4. 6), for
exeample. illustrates the parameters that can be ach1eved to confrol

the limiting s‘t.;%ke volume of a pumping cycle. {

The present study shows that the pressure peak occurring at

4

the ventricle‘o_utput tube during diastole is a result of the sudden

closyre of the di'sc yalve, causinlg the regurgitation flow to ter- “"

mina e abruptly; the mode] is ab’le to give good predictions of the ‘,
/magm ude of the prassure peak and the subsequent dynamic preSsure

chardcteristics. It suggests that the model can be extended to the .~
e \

study of tine regurgitation flow phenomena and the dynamics of

, pass‘i e prosthettc heart valves. :

L . o




CHAPTER 5

SIMULATION OF CARDIOVASCULAR DYNAMICS o

WITH THE ALL-PNEUMATIC ARTIFICIAL $ENTRICLE SYSTEM
. | [0 ‘
AS A REPLACEMENT OF THE MYOCARDIAL FUNCTION

X )
5.1 “Introduction , . -

The steady state simulation study on the Starling's cardiac~, . - o
regulation characteristics of the physiological )heart., and of th;}
artificial heart (Chapter 3), demonstirated the importance of ha\;in\g
an artiﬁciai ventricle with a response to the venous return that
clbse]y duplicates that of the natural heart. It was assumed that
the mock ci rcu‘lat?on' regulation characteristics shown in Figure 30
will refr‘{ain unchanged when the artificial.ventricle system is used as .

a replacement for the myocardial function of the natura] left heart,

1rrespect1ve of the complete]y different load that the art1'f1c1a1 -

heart pump has to pump agamst In the analysis, it was alsp
°assumed that the physiological right heart functions normally (i.e™
" the flow rate leaving the ventmc]e is exact]y equa] to the venous
\ s return flow), so that the mght heart and the assoc:ated pulmonary ™
o circlilation system can be treated as lumped passive elements in the

3

model. The second assunption could be interpreted as having an

~artificial ventricle systeﬁf‘% which can duplicate exactly the muscular_~

N 1. )
- y function of the natura] right heart.' The simulation results given o




-

- ,.«-‘e‘w"rmwvu, .-

3

in Chapt;er 3 applear tohindieate that the preseft all-pneumatic vent-
ric}e driv?ng system could provide adgquate Starling's regulation
to the recipient for circulation flow rates between 1 and 10 Ht/
min at steaéy state. However, it'is not c}ear how the system would
respond 1n reality, for lnstance, to a change of the systeﬁ1c resist-
ance, when the 1mportant 1ndependent variable time t is considered,

In addition, the assumed artificial ventricle system that could '

. ‘ »
‘respond to.the right-venous.return as sensitive[y as the ph§;%o—

logical r{ght heart has yet to be developed. Therefore, the

previous study shou]& only be treatéd as a preliminary investigatioﬁ -
into the more comple§ regulation functions demanded in an artificial

hea:t system for teﬁparary or.total rgplacement of the pﬁysiologi;al

heart.

In order (a) to gain better insight into the regulation

e

capability of the al]-pneunnt1c artificial ventricle system as tem-

porany or permanent rep]acenent of the. physiological heart, and

.(b) to obtain design data for an artificial right ventricle system
(%4 .

that c?uid'rqépond to the right venous return flow in accordance to
Starling's Law of the heart, a mathematical simu]atién of hénn—

dynamics, with the nafura] heart being replaced by an artificial - ) {
heart: is carried'oq}. Details of tﬁe mathematical models used in

tﬁg dynamic simulation and the simulation results are given in the

fb1iowing sections. -
X N A \

{ i . . v '




5.2 Mathemati cg] Model of the p§rdjovascujgr Systgm

a

"> Figure 50 is a passive, lumped-parameter circuit represent-
.o
ation of tt}e human cardiovascular sistem, where gravitational
effects are not considered. A-typical segment of the arterylis -
modelled as an inertance I and a resistance R in series, and a shunt
res1stance R' in segies with a shunt capac1tahce C. The ascending
aorta and the pulmonary artery are exceptions because the resistances
R are peglected (see Figure 50). The guantities R and I are deter-
mined §y the vascular dimensions, b']ood, v/i‘scosity and density. R' .
and C are related to vascular dimensions and elastic and viscous

pr‘ope{t}hes of- the vessel wa]l From' measurements by Peterson (78, 79:1

the produ‘ct'ﬁ C is 0.04 sec for all systemic Arterial segments. The .

@apﬁ]ﬂaries are modelled as ideal purely istive elements, and ‘the

o~
" veins, dincluding the s‘upe'\;ior and iﬁferior vena cava, are modelled
as 's‘gries resistances with shunt capacitances.
a )

The most ‘extensive passive description of the human systemic
‘ c-;r‘terial ;tree isﬁgiven by Westerhof et al. 661. ;!ach arterial lseg-
ment is represented by, 1ong1 tudma] and transverse impedances 4 fcon-
sisting of numerous resistive, mgrtwe and capacﬂwe elements.

The number of etements invqhi,ed depends on the arterial diameter and

. N , _
l'enf;th. the vessel wall thickness and its Young's modulus of
rigidity. The representation is derived from Navier-Stokes equations,
the continuity eduation of fluid motion, the equation of motion of

’ .

the vessel wall, and Hooke's Law for efastic material. Details of

the‘governing' equations (partial differentia}-equations) can alsa be
4
f] R}
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« obtained from Reference [801.

A less extensive description of the physiological circulation
system is given by Snﬁer, et al. t611. 'The-pas\sive model af each
segment qof the arteriq]_ tree is the same as the one used in this

. study, which is based on the work by Beneken and De Wit r60i. The
model of the systemic arterial tree used by Snyder and his co-.wo_i*kers‘,
.“imu‘revgr, contains more segments than the present model.
'] By solving the circuit shown in Figure 50, the ff)llowing
momentum and contfnu(ity equations are obtained. The sut;scri pt
attached to q identifies the flow rate asso;:i ated with the approp- -
riate arfem'es, veins, etc. (see List of Symbols). For examples »

‘qASAO 1s\the flow, rate‘ in the\AScending AQrta, and qTHAR is the

flow rate in the THoracic ARch.' It applies similarly to }blrgs-

istances, inertances and cabacitances ‘of the vascular segmen

%01 = %Asp0 " ITHAR ™ 9c0AR | (5:1)

Casao Po1 = %01 * Risao Casao ""m o (5.2)

- Triag Orag = Por " Poa = Fruar Smumn " (5.3)
%o = Srar - a0 R (5.4)

“THaR F.’ozf‘ Yo* Riume Criar 82 (5.5)

Ltiao 9miao = Poz = Pos ~Friao 9mmo (5.6)
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- 1
%3 ="9Ha0 ~ %asAR " 9INAR ~ 9BRCP .1~
Criao Po3 = %03 * Rrwao- Crao %03 (5.8)
v P S : o - 4.
Lasar 9a8Ar = Po3 = Pos~Rasar 9aBAR (5.9) ;
N
%04 = “% = A EARIABVE _ (5.10) /
. , A \ | “
o S Cagar P04 = %4 *Ragar Casar %04 . .11 :
. Liear 9iear = Pos - Pos 7 RLear Year (5.12)
~ \_) v L £ ¥ ‘ 3
' %5 = %ear ~ Skeve (6.13) -
CLear Pos = s + Riear CLear %05 (5.14) ;
' 1
A “aeve =(Pgs - Pog?/(Rgcp + Rigwe) . (519), |
N l ¢ ‘.
%sve = (Pos - Pos)/ Raacp + Ragye) (5.16) ,
: . q(é = 9nar ~ Ywve (5.17) }
. . . - ) }
f K ' . ) o - ( - - . §
] ‘ Cinar P12 ® 92 * Rinar Cinag 913 (5.%) |
R ‘ o i
i ,»
Ive = (P12 = Pos)/(Rnce + Renye) -+ (5.19) {
' - L aoge = Pox = Pry < R | 6200
INAR 1NAR = 03 = P12~ FINAR FINAR .

. N )
(Cieve + Capve + Crnve?Pos = 9ieve * Ysve * Ymnve  pwve (5.21)

LY
<

0 . .
. e = (Pos = Po7!)Rinve: (5,22)
T qBRCP = (P03 - P07)/RBRnCP 1‘(5.23)
{ ., . ) ’ ’ o ofr ;
- c “ o, F‘("‘./ ,‘.}/
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ively.

= (R

a1 ~ Por)/Reoar

Scoar

¢ .
.~ 9pavR )

. %08 = PuAr ~ PuvE

c

Couar Pos = %s * Reuar Cruar 908

=(P

%yve = (Pog - Pog?/(Roycp * Rpyye)

(Coyye * CLalP09 = Fpuve - ILavR

. Tuaar aar = Poz = P10~ Rupar IAaR

910 = 94AAR ~ ‘SHAVE"
D] N |

"Ciaar P10 = %10 * Riapr Cianr 10

. . N . . : . a

%ave = (Pro = P11)/(Ryacp + Ryave)
X3 :

Cuave P11 = %ave - Ysuve

Syve = (P - Por)Rsive

L]

Table 6 is a list of the numerical valies of rg?fstancés,

¥

v Conve * Csuve * CralPo7 = Iiwve + Isuve T 9conr T BRep

&

(5.25)

(5.26).

1

(5.27)

(5.28)

(5.29)
. (5.30)
' (5.31)

(5132) -
. T

(5.3
(5.38)

o+
)

‘ (5.35)-°

-,

inertances and capacitances pertaining to the cardibVaggu]ar sys tem.
-The data are obtained fronfReferepce £601: CRA and tLK are the

c?pdcifénces of the right and left artificial veqtric]es, respect-

o

-
ey s
-




TABLE 6a

4

Ascending aorta
Thoracic arch
Thoracic aorta)
Abdomina?)aorta
Intestinal arteries
Leg arteries
. Head & arm arteries
Head & arm veins
aleg veins |
Abdominal veins
Intestinal veins

Inferior vena cava

Superior vena cava
< Pulmonary arteries

Pul wary veins
y

L4

Resi
N=

4.00
1.20
1.60
1.87
2.40
6.27
3.01
4.00
7.95
2.21
2.00
8.00

8.34

TABLE 6b  Numerical Values

Coronary

Bronchial ‘v

Intestinal
Abdominal
Legs

Head and arms

Pulmonary

stance
$/md

x 103
x 105
x 108
10°
107
.108
107
107
107
x 107 .
x 10¢ -
x 108

® X X X X X

x 10°%

2

of Resistances in Capillaries.

Numerical Values Used id’the
Description of the Cardiovascular System.

. ‘X

Inertance
N-s2/m°
2.93 x 10"
5.74 x 10*
5.07 x 10°
1.87 x 108
3.60 x 10°
4.13 x 108
1.87 x 108

2.40 x 10*

Resistance \_,.
N-s/m®

1.60
1.60
3.07
7.60
2.00
8.00
1.47

x 103

x 10°

x 10°

x 10°

x 100 ¢
x 10®

x 107

’

A

6.22
3.22
6.22

Capaci tance

m /N
2.10 x 10°°
2.17 x 107°
2.17 x 1073
1.57 x 107°
‘4,50 x 107'°
9.00 x 107'°
2.47 x 107°
7.05 x 107°
3.60 x 107"
3.82 x 107°
7.95 x 10°°
6.22 x 10°°

X

X

X

5
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. 5.3 Model of _the Artijicia] Hegyt‘

2 d

SRR A

In the model, both the left and right artificial ventricles

with their inlet and outlet valves are represented by the previously

derived equations (Chapter 4). - -

3
\ The valves are passive devices that open and close under the

3

‘ . action of the pressures acting on them. These préssures are the

T AT TN

N

atrial and ventriclie-top pressures for the left and right inlet

~ valves. In Figure 50, these pressures are ‘identified V'éspective1y as.
3 - - ‘

: . Ly ' ,
; P09 and PvtL and P07 and PvtR'\\ For the cutlet valves the relevant

®

| E , ) . pressures are the ventm"c]e-top pressures Pv;L and PvtR’ and the
pressures in the ascending aorta (Pm) for the left ventricle and
% . P’bg\?n'\ﬁ}e pulmonary artery for the right ventricle. The left and
) right ventricle; are actuated at the same frequency, phase and sys-
; ' ' tolic/diastolic ¢ime ratio at tine d;i%‘ng press&)res required to
ﬁ) achieve iQentical ‘mean véntri cle outputs. However, the inlet and
outlet .valves open and close indepgndently of one énb_thert t;nder the’
. . action of the dynamic pressures. Regurgitation can occur during the
, ’ . * time required for the valves to close. Previous mock. ci r;:ulatjon
work was conducted with the ventricle iﬁ the vertiéa] position where
_ the buoyant force assists' the rapid closing of the inlet valves. This .
simulation 3ssumes instant closihg of the inlet valves wi thout régur-'
gitation but agcounts for reghrgitation during closing of the outlet '
valves. In the simulation program, the \;entm‘c]e and the inlet/out-
let pressures are compared and the appropriate equations are selected.

For convenience, the equations are grouped in six (%) sets"based on

bl @
'

re \
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“the open and closed posit'ions of the inlet and outlet valyes. The’ .

governing equations are written for the left ventricle only. Ident-

ical equations apply to the right ventri c\]/e.

— N

o

Set (1). The fo]]owi'ng equations apply during the ejection

L
phase when there is positive flow out of the ventricle, i.e. the in-

let valve is closed and the outlet valve is open (PvtL > P09 and

&

Pott > Por)- )
The momentum ectétions are: ’ ! D .
‘oh pV . | 0q3 w
0 vl - ‘b 1 TASA0
(E’ v Iasao) 9asao = Pvar o PorthoL *2 " K
v , \ v -
pq2 ! ' S
- 1 ASA S X (5.36)
) 2 - -
e ¥ . 3
QAR = 0 (5.37)

The valve resistance equation is:

\; by o1, ], o .
APOL =05|1 +a EXR(- §\/:T)] (qASAO) "SIGN(quAQ)’ (5.38)

The valve-disc position equation is:

1 (T ’ -
K I Sasao ot (5.39)
e 'tOL _ . :

LI

- Yoi
(See ‘Chapter 4 and thé List of Symbols for explanations of symbols.)
A :
Set (2). This. set applies when air starts, being evacuated from

the ventricle housing. The inlet valves remain closed but because of

the inertia effects, the blood outflow continues for a short period

s -
[

[

. R A Tk

et g

1 EACOS A, S |

EM S = R P AR S
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during which Equations (5.36) to (5.39) apply (Pvtl. > 809 and

PotL > Pm). When the blood outflow is reduced to zero.and then -

. - reverses its direction, Equati}ﬁn (5.36) describes the regurgitation

flow but the vé]i’/e resistances\équation and the valve position equation

are replaced by the following equations. #

The valve resistance equation is:

APy =a |1 +a1-Exp k- Yo,y | ( - ) sTan( ) (5.40)
Ao =% ) A asho Ysao S
"The valve position equation is: - V
‘ [t d ()
= - q t 5.41
‘QZL A Dty sk —

[

Equation (5.37) for the closed inlet valve ‘is still valid.

-
> v
A

Set (3). The following equations apply when the inlet va-lve is

vit <Pog and Puy <Poy).

This repf‘eients regurgitation flow plus diastolic inlet flow.

-~

open while the outlet "valye remains open (P

~

The momentum e§uations are:

) -

ph . -
0 — o Lo /
(I\‘O‘"+ Insao) 9asao = Pyel - 61 APoL y (5.42)
«
ph: pV., . ) oV, .
i uL _ ul - -
F+ = % = Pog P * - Gaspo 7 AP - Pral

A‘Z)

L /

— eldasno = L)’
2‘ T .

2 4
Aa . e

A

eldpspo9iavR!”

1
' . -2

. 2
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where

(5.43) determine the rate of dJ]htion of the ventricle. : \ﬁ

o s Ny
'?_ne inlet valve remains open (Pvtl.' < Pog and P, "< POI) as ‘the vent-

.véLve stroke and va1 ve ar-ea.— After the’ va]ve has c'losed an expem-

" The momentum equation, Equation (5.43), ‘the valve resistance gquhon;

L P, |
Puel =P09 = Ak " % (5.44)

PR

. . ) X. :
) o | il R LT
B3 F % [Ha EXP (- -S-;z)] (g pyp) ™" SIGN(ay ) (5.45)

dt (5 46)

i

t -
RA !t +£ Yave 9t ~ ) c
- 3

'y
APOL in’EBquation (5.42) is given by Equat1‘o'h\(5 40) with thg valve
position equation,.Equation (5.41). Note that Equations (5.42) and - - ;'j'

g

]
— . 3

™ ’ 7
Set 142 *This set apphes when the outlet valve has closed and .

.

.
PR e SN

ricle is béing filled. Met valve is closed when the volume of
L

backfiow into the ventnc'le is equal to the product of %hg effectwe

X ‘ H
mentally determined leakage flow with linear resistance Rv ~ 3 x 10°

N-sec/m®> is used.
?

The leakage flow equation is: , "

' »~
(5.47)

-

= (P

950 = (Pyy = Por) /Ry

E&i:ation (’5.45,) and the valve position equation, Equation (5.46), for (j

the filling process are still applicab]e. - Coemy «*
V' ' ' P
1} - he 3

. « )
The filling process continues until the integrated total in

flow plus the end-systolic volume equals the maximum ventricle -

.. °
i o
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vc;l ame . Tf the ventric]e reaches 1ts maximup

,' h ~ S

Set (5). This set applies in the cake where the ventricle s »

comp1ete1y full. Air starts to enter"the \)bntr1c1e housing and the

*1inlet valves _c]oses instantaneously when P, =P , 2 POQ’ i.e.

q ayr = 0. ' The outlet valve remains closed until P, =P o 2 Py

Zéro ,leakage flw occurs for & short per1od (MO' Second) when

,-P tL > P09 and PvtL <Py " When P tL > PO'I’ the ction™ process L

" commences and Equatjoné (5.36) to (5. 39) of Sat (1) are app11cab1e.

<

ée . v . f .
- Set (6). This set applies when the ven’tri/‘i'le}!s only.partially *

fﬂled as air starts e\\mteMng the ventricle housing. The equations
of Set (4) apply unti1 P;/tL = Pygy after v‘:hich't‘he equations of.
Sét &5-}, become a.ppHca‘ble.‘ , '

-
o

£ s

5.4 Model of the Pneumatic Dr'1v1.ng’Sx"§tem N
° 4 i \

"~

I Astmple, lumped parameter circuit model as shown $chehatically

~in Figure 51 istassumed for the represent‘ation:o? the pne‘umatic

dri ving system. Detailed models of pneumatic transmission 1ines have

, been given by Nichols EBIJ, Brown EBZJ,/Hougen, et a] c83]. Brown,
et al. [B43, and Margolis -and Brown €831.° For conven1emthe‘
: pneumg'dc air.1ine is preéeht]y r_epresented by a constant series-

. impedance, consisting of an {nertance Iy_'and a resistance Ry dnd a

b}
oy
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gonstant ‘shunt capacitance ¢! o neg1éct1ng terms which arerfreﬁu'enﬁes

dependent. ¢ 1n the figure is a 1umped capac1tance due to the com-

. preésﬁﬂity effect of an averaged volume created in the ventricle

housing as a result of ventricular displacement. An ideal square-

_ wave {s assumed as the pressure source to the pneumatic system, with

2 pressure ampl{tude dependant on the drfvfng afr pressure Pyas and
the exhausf airvpressure PE As '111ustrated‘by the tybicai dynamic*

a1r pressure-time trate shown 1n F{ gure 47, the present pneumatic

4 -

3/stem can be adequately represented by the second order 'ltne model

K

Based on the assumed segond order transmisstion 1ine model, and ™

frmn the dynam1c‘pfessure measurements, Yhe nafural frequencf of the

system can be deducéd to be W, = 1/‘[ (Co+ C) = 238 sec~', and

~' the"associated damp1ng rat.jo 1s L= %— R~‘/(C + C |)/I = 0.6, R

approximately. For the underdamped system (g < 1), the time varying
ventricle air pressures PvaL and P, PR ‘can therefore be calculated

from the following eduations:

-

- .n - - e n » - 2 .
Pva Pg + (PVAS PE) 31 9/]_”.?. sin(wn 1-¢ t‘,+~¢)‘§ (5.40)

for systole, and L

- - ¢

-

\ [}

' RO N I — I
Py = pE+ (Pyps- pE)i stn | W 12 (1) + 0
i ) . ’ o ] (5i41)

for diastole , where

»

;. . t;‘ o

The above equations can be obt@ed from any text book of automat1c

control, or physicﬂ networks °theor1es '

-

Y

g =tan”! LloX : (5.42) - -

C e
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The .Simu'lation Study . ¢ B

Eu'ler s numerical ‘method vas used for the hemodynamics simul-

iation (see Section 4:6)'iat a constant heart rate of 72.3 beats/min:

with a systoiic/‘diastoiic time ratio S/D = 0.57. The objectives of

the simulation study include the following: o

(a)

To determirie tﬁg required driving afr pressures and exhaust atr

‘pressures for the left and right ventricle systems, so that

wheny the heart pump is driving ‘against a normal cardiovascular

Toaf (1.e. with the normal resistances, inertances and capac-

. itancks given in Tables 6a and 6b), the mean output flow rate
from both ventricles is 5 1it/min approximately, with a mean

aortic pressure of 100 mn Hg and full ventricular volumes ~
attained at the end of diastole.

To determine the r.equi%ed driving-air pressures and exhaust air
pressures for the same-artificial heart system when the sys-
temic resistances have half (n -12 .5) and double (n = 2. 0)
their normal values {n = 1.0). The coefficient n is the '
resistance multiplication factor,. The mean aortic pressure is
maintained -at 700 mm Hg, with the same mean output from both
ventricles. and full end-diastolic ventricular volumes.- This .
information is needed to determine the required characteristics
of -the atriai pressure feecback sys tem which automaticai]y

adjusts the driving air pressure to obtain Starling's Law

response.

To investigate the dynamic regulation capability of. the

_artificial heart system when’ all the vascular resistances

vary exponentially with time to haﬂr Youble their normal

‘'values. A time constant of 2 seconds isYgsed €603,

g D

(N ty ~

1
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5.6 Results and Discussions

©

Table 7 1s a summary of the results obtained for parts (a) and

- (b) of the simation study. The starting conditions at the onset of

o

systole are listed in Table 8. The values given in Table 7 are ob-
‘tained after six complete pumping eycles from start-upwhen all the
s&sdém variables reach repetitive values. The pressures and-flow rates
obtained at the.cend of the sixth cycle in part (a) are used as the v
starting conditions for part (c). 1

- The required left ventricle driving air pressures for the muiti-

. plication factors, n = 0.5, 1.0, 2.0,«re 150, 127, 119 mm Hg, with °

resulting mean left ventricle output flow rates of 9.24, 4.§5 and 2.71 -
11t/min, respectively. The r1ght_ventr1cle driving air pressUres are
54, 33 ahd 27 mm Hg, for the delivery of mean right venfriqle outputs
of 9.25, 4.78 and 2.70 1it/min, respectively, which are nearly the same
as the oufbuts from the left ventricle. Better results can be” obtained
by-finer adjustments of the driving pressure ampTithdes. The obtained
drilvin'g' air'pressures are a1s’d‘ plotted as e function of ‘mean atrial

pressures‘1n Figure 52. The indicated characteristics and the pressure

' 1§vels of interest are obtainab1e by further development work on the

hydraulic/pneumatic pressure transducers, which are used basically for
‘the selection of driving dir pressures at “different mean atrial pres-

°

sures.

The simuietion results of Table 7 show that it is sufficient for

the left ventricle air to exhaust to atmosphere d{rect1y and for the

?

e

”
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TABLE 7 -

e

Driving and Exkaust-Air Pressures Requirements
for the Artificial Heart System - Performance Results.

A .

~ | L )
Multiplication Factor
‘of Normal Vascular
Resistance Values
,, . 0.5 1.0 2.0
| . ‘ -] Driving Air Pressure, mm Hg 150. 127 119
4 ' ' o| Exhaust Air Pressure, mm Hg .0 0 0
fg Pean Atrial Pressure, mnHg | 9.009 | 5.580 | 4.772
£| Mean, Aortic Pressure, mn Hg | 100.83 | 100.16 | 100.87 |
. ¢ =) . g
E Mean Ventricle Qutput, lit/min| 9.24 | 4.85 2.n
Stroke Volume, ml 127.86 67.07 37.45
—_t—t—t
b ’ | Driving Air Pressure, mn Hg 54 33 - 2717
' L ,':_f Exhaust Air Pressure, mm Hg | -5 -5 -5 - 1
. 5| MeapAtrial Pressure, mHg ' | 0.314 | 0.164 | -0.386 f
3] = - g ;
: Mean Pulmonary Pressure, mm Hg | 18.03 14.92 15.31 , L
£ ' .
2 Mean Ventricle Output, lit/min| 9.25 | 4.78 | 2.70
Stroke Volume, m ~ |128.00 | 66.03.| 37.36

Aws
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‘ " TABLE 8 ¢ - ..

) Starting Conditions for the Digital Simulatian. : "
! Parts ‘ Part , . Parts Part
*(a)-and (b) () | (a) and (b) (c) |
Por 9 83.89 fhspgrdiave  0-245  -0.213
Pap 96 83.89 GTHAR, 0 0.139 | ° .
Po3 . 9% .84.08 qcoar .0.480 ~  0.421
Pog % 84.65 S T 1.308 |
Pos ’ . “96 _ 84.86 G . > 0 -0.368
a| Pog R 0.62 Grep 0.960  0.422 i
Yy Poz ' 0‘ ‘ -0.3? | ?INAR ‘ 0 1.876
Pos 8 10.04 Uano . 0 ~0.240
Pog R R LT . 0 0.126.
P10 96 .83.69 a4 EvE &0.752 0.330 ,
P 1Y 097 | g - oa8l 0.088 .
Pio 96 84.08 Ve 4.667  2.031 |
PVtL 4 f‘4.lsr Unye " 0.800 - 3.960 | -
Puth - 0 0.3 Give 1.831 0.797 ]
- 9suvc 2’.0g0 1.342 ;
. S Quag:payg ~ -0-021  -0.028 }
) S . v — 4003 3.023 !
NOTE: Pressrure in mm Hg, Flow Rates in 1;tlmin. L
. . . ’ ) " 3
L
- A . X
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right ‘ventricle Mr to exhaust to 2 5 M Hg vacuum, [t is not
necessary to use an excessively low vacuum source ‘to assist air evac-
uati{on to acbievef the maximum end-diasto;e volumes. A lower than °
reqhired vacuum fn tﬁe ventricle housing is undes%rable since it causes
a réduc‘tion of the ventricle output at the onset of systole additional
time is needed for the ventricle air pressure to build to the level

required for flow ejection, v
A

It is noted that the largest stroke volume utilized is 128 ml,

-

associated with a mean flow rate of 9.25 lit/min and n = 0.5; as fcom-"

pared with the maximun achievable stroke 'volume of 180 ml. It is

there\Fore poss1ble to obtain a flow rate greater than 9.25 lit/min from ;

the present artificial heart system. Practically, it has been demonl
strated that 10 lit/min is obtainable (see Figure 30).

, The mean ventricle outputs de'livergd by the artificial heart sys-

tem in simulation are compared with the normal cardiac outputs at dif-

g ferent mean atrial pressurés in Figure 53. The behaviour and the sen-

s1tivi jes (i.e. the gradients) of the simulation .curves compar;g,,-1

reasonably well with the norma] Starling's functmn curves. The rejults

.show that the artificial heart system possesses the Staang s- cardiac

regulation capability but the left ventricle characteristic is dis-

placed from'the normal function curve,

Typical dynam{c traces of pressures and flows from the sixth
pumping cycle with a normal cardiovascular loading (i.e.'r) =1) are
shown in Figures 54a and 54b, The figures illustrate the pressure

deficiencies betweeri the ventﬁide.air pressures, the ventricle

1
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pfeséures and the ventricle output pressures. The deficiencies are

more pronounced in the right ventricle system (see Figure 54b),

indicating that it is a less efficient pumping unit in compari§on with

. ) . :
- the left ventricle system (see Figure B4a). The 1neff1c1ency is mainly

e T AT

\ caused by the high friction losses a 50c1ated with the disc valve,

especia]]y in the initial transient state, and the acceleration effect

Wy

_ from the ma¥s of blood wifﬁfn the ventricle S%d in the connecting tube.

o i S . A]thodgh‘the two ventricle systems are assumed identical, since the
flow rates from both systems are the same, the frittion losses and

* ‘ inertial losses are therefore affecting the rigHt ventricle system to a

@ larger extent due to its generally lower pressure levels.

L

The dynamic resﬁ]ts also indicate the presence of flow regurg-

) *ftation, a consequence of the passive disc valves used .in the system.

| - " The valves do not reopen and close againjas observed in the mock cir- “z
! . . ) . "g’
E - culation tests described in Chapter 4. In addition, the high pressure- 3
{ peaks observed in the output tube of the mock circulation‘tests. caused é

e

- by the abrupt closure of the valve, is nd;iceably reduced iﬁ the simu-
lated pressure—time\fFEEés in the ascendi;g aorta and in the pulmonary -
a;teries. This atténuatiqn of the peaﬁ“pressure is attributed to the
relatively higher effective impedance and damping of the human cardio-

vascuiar syétem.

- i ¢
/(/”—\\\ ' The mean: blood flow rates and tﬂé mean blood pressuredbtained '
) : from the simulation study_are combarab]e with the actual physiological i

. .
values (see Table 7). The general shapes_of the dynamic traces shown

[

in;Figures 54a and 54bdﬁiff¢r from those of the actuaI‘hemodynamics‘ ;

- ' } - o . s LI
LRl e L e ,‘ ‘, ,; «.'w \,453" d,{, f;‘vg "r"~ s
3 - o, Y v ;,,ﬂ J‘k‘a«-"‘ y h-- wé
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simuiation obtained by Beneken and DeWit C603. /The cifference is
basicaiiy due'td the myocardiai functions usedﬂfor the pumping'pf
blood between the two-simulation stueies.‘ In the present study, the
pumping force is deriveﬂ from the pu]satiie air prhgyﬁre of nearly the
shape of a square-wave, whereas the muscular driv1ng force in the work
by Beneken and DeWit, which is based on phy51o]ogica1 data of heart
muscle, is of near triangular-wave~ shape. JDifferent input wave shapes s
can be used in the present“caicuiatibh scheme so that the simulated
dynamic traces display characteristics 51milar to the phySioiogicaI

traces. g

The simulation results for part (c) are shown in Figures 55 to

- 58, In the simulation, the two (one for the. Teft ventricle. system and

the other for the right) hydraulic/pneumatic (h/p) pressure transducers

for the altomatic selection of driving air pressures‘(PVAS) have the

PVAS versus P (the mean atrijal pressures)”characteristics shown in

Figure 52. The characteristics of Figure 52 are mathematically

. hodei]ed by a ‘piece-wise 1inear approximation method. The maximum

ai]pwable driving pressure for the right ventricle is limited to 54 mm '_

Hg because 6f the steep slope of its characteristic curve. The mean

atrial pressures are obtained with the second order, passive hydrauiic

\

filter mode1 described in Section 2.4, Figure 59 compares the mean
atrial pressures with the pulsatile pressures at the 1eft and right

atriums, indicating that averaged pressures are obtainable from the
passive filters. ‘ ' !
7 o ' i

Figure 55 shows ‘the dynamic responFe of the mean'atriai pressuren

e

'\'\
- N
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when the res1stance mu]t1p11cat10n factor n 1s varied exponentna11y

- from 1 to 2, and from 1 to 0.5. The response is presented as a func-

tion of the number of pumping cyc]es (equ1valent to the number of

heart baats). The figure also gives the asymptotic mean atrial pres-
0

sure levels forn=2and n = 0 5 obta1ned previousJy in parts (a) and

(b) of the study. _The corresponding chang in the dr1V1ng air bres—

sures, the mean aortic and pu]ﬁonary pressyires and the mean ventricle

0. an

outputs are given in Figdres 56, 57.and 58, respectiye]y, together.with

their corresponding asymptotic values. In general, the results show

that the artificial heart system‘follows,the exponential variation of n

from 1 to 2 very well. -The regulation behaviour of the syeteh, how-
ever, is not satisfactory when n is vahied from 1 to 0.5. TheA .
inadequacy of the model in describing the “steep-siope" charactehistit
of the right atrial pressure feedback system is the most probab]e
cause for the variables of Figures 55 to 58 not reaching théir steady«
state mean values within a reasonable number of cycles when the resist-

ances decrease. ‘ , .

5.7 Conclusions - ' ) N v

The berformance capabi]itylof the pneumatic artificial beert sys-

tem as a replacement for the physio1ogical heart was studied. Based
on the resul ts of the simulation of the hemodynam1cs, the following

conclus1ons are drawn.

. ]
- The system can maintain the required ph&siological mean blood

flow rates and mean blood pressures.

v
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- The system exhibits regulation chqracter‘is_tics similar to the

\

3

) physfo]oéica] heart. The driving sys temadequately follows

an exponential increase of the resistances (vas;:ular con-

traction) by a factor of two., However, the model needs fur-

o~

ther refinement for the case of an exponential decrease-of

resistances (vpascular dilation) of one-half.

- The model accounts for .regurgitation and leakage and endbles

P

.0.029 ‘Iit/min for the right ventricles, respectively.

asses§ment of th.éir effects on‘the output pressure~flow
} characteristics of the left and right ventricles. Fdr the

. disc-type valves hof this study, regurgitation)occurs during a
signifi cant time paeriod: 50 msecvfor the Teft and 80 msec for
the right outlet valves, Figures 54a and 54b. The amount o'f

back-flow can be obtained and its effect, for instance, on the

pumpind efficiency can be datermined.- On the other hand, the '

leakage flow is insignificant: 0.213 1it/min for the left and

- The pressure and flow traces of Figures 54a and 54b contain

. all the information needed to.tflculate the power outputs from

both ventricles, the pressure and power losses across the
valves and the power Tosses acjross the ventricle sacs. For

2 »> ' ‘ .o » o
instance, the larger .areas betapen the air-ventricle pressure.

traces and ventritle-output pressure traces for the right

¥,
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.. ventricte system: , . : .
\ v [ ' M\ ks
. . . (‘ )
v - Because of the detaﬂ of the mode], it is poss1b1e to irwest-
. 1gate separately the effects of paramettrs such as inlet va]v'e

(esistance, atrium comp'liance. sac elasticity. etc., on ¢he

L}

overall cardiovascular cheracteristiC§. ' ~

1] ! . - ° -

o~

®

Th'ls s:cudy has been carried, out at constant frequency. The' same
simulation program can be used to study the system performance with
variable frequency.“ This can b& achieved by statican_y or dynamically
varying the systolic and/on the diastolic time in the prograin.

" - o

4 . ~
.
1
-
o d
a .
— -
-«
s
’
&
1)
.
- @ ~ .
'
-
s - - .
. D
- ) Pt ,
-
) P ’
¢ ~ o 4 : - 4
»
- e P ~
v
. . )
~ id .
Pu— k4 -
. 1N
. *
i
° |
'
L ¥ ,
! % N '
-
- . ,
) -~
i
+
LA 4 . .
-
. L
¢
— ' s
.
- .
v .
\ °
¢ a
.
b o
.
" ' b 0
Pt .
' i
-
©
@ . * s




5wy

H
I
B
|4
1
L
{
4
£

5

. the best possihle cardiac assistance results

'4 '“ .G . ; A} E
L " §7 - b
CONCLUS TONs AND RECOMMENDATIONS FOR FURTHER WORK - ° .

-

An a]l pneumat1c driving system which uses only f]ufd-operated
devioes has been: developed fo# sac-type artif1c1hl ventric]ég he
. .
system provides good Starling’s cafdiac regulation characteristics

to a latex left ventriéle in mock c1rcu1ation. The system was buiit

from commercia]]y aVailable hardware. . I¢ is economical and simple Co

to operate It accomp1ishes the cardiac function without e1ectron1c/” ‘\;j " g

L) . . N
1nterfac1ng devices. . ’

‘LA mathematical médel of the sac-type artificial ventricle has’
been derived, and a model of the prosthetic disc valve has been

proposed. Both models have been evaluated in a simulation study of ‘a

latex ventricle in mock circulation and they give dynamfc predictions

L N
in good agreement with measurements. Since the models include actual

physical quant1t1es such as the ventricle sac e]ast1city, and
d1nensions of the ventricle and of the valve, they are useful in

studies relating to the: design of art1f1cia1 heart systems to achieve

£y

The mathematical models were used in a simu]ation study for the ‘

evaluation of ,the regulation capability of the 'ali- pneumatic art-

ificial ventr‘ole system as a replqtement of the myocardial function;

and for the acquisition of design data towconstruct a rtght

artifioial ventricle system with Starling's autoregulat1on charac~- L

. . N 4
teristics. Based on the in-vitro expariments and simulation studies
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. Coo _aceomplished in this thesis, the following general conclusions.can
T AR . " . ,
s ‘. be drawn, } .. -
T " v - ‘ ' ‘ IF‘J . R o A .
e oo * 1. .Por temporary or permanent cardiac'replacemgnt, it is <.
N ) \ importaft to have ?'?artfficial heart that responds to‘the
s: 0 ” . ‘ . -, . . N ) .
S - venous returh in atcordance with Starling's Law of the. .
¢ N ) . ) )
e PR P phys1o1ogiga1,heart. ‘ 3 ) .
‘ :'.\ . - Y u. . 0 . K ® ' —— y ' > ~
A a "2, The all-pneumatic artificial ventricle driving system - . -

provides the Starh’ng‘s' cardiac autoregulation functﬁ'on.f

- . . ) * .
. 3,  The derived model of an elastic sac 1s' a reasonably -

accurate mathematical rebresentation_/of‘shg seg-type

g ’

artificial ventricle. ~
v : . ! »
~ 4.« The derived simple expressiom§ which relate$ the ventricle -

» “.‘
s " volume to the ventricle air pressure, the ventricle pres-
: /
. )
sure,.the maximum ventricle volume and a parameter .

associated with the elastic property of the ventricular . -

material, gives a qualitative understanding of the governing

L4 ’ t
parameters that affect>the stroke volume of an artificial 7 §
g ' o : . ' 5

ventricle, .. N ,

»

¢ .

5. The pfoposed model of the hinfed disc valve gives good

; predictions regar:ding the;openi"ng»and closing dynamiEs of

the vaWer, and the. regurgitation and leakage phenomena. i

’ n i ’ ¥ L.
. . .
¢ v . -~

+




This thesis ha§ r'n;de some significant ‘contributions to the
disc1p1ines of cardiac prosthes1s and: card1ac assi.stance. There are
o some aspects of the work,, however, that need further research and P
.deyelopment.  For e?mple\(a) the power consumption of the hyd- -
raulic/pneumatic pressure ;ransducer is h1gh and it shou1d be .
reduced, and (b) the a]l-pneum\atTc artificihalf\ventride sy§tem has
been tested only in a mock .circqla‘%‘ory system and 1t should be \

\ N o
- r

tested further in experiments involving 1ive animals, The follgwing

{s a 1ist of_recommendations for further work..

/.

1. The functional characteristics oflthe h&'drau'lic/pnéun.)atic.

£ pressure transducer are;acceptable for the automatic |
adjustment of ventvjcle_ driving air pressure. Miniaturi- ‘

zation can help to rt‘ed‘f?ce the size andl power consump:ﬁoh of

the device. ‘The recommended power level for the mini-

‘aturized transducerjis about ‘one half watt, a level common

-

‘Tﬂ%ﬂ—.'-, . :

o to mpst miniature f]uidic elements.
. V ;
2. The present all-pneumatic artifi cial ventricle system can be .

o
2,

oA T R e,

—used as it is for left ventricular bypass experiments wit?}
animals. K1s therefore, recommended to have such experi-{

'« - ments conr,ducted so that further evaluation of the system can -

t -
; .

be made. ; M . v

2 w

: 3. It is recoWded to buﬂd- a duplicate driving system g0

that total heart replacement experiment% (1n~v1tr03and/or

in-vivo) can be materialized. e .

I3




r

-

'. 4, The mathe?natical models of the 3ast1c sac should be

. utilized in further stmulation work on {otal,‘ﬂ‘eart replace-

ment. The studies tﬁay include (a) efficiency study of the -

all-pneumatic drlving system, (b) the effects, of flow re-

gurgitatiori.‘. c) the effects of ventricle jac elasticity
¢ it

and atrium compHancF on the pumping ‘performance of an
artificial heart sysfgm/; and (d) the effects of different
types ’E;Mrosthetic heart valves on the performance of an

artificial ventricle system.

-
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APPENDIX B : ﬁ‘
\ . .
From static measurements, the pressure-displacement charact-

eristics of the bellows gabsule shown in ?ﬁgure B.1, are obtained.
v ‘ ) ’
The displacement was measured with a traversing microscope. The °

inyerse of the slope of the characteristic curve gives the sp¥ing
'l ‘ .

congtaﬁt of the bellows capsule, i.e. — 3
4 in H,0 T 1by/in? :
. 48P L i -
LT kps = ax = G.o0277 i * 00 gy
N t X \
‘ = 52.1 Tb./in?/in
or
; - Tbe
kg = 52.1 —F x 6890 —Nﬂ“—— mWf
. ad in® , 1bf/1n

] = 1.41 x 10" N/me/m - .

The .capacitance Cf] can be calculated as :
\

, .
- . A ‘ w
: Gy = e {0:5)(3:62 (0t g 28 x 107 mS/N
. bs 1.41 x 107 ‘
. S b
\ , where Abe = 0.5 Ab with,Ab = 3.62 x 107° (the bellgws afé%%mﬁw.‘ ”
- similarly, ’ : )
a o Vo _ 0. 4;{&%1[) (0.8)(1.9 x 107°) s
f2 =%, T = (7. (14-7)(6890) N
.. n

A o= 1.6 x107! mSLI“(".' ' .
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APPERDIX C

By solving the circuit shown in Figure 23 of the text, the

following momentum equation is obtained.

} |
;o4

, f dt

a4
wn
N/ '
=

. -~

'(——:—E‘%—y th}=P() . (c.)

Edhation'(c.l) can. be written as

~
o ¢
-

3.

i ' ].
= (c.2)
\/Wcﬂ + Cgp)
\ N
Ry [(Ceq + C e
| Rt :
¢
odt-%—P(t) ca . 4
£ ’

3 E‘Q 2
~dt + chnQ f wn

H
1

~ Equation (C.4)) is

Fgr r >1, the natural :esponsé’(

”

FS

Y‘]t

Q, (%) = Aje

x

conditions, -and ry , = -cW_ +
, _

For ‘an e*citation of

Py(t)

where A] and A2 ére constants

{f

to be determined from known boundary

i.e. the homogeneous solution of

rot
2
+ Ase -

“

r 4 |

o
. -

-
v

(C.5)

(c,"s)
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the forced response (i.e. the particular solution of Equation (C.4))

¥

is of the form
g

\ =4Qf(t) = Qfo + Qf‘leht/’[ ’ (C°7)

. '_ . _ - & L \
where’ Qfo and Qﬂ are constants. By substituting Equation (C.7)

\
v =

into Equation (C.4), it is found that

. f7m~* ‘ Qg = 0 (c.8)
y /
and . ‘
P . s
‘ 0 = 1= ] (c.9)
\ 3 f\1 - 20 T+ Wi ‘. | \

+ That is, with Qfo and Qﬂ as given by Equations (C.8) and (C.9), -
. reépecti've'ly,‘@he, solution'givexhby Equation (C.7) satisfies the

,
C.4).. Therefore, the com .

response of the hydraulic circuit is
l'* é

. rt r-t Pz .
i . Q(t) = Ae L Ae S + .1 ‘ 2 e',t/T (c.10)
' ’ 1 -2 W) T

differential equation in Equation

-

‘Using the boundary conditions Q{0) = 0, and (.)(0') = 0, the con-
) A

sstants Ay and A, are determined to be:

¢4 ' ‘ P . 4
. - TQ- (T+1r,) - & : -
A 2 : f - ' - (can
'(rz - r])(1 - ZH T +.w12l~c?) -

P
, -I—Q(l + 'r.r‘])‘ _
A, = f — (c.12)’
: (r2 -‘r])(l - g, T + Wit ) . .
/. 8
, . . .

Bhrctic s wwn o

L
X

A S,

i RO e gt SNt o AR I

Y

“
R S




and P(0)
. R .
Equation (C.10). The result is

. t
p(t) = L dt
P(t) (cﬂ,+ cfzjfg? |

= 0, the pres:sure P(t) can be found by integratin.g

N

j‘ 1+ N

P W? rot
. on -
P(t) = = 2.2 | Fo(ry = T5) ¢ )
: 1-2cW 1T+ Wt AR 2 ‘
' n- n, .
Co. 0 Y4r A A
-——-(-—————)—'2 (l-e])+ 1’(_1-e/‘)
j . r]rl“rz .. " clg‘ v
MR . ]
N |
T 2 Y
' \ /
I3
, ! c
i
Y 0 ‘ ‘:

»

o
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-
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i
P
.
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¢ APPENDIX D
%

-

v
-

\

. With 'the assumptions (Nos. 6, 7 and 8) listed in'SeEtion 4.2,

L

the term associated with the rate of change of energy withfn the

control volume can be expanded as‘ follows:

-

. d . v2 _ . _d v ty
- at of (Ut g+ 92) pdug =@ =g Tl - 7 90,2 ¥y
AT dv tr
= (3 pv¥ - 5vh) v dv '
. 2 2 " T pr (v rri 2 g 3——0 o (D.1)

>

With assumption No 9, the above equation can be wr1tten as

~

olQ = Q;)? T L
) \ ) Q'..—_'{E._.E—_-z—?j—a-— _%. U} VU ) s
ZAU ! }
pV P T . . "‘1‘ ¢
v 1 " (D%
t e (Q )(Q Q) -z, hy (0:2)
| § I

Tak1ng the datum at the non-deformable control surface, and

applying assumptions Nos. 1, 6 and 10, the net energy f1ux leaving

-the control surface is ' e

£
N (“’;‘& .
g v? I ™
g (u+ %-+ 7=+ 9z) oV - dAT .
. ‘ :
. O(Qo - Qi)‘z v .
Pt (G- ) (.3) -

e . G

Al

Using the remaining assumptions (Nos. 2-5), ‘the enérgy

EN
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e wmﬁmu;}\"w- -

oAk e

equation of the deformable control volume becomes ' a0

. p(Q ‘Q.i)z 1 .\. "
PV o+ {2 h}y

@

pVU . . 1 .
~+ ;\T— (Qo - Q;)(q, - Q,-) -3 ,h,
o . o
. P(Qo = Q-i)z 6 -
4 {Pvt + — /} (Qo' - Q;) + P,va b =0 (D.4)

2A,

Dividing by \}U ='(Qi - Q,) given in the text, Equation (D.4) reduces

to the fqllowing momentum equation ‘ ..
. ’ + ]
__) N
2
P_-P, P no o i7,12% %)
Q vt 2 Q- 0J v 2"'5A2
v
- ')2 pv . . ; .
_ % p(Qo Q-‘ - Ve Q - Qi) u ’(D.S)
A2 2 o
e v A
SN . . | ,
¢ \ ) N
/ ! . o
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