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ABSTRACT 

The work described herein is an independent and original work 

carried out in the Department of Chemical Engineering on a 

heart assist device which was designed, built an'd tested in the 

laboratory. 

The project can be divided into a mechanical and an electrical 

task, both of which were undertaken by the author. The electri

cal task involved design and construction of a portable console 

adapted to receive a triggering signal and to activate a series 

of controls either in a sequential or singular fashion. The 

system also comprises a pulse frequency counter and a safety 

shut- off control circuits. 

A portable pressure-vacuum supply system and a pressure pul

sating mechanism comprise the work done in completing the 

mechanical task. Of the two pressure pulsating mechanisms 

built and tested in the laboratory it is shown that a minimum 

flow, rigidly enclosed system is superior to a high flow, variable 

volume one. 

The design of the electronic console, pressure supply system 

and pressure pulsating mechanism is described and a descrip

tion of the laboratory tests carried out so far is given. 
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CHAPTER 1 

1.1. rnTRODUCTION 

For many years Cardiologists have felt the need for a cardiac 

equivalent of the artificial kidney, a device which could support the 

circulation temporarily, enabling the patient to survive an episode 

of circulatory failure and giving the heart time to 'recover from 

some temporary insult such as myocardial infarction (coronary 

thrombosis). The concept of circulatory assist is then to provide 

means to augment the cardiac output with the objective of increasing 

the perfusion of blood to all organs, the heart included, without 

increasing the energy requirements of the heart. 

1.2. AR TERIO - ARTERIAL PUMPrnG 

Since 1957 a circulatory assistance pump, designed to reduce pres

sure within the aorta and left ventricle during systole and to elevate 

aortic pressure during diastole, has been in development and experi

mental use /1,2/. In principle, this method relies upon the concept 

that reduction of the amount of blood and pressure in the aorta during 

cardiac systole results in a reduction in cardiac work~ Catheters 

are placed into the central arterial system by way of the femoral 

arteries and blood is removed in association with ventricular systole. 

This lowers the aortic pressure with the result that the left ventricle 

develops less pressure to eject its volume of blood. The volume of 

blood removed from the system during systole is then replaced into 

the aorta in a retrograde fashion during diastole, augmenting aortic 

diastolic pres sure and coronary blood flow. Such a device also 

works as an in- series pump, in that it often provides an additional 

force for propulsion of blood through other noncoronary vascular 

beds, and will, therefore, aid in the force which determines net 

venous return. 

- 1 -
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To be effective, this method requires precise timing. Consideration 

must be given to allow for delay from inertia of the blood, particu

larly if the location of the catheters is distal in the arterial tree. 

Also, the catheters should be positioned in such a way to enable the 

withdrawal of a significant amount of blood at the right time. There 

is limitation of the size of catheters which can be introduced into the 

aorta through a peripheral blood vessel. Such phased mechanism is 

usually triggered by the electrical activity of the heart. However, 

the heart in failure may present either a chaotic rhythm or rhythm 

which is too rapiQ. for efficient activity of the pump. Past studies 

have indicated that counterpulsation is capable of reducing mean 

systolic pressure and the time-tension index. Soroff et al I 3/ 

reported a reduction in left ventricular work and myocardial oxygen 

consumption with no significant change in cardiac output. 

In later studies 14,51 of Soroff et alit was shown that with synchro

nized counterpulsation in dogs, mean systolic pressure could be 

lowered by approximately 40 mm Hg, the time-tension index was 

reduced by 39 percent and myocardial oxygen consumption reduced 

by 22 percent. Mean diastolic pressure remained at the original 

levels but coronary blood flow increased by 50 percent. These 

findings suggest that counterpulsation might be a useful technique 

in the management of selected patients with ischemic heart disease 

and cardiogenic shock. 

Rosensw~ig et al /61 have also shown that counterpulsation substan

tially increases coronary blood flow. They attributed this increase 

to the increase in collateral coronary flow which resulted from the 

increased diastolic pressure provided by the counterpulsation. 

One of the counterpulsation devices now available commercially is 

SIMAS, the Standard Isochronous Myocardial Augmentation System 

I 7 I, which has received limited clinical trial. The operation of the 
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system is illustrated1n Fig. 1. 

A modification of this principle has resulted in what is known as the 

auxiliary ventricle technique I Bl. In this situation, the pumping 

chamber is attached directly to the aorta (through a thoractomy) 

and the blood is removed from the arterial circuit immediately 

adjacent to the aorta and returned directly to the aorta at the end of 

a relatively large- sized conduit 19,101. 

1.3 INTRA-AORTIC BALLOON PUMPING 

This technique may be considered a derivative of arteria-arterial 

pumping but it differs in its mechanics in an important way. Whereas 

with the arteria-arterial pumping there is the withdrawal and reintro

duction of blood to the cardiovascular tree, no blood is extracted from 

the arterial system with the balloon technique I 11 I. 

A catheter- balloon system is introduced into the aorta from the 

femoral region and placed in the intrathoracic aorta as shown in 

Fig.2. The balloon is filled during ventricular diastole, thereby 

increasing the aortic root pressure and improving coronary flow, 

and deflated during ventricular systole. Such system has been built 

and tested at the University of Cape Town /12,13 I. 

The major disadvantages of both the arterio- arterial and intra- aortic 

balloon pumping are that such counterpulsation methods involve expo

sure and cannulation of femoral arteries, the use of an extracorporeal 

blood handling device, the requirement of sterile technique and the 

necessity for administration of ~nticoagulants. A potential hazard 

is rupture of the balloon and rupture of the vascular wall by over

distention of the balloon. 

The ability to augment pressure is somewhat limited by the size of 
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Fig. 2. Intra-aortic balloon in position 

·-------- _____ .. ____ _ 



I 
I 

-1 

RA. 

l.\1. 

v.c. Ao. 

- 7 -

Ptr = Pi- Pch 

t 

L.V. 

?ressure 
Chamber 

Pch = 1 bar Pch = 0,9 bar 
Pi = 1,25 bar 
Ptr = 0,35 bar 

Pch = 1,1 bar 
Pi = 1,25 bar 
Ptr = 0,15 bar 

Pi = 1,25 bar 
Ptr = 0,25 bar 

Fig.3. Schematic representation of changes in intra
vascular volume and transmural pressure ( Ptr) 
with changes in chamber pressure ( Pch) while 
the intravascular pressure (Pi) remains con
stant. 



- 8 -

l>etween the internal pressure and the pressure which surrounds the 

tube. 

In the vascular bed the transmural pressure is the difference between 

the intravascular pressure, which changes continuously, and the extra

vascular pressure, which is normally essentially constant and very 

nearly equal to atmospheric pressure. Certain portions of the vascular 

bed which are affected by muscular activity respond ,to variations in the 

extravascular pressure so created. For example, venous return from 

the limbs is increased when the limbs are exercised and the coronary 

vascular system ~s affected by myocardial contractions.· If means are 

provided to vary the pressure external to portions of the vascular bed, 

the capacity of the affected portion of the vascular bed will respond to 

the changes in transmural pressure which are produced. 

Fig. 3 schematically illustrates that as the external pressure is 

lowered in relation to the ambient pressure, the capacity of the disten

sible vascular bed increases and vice versa. The resulting change in 

capacity is determined by the pressure-volume characteristic of the 

cardiovascular system. 

In the circulatory system, the venous bed acts as a large reservoir 

which readily compensates for changes in blood volume distribution 

when cardiovascular equilibrium is disturbed. This is due to the 

fact that in the typical distribution of the blood volume there is approxi

mately 15 percent of the blood in the arterial system, 75 to 80 percent 

in the venous bed and the rest is accommodated in the capillary bed 

/19/. Because of such high capacity the venous bed will be respon

sive to relatively small changes in external pressure whereas larger 

excursions in external pressure will be required to affect the arterial 

system. 

1.5. OBJECTIVES 

A project was undertaken to design, construct and test a device which 
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would apply positive pressure to the legs of a patient during diastole 

and switch to vacuum for the rest of the cardiac cycle. Such appli

cation would be synchronous with the cardiac activity so that: 

( i) the heart work is reduced, 

( ii) the cardiac output is increased, 

(iii) the perfusion of the myocardium is increased. 

The obvious advantage of using an external mechanism is that it does 

away with surgery and many logistic problems that accompany it. 

However, the clinical environment of the typical patient in cardia

genic shock places many constraints on the design of the system. 

The ideal unit would have to be a portable one, which is relatively 

quiet in operation and requires no elaborate adjunct equipment, does 

not interfere with normal patient care requirements and in the case 

of an emergency is readily applied. Furthermore the application of 

the system should not hinder standard forms of medical treatment 

and preferably cause minimal disturbance to the patient. 



CHAPTER 2 

2.1. MEDICAL BACKGROUND 

The human body is composed of a vast number of cells all of which 

are grouped and organised according to their specific functions. 

Being contained in a confined space, the body cells can function and 

survive only when the immediate environment is adequately supplied 

with the essential nutrients, i.e. when the pH, temperature and con

centration of various substances is maintained within certain limits. 

The conveying system for such substances is the cardiovascular 

system, which comprises the heart, arteries, veins and capillaries 

on one hand and the blood on the other. . The transportation of the 

nutrients and wastes to and from the cells is effected by blood, which 

in turn is circulated along the cardiovascular bed and distributed to 

the various tissues in a manner according to their functions. The 

source of the kinetic and pressure energies, required by the blood 

to be circulated through the body, is the heart. 

2.2. THE HEART 

The fibrous 'skeleton' of the heart, as illustrated in Fig. 4.c., 

consists of four valve rings joined together to which the two major 

arterial trunks and all four cardiac chambers are fastened. 

The two atria, which resemble a thin-walled, shallow cup of myo

cardium, divided by a partition down the centre, are fastened to 

the superior surface of the mitral { M) and tricuspid ( T) valve 

rings as shown in Fig. 4.a. The remaining two chambers, the 

right and left ventricles, are fastened to the entire circumference 

of the fibrous skeleton and form the lower part of the heart. This 

arrangement is illustrated in Fig. 4.e. The ventricles serve as 

- 10 -
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the major source of energy for the circulation of blooq ~dare 

composed of sheets of myocardial fibres encircling the ventricula,r 

chambers I 20-22 I. From a functional point of view, this muscu

lature can be divided into two groups of myocardial bundles, the 

spiral muscles and the deep constrictor muscles 1231. 

The two semilunar valves, pulmonary ( P) and aor,tic (A) as shown 

in Fig. 4.d., are very similar, each consisting of three sy~metrical 
I 

valve cusps. The atrioventricular (A-V) valves are fasten~d to the 

inferior surface of the mitral ( M) and tricuspid ( T) valve rings with 

chordae tendineae extending from the inferior margins of each valve 

leaflet and fastened directly to the internal surface of the ventr;icul~r 

walls. All four valves open and close rapidly and seal completely 

against high pressures with minimal obstruction to flow. 

Like the atria, the two major arterial trunks, the aorta anc;:l the p\ll

monary artery originate at the superior surface of the semilunar 

valve rings as shown in Fig. 4.b. In the external counterJ?ulsation 

the location and the pressure-volume characteristic of these two 

vessels influence the design of the assist device, since the prima:~."y 

objective of such an external mechanism is to raise and lower 

pressure inside the arterial tree. The pressure-volume relations 

vary widely in different individuals in the same age group ~d the 

curve also tends to shift towards larger volume and less distensi

bility as subjects grow older I 24 I. Such a characteristic is 

illustrated in Fig. 5. 

2.3. HEART BEAT 

To produce efficient pumping, the complex mass of myoc~rdial 

bundles must contract more or less sim1:11taneously. Co-ordin~te<;l 

contraction of the complex pattern of myocardial bundles stems 

from the syncytial arrangement of the myocardial fibre~; excitatio:p. 
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beginning at one site spreads to all other contiguous areas. Exci

tation of the heart is normally initiated by an impulse which is 

generated by the sino-atrial (S-A) node (a small mass of specialised 

myocardial tissues embedded in the atrial wall near the entrance of 

the superior vena cava) and which spreads rapidly in all directions 

through the atrial musculature (atrial polarisation) . As it approaches 

the interatrial septum, the wave of excitation reaches another mass of 

spec;i.alised conducting tissue, the atrioventricular'( A- V) node, which 

is located near the posterior margin of the interatrial septum close to 

the entrance of the coronary sinus. After a slight delay ( 0,08 to 0,12 

second) I 25/ at the A- V node, impluses are conducted by the Purkinje 

system into the ventricles where a wave of excitation spreads from 

the endocardial surfaces through the ventricular musculature. This 

normal sequence of excitation initiates myocardial contraction and 

establishes the mechanical events of the cardiac cycle .. 

2.4. CARDIAC CYCLE AND ECG 

A recording of electrical potentials, associated with waves of exci

tation which spread through the heart, is known as the electro

cardiogram ( ECG) . The normal ECG trace consists of five waves 

(:I? ,Q,R,S and T) which correlate with the major events of the cardiac 

cycle as shown in Fig. 6. The P- wave, the QRS complex and the T

wave appear during atrial depolarisation, ventricular depolarisation 

and ventricular repolarisation respectively. The P-wave is normally 

100 milliseconds in duration, followed by the P-Q interval during 

which the atria pumps blood into the ventricular chambers ('a' 

wave of the atrial pressure as illustrated in Fig. 6.) Following 

this brief isoelectric period there is a series of deflections, the 

QRS complex. 

With the onset of the Q-wave the isometric contraction ( IC) of the 

ventricles begins, accompanied by a rise in intraventricular pressure. 
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When the intraventricular pressure reaches that within the aorta, 

the aortic valve opens and the maximum ejection (ME) phase takes 

place. In man the duration of QRS is about 80 milliseconds with 

a normal upper limit of 100 - 120 milliseconds. The final T-wave 

is a broad deflection. Its rise, peak and fall coincide approximately 

with the relaxed ejection ( RE) phase, the closing of the aortic valve 

and the isometric relaxation ( IR) phase respectively, as shown in 

Fig.6. 

With the average duration of the S- T interval equal to 270 milli

seconds, the duration of QRST phase is between 350 and 400 milli

seconds for a normal heart rate of 70 beats per minute. In the 

design of the external counterpulsation mechanism this criterion 

will be used as well as the phenomenon that a QRS complex cannot 

be followed by another before a T -wave. 

The heart performs its greatest work during the isometric contrac

tion and maximum ejection phases. Therefore if myocardial work 

is to be reduced, the external counterpulsation must be timed to 

reduce pressure in the ascending aorta before the aortic valve opens. 

To maintain system flow and pressure, the pressure is to be increased 

during the diastolic period. 

2.5. HEART AS A PUMP 

The average adult human heart weighs about 290 grams and has a 

stroke volume of approximately 70 ml. of blood. For a normal 

heart rate of 70 beats per minute the cardiac output is nearly 5 litres 

and since this is about equal to the total amount of blood in the vascular 

system, the blood is therefore circulated once every minute. Heart 

output can, however, increase six-fold I 26/ in a severe exercise. 

The atrial pressure curve as depicted in Fig.6. shows three major 
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pressure elevations, known as the 'a', 'c' and 'v' waves. Under 

normal conditions there is a continuous flow of blood from the 

great veins into the atria and approximately 70 percent of this flows 

directly into the ventricles before the atria contract, causing addi

tional 30 percent filling ('a' wave). The left atrial pressure then 

rises to 7-8 mm Hg while that of the right atrium reaches a some

what lower peak: 4-6 mm Hg. The 'c' wave is caused during 

ventricular contraction by reflux of blood out of the ventricles into 

the atria on one hand and bulging of the closed A- V valves towards 

the atria on the other. Because of the large amounts of blood 

having accumulated in the atria by the end of systole, the atrial 

pressure rises ( 'v' wave) but falls off steeply as the ventricular 

pressure returns to its low diastolic value when the pressure in 

the atrial chambers push open the A- V valves and allow the blood 

to flow rapidly into the ventricles. 

The function of the ventricles as a pump is entirely different from 

that of the atria. The rapid filling of the ventricles occurs during 

the first third of diastole, followed by diastasis - the middle third 

of diastole when blood flows from veins directly into the ventricles 

- to be completed by the last third phase during which atria contract 

giving an additional thrust to the in-flow of blood. Both the filling 

and the emptying of the ventricles is depicted in Fig.6. by the ven

tricular volume curve. 

With the onset of systole, the ventricular contraction is accompa

nied by a rise in ventricular pressure which causes the A- V valves 

to close immediately and only after the pressure level has risen 

to 80 mm Hg in the left and 8 mm Hg in the right ventricle, as 

illustrated in Fig. 7., do the aortic and pulmonary artery valves 

open. Blood then begins to pour out of the ventricles, about half 

of the outflow occurring during the first quarter of systole and 

most of the remaining half during the next two quarters. In the 
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last quarter of the systole ventricular relaxation begins suddenly, 

allowing the intraventricular pressure to fall rapidly, whereupon 

the elevated pressures in the large arteries immediately snap the 

aortic and pulmonary valves closed. When the ventricular pressure 

reaches the low diastolic levels below atrial pressures, the A- V 

valves open and a new cycle begins. 

2.6. CORONARY BLOOD FLOW 

The coronary blood flow of a normal heart has been found to be 7 to 

10 percent I 27/ of the total cardiac output. Since the coronary 

circulation depends essentially on the difference in the pressure 

between the right atrium and the aorta, an increase in diastolic 

pressure will increase the coronary flow and at the same time the 

oxygen supply. Under normal conditions, myocardial oxygen con

sumption is approximately 8 to 10 ml of 02 per 100 grams of heart, 

but it can increase severalfold with exercise and decrease moder

ately under conditions such as hypotension and hypothermia. The 

myocardial oxygen consumption correlates reasonably with the 

area under systolic portion of the left ventricular pres sure curve 

I 281 so that the effect and usefulness of a cardiac assist device can 

be evaluated using this index. 

When the blood, i.e. the oxygen supply is cut off tc;> a part of the 

myocardium, myocardial infarction takes place; The muscle cells 

die and the area becomes necrotic. One of the main causes of 

myocardial infarction is coronary thrombosis which occurs when a 

coronary artery is occluded by a thrombus that develops within the 

lumen of a sclerotic vessel. 

2.7. HEART WORK AND EFFICIENCY 

Since William Harvey' s disclosure of the nature of the circulatory 

system in 1632 the pumping action of the heart remains a difficult 
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parameter to measure and a great need for a simple, non-invasive 

method to obtain information concerning the mechanical activity of 

the heart, exists. In recent years a wide variety of techniques I 29 I 

has been proposed to determine cardiac output by indirect methods, 

most of which have serious limitations and all of which are subject 

to various sources of error. For the purpose of this study the 

work done by the heart will be approximated as that due to two 

factors only: 

If 

( i) Cardiac work done in expelling the blood out of the 

ventricles against the external pressures, a·nd' 

( ii) Kinetic energy imparted to the expelled blood. 

We = Cardiac work 

Qc = Cardiac output 

APv = Mean ventricular pressure rise 

then We = Qc x APv ....................... ( 1.1) 

Considering the complexity of the situation, the cardiac output is 

not an easy parameter to measure. The stroke volume (output 

per beat) is not directly proportional to arterial pressure since 

the pressure-volume relationship of the arterial system is not 

constant nor uniform among individuals, but also non-linear from 

high pressure to low. Hence various approximation techniques 

have been developed. By the dye dilution technique advocated by 

Hamilton and Remington I 30 I the pulse pressure correlates 

roughly with stroke volume, namely a pressure rise of 1 mm Hg 

is equivalent to about 1 tc of stroke volume/ sq m over the normal 

pressure range. Even if the cardiac output were to be computed 

according to the Fick principle /31/, such method is at best± 10 

percent accurate. 
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Kinetic energy imparted to the expelled 

blood 

The mass of blood expelled 

The mean velocity with which the blood 

is expelled 

then Ek = .................. ( 1. 2) 

In this case too, both parameters ( m) and ( v) are difficult to mea

sure. However, Erlanger and Hooker I 32 I have shown that it is 

justifiable to use the product of the pressure pulse by the pulse rate 

as an index to the relative velocity of the ejected blood but only upon 

the assumption that the following factors remain constant: 

a) the rate of flow from the arteries into the veins; 

b) the rate of systolic output; 

c) the distensibility of human arteries; 

d) the amount of blood in the arterial system. 

From the Example on Heart Efficiency in the Appendix it follows that 

the work done by the left ventricle per beat is 0,8935 + 0,00875 Nm or 

0,90225 Nm and for the right ventricle 0,1401 + 0,00875 Nm or 0,14885 

Nm. It follows then that the work expenditure of the left ventricle is 

nearly 7 times that of the right ventricle, hence any reduction in the 

work load on the left ventricle will greatly assist the heart. 

Also, the equation ( 1.1) above emphasises the important fact that 

the work of the heart is increased by factors raising either its output 

or pressure against which it has to operate, therefore all effort in 

the design of an external heart assist ought to be directed primarily 

toward the latter, i.e. the reduction of systolic pressure and also 

toward increasing diastolic pressure which would simultaneously 
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increase the perfusion of the myocardium. 

If, during the time the aortic valve is open, the mean pressure in 

the aorta were to be reduced from 108 mm Hg to typically 88 mm Hg, 

17 percent reduction in work would be achieved. It is toward this 

end that the project is directed. 



CHAPTER 3 

3.1. EXTERNAL HEART ASSIST DEVICE 

The design and construction of the external pressure pulsating 

device to produce the effects of counterpulsation, was undertaken 

in three stages, the first an electrical one and the remaining two 

mechanical. 

In its desired form the external heart assist, based upon the prin

ciples discussed in sub- section 1.4.1., comprises an electronic 

console, an external counterpulsator and a pressure/vacuum 

supply. The three modules are integrated as shown in Fig.8. to 

provide a mechanical support of the active vascular system and, 

at the same time, to reduce the myocardial work demand placed 

on the heart under various conditions. 
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3.2. DESIGN REQUIREMENTS 

With the onset of systole, i.e. the receipt of the QRS triggering 

signal, the system is to apply pressure to the vascular bed for 

approximately half the cardiac cycle and vacuum for the remainder 

of the cycle. However, the pres sure in the aorta is· to be affected 

by the externally applied pressure only after the aortic valve has 

closed, i.e. during diastole, hence the application of pressure 

period Tp is to be delayed for a period 1 d 1 as shown in Fig. 9. 

Ideally the delay 1 d' would be equal to the systolic period if it 

were not for two more delaying factors, namely the physiological 

·time delay 1 ts' and delay 1 c' due to the electrical and mechanical 

response of the external counterpulsator. These three delays 

comprise the total delay period 1 D' as illustrated in Fig.9. 

The type of external counterpulsator used in this project is a· 

pressure pulsating leg unit into which the patient' s legs fit. The 

reason for using such a unit and its design are discussed in detail 

in sub- section 3.4. After inserting the legs, the container is filled 

with working fluid. This fluid is connected to both the pressure 

and the suction supply tank via a solenoid valve. On receipt of the 

control signal the pressure solenoid valve opens, connecting the 

working fluid with the pressure supply thus exerting pressure on 

the legs. When the pressure valve closes, the suction valve 

opens causing vacuum to be effected on the legs. The two solenoid 

valves operate alternatively. 

Since heart rate changes, the system should accelerate or decele

rate its pulsing action accordingly. Also, should there be a 

spurious beat during diastole, i.e. while the pressure is being 

applied to the vascular system, such pressure is to be removed in 
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the shortest possible time, as shown by the dotted lines in Fig.9. 

Both the time delay 'd' and the pressure/vacuum applied should 

be adjustable. 

To meet the above objectives the electrical task involved building 

and testing an electronic console to monitor, control and synchro

nise the action of the external counterpulsator. 

3.3. ELECTRONIC CONSOLE 

In the construction of the electronic console extensive use has 

been made of solid state integrated circuit chips. Truth tables 

together with other relevant data is given in the Appendix B. 

The ECG signal, which is picked up by dermal sensors placed 

on the patient's skin, as shown in Fig.9., is processed and ampli

fied by a physiological monitor. The greatest portion of this work 

was expended on the design and construction of an electronic con

sole, the block diagram of which is given in Fig.lO. The console 

was designed to accept a preconditioned triggering signal from an 

existing physiological monitor. The monitor is fitted with a dual

channel cathode- ray oscilloscope specifically designed to display 

ECG and aortic pressure wave signals. In this manner the monitor 

provides a continuous ECG triggering signal to the console and also 

provides means for visually setting the triggering level at which 

the system will be activated. 

For experimental purposes the console can provide a test signal 

at a rate approximately that of the two heart- beat limits, namely 

60 and 180 beats per minute. Both the output of this Test Signal 

circuit and the input for physiological monitor processed trigger 

output are fed to a selector switch. The selected triggering 

·signal is then fed into a Shaper, which is a highly noise- immune 
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mono stable multi vibrator. The Shaper will accept any type of 

trigger with a positive slope and shape it into positive- step 

trigger suitable for a Delay circuit. The Delay circuit introduces 

a time delay between receipt of the ECG signal and initiation of the 

pressure pulse. The time delay 'd' produced can be fully adjusted 

from 0 to 120 milliseconds. At the end of the time delay 'd' the 

pressure phase Tp is applied as shown in Fig.9. When properly 

set to allow for system and physiological time lags,:the period of 

the effect of pressure application Tp corresponds with cardiac 

diastole. The use of the ECG signal to trigger the delay 'd' , i.e. 

the pressure removal Tv, is advantageous for reasons of patient 

safety since with such a mode the heart will never be pumping 

against a pressure wave produced by the assist device. This is 

especially important in the case of a premature beat. 

The triggering signal from the Shaper is fed into a Pulse Frequency 

Counter circuit and a Safety Shut- off circuit. The latter monitors 

the ECG signal and detects any spurious beats, whereupon it 

immediately removes the externally applied pressure as illustrated 

by the dotted lines in Fig.9. The output of the Pulse Frequency 

Counter circuit is the pulse size controlling voltage of the Timing 

circuit which determines the length of Tp periods of the cardiac 

cycle. Each triggering signal represents a heart beat and since 

heart rate changes, the rate of application of external pressure will 

have to change accordingly and the period Tp of the pressure appli

cation as shown in Fig.9. will have to be increased or decreased 

proportionately. Hence the input to the Pulse Frequency Counter 

circuit is made proportional to its output, i.e. the number of 

cardiac cycles per unit time which the Counter receives determines 

the pulse size voltage, thus compensating automatically for varying 

pulse rates. In this project one beat per second (i.e. 1000 milli

seconds cardiac cycle) was chosen as the lower and 3 beats per 

second (i.e. 333 milliseconds cardiac cycle) as the upper heart' 

rate limit. 
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From the Delay circuit the signal is channelled to a Timing circuit 

which triggers an Actuating circuit which, in turn, energises two 

electrical solenoid valves as illustrated in Fig.10. On opening, one 

solenoid valve connects the pulsating mechanism with a positive 

pressure supply and the other with a negative pressure supply. The 

valves operate alternatively and are timed to remain open through

out the period of application of positive (or negative) pressure. 

Being of an industrial type, they operate on 220 volt~, hence the 

Actuating circuit acts as a shunting system between the high 220 

volts solenoid valve side and the low 5 volts electronic circuitry. 

The entire console is mounted in a portable cabinet on wheels and 

uses only a single source of 220V, 50Hz power supply. Thus need 

for special power line is obviated. 

3.3.1. Test Signal Circuit 

The Test Signal circuit is illustrated in Fig.11 and comprises two 

monostable multivibrators I 33 I TTL units ( SN 74121) connected 

in series to provide 1 beat or 3 beats per second. The monostable 

multivibrator No. 1. output gives the OFF pulse of constant width 

A ( 230 milliseconds), while the multivibrator No.2. determines 

the ON pulse of the two widths B and Bl. · The two set values B 

and Bl ( 770 and 100 milliseconds respectively) are obtained by 

shunting two parallel resistors, 10 kilo-ohms and 4,7 kilo-ohms 

across the 10 kilo-ohms trimpot variable resistor. 

3.3.2. Shaper and Delay Circuits 

Both the Shaper and Delay circuits comprise a single SN 74121 

monostable multivibrator unit, as shown in Fig.12. The Shaper 

receives the triggering signal through a selector switch, either 

from the physiological monitor or the Test Signal circuit and 
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shapes it to an acceptable step trigger for the Delay circuit. In 

the case of the Shaper multivibrator, the internal timing resistor 

( 2 kilo- ohms nominal) and the internal tim~ng capacitor are used 

to obtain minimal delay of 30 nanoseconds. 

The .Pelay circuit employs an external timing resistor ( 10 kilo- ohms 

variable) and a capacitor ( 15 microfarads) to obtain delay 'd' from 

0 to 120 milliseconds, the value of which is set manu.ally. The 

Timing circuit requires a positive- step trigger, so Q is used as the 

Delay circuit output. 

3.3.3. Pulse Frequency Counter 

The Pulse Frequency Counter circuit, as shown in Fig. 13., is of a 

discriminator type which, depending on the number of triggering 

signals it receives at input c.:;., supplies a proportional voltage at the 

output terminals A and B. The circuit comprises a constant width 

pulse generator ( monostable multivibrator type SN 74121 with 

external timing components R = 20 kilo- ohms variable and C = 22 

microfarads giving the output pulse of constant width DpF = 230 

milliseconds) and two BC 169 n-p-n transistors TR1 and TR2 con

nected in cascade with a 220 microfarads capacitor between the out

pl,lts A ( 0 volts) and B ( Vs volts}. The resistors R2, R3, R5 and 

R6 are adjusted so that the output voltage Vs is approximately 4 volts 

at 3 beats per second and 0,6 volts (average} at 1 beat per second. 

Fig.14 illustrates the Pulse Frequency Counter circuit output for 

1 and 3 beats per second inputs as well as its response to abrupt 

changes in heart rate from 3 to 1 beat and from 1 to 3 beats per 

second. The relationship between the Pulse Frequency Counter 

output voltage and the cardiac cycle time length, which is given in 

Fig. 15. is given for values of cardiac cycles between the lower 

( 1000 milliseconds) and the upper limit ( 333 milliseconds} and is 

not linear. 
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For experimental use Tp and Tv, the two cardiac cycle pha~es when 

either pressure or vacuum is applied externally to a section of the 

vascular bed, have been made nearly equal but their ratio can 

readily be adjusted. When tested, the Timing circuit, in conjunction 

with the Pulse Frequency Counter, gave 480 milliseconds and 160 

millisec;:onds long Tp periods for cardiac cycles of 1000 and 333 

milll.seconds respectively. Fig.l6. illustrates the relationspip 

between Tp period and the cardiac cycle time len~th . .' This relation

ship is linear with a maximum deviation of 3 percent. 

3.3.4. Safety Shut-Off Circuit 

The purpose of the Safety Shut-off circuit is to monitor the ECG 

triggering signal and, should there be a spurious signal or a sudden 

acceleration in heart rate during the Tp phase of the previous beat, 

to remove the external pressure as quickly as possible and reset 

the system to a new cycle, i.e. to effect the vacuum phase Tv 

. immediately. 

The Safety circuit makes use of a quadruple 2-input NOR gate TTL 

unit (SN 7402 N) as illustrated in Fig.17. One gate monitors Q 

output from the Delay circuit. This Q output suppresses the pres

sure signal and its suppressive effect is achieved by enabling th~ 

controlli:n.g NOR gate output (pin No.4.) to be at the logical 1 during 

the Tp period only as shown in Fig. 18. The controlling output 

must be at logical 1 for pressure signal to be on. It is normally 

at such enabled state when the Timing circuit requires Tp, but 

can only maintain 1 while Q indicates diastole. Should Q change, 

i.e. when there is a spurious beat, Tp will immediately be switched 

off as indicated by the dotted lines in Fig.18. The output signal 

from the controlling gate will cear the appropriate flip- flops in 

the Timing circuit, resetting the counterpulsator to vacuum phase 

Tv of a new cycle. 
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3.3.5. Timing Circuit 

The timing circuit we de signed for use in conjunction with an 

. compartmented pressure pulsating mechanism where pressure 

and vacuum are applied in a sequential fashion, from one end of 

the pulsator to the other. If the leg pressure pulsating unit were 

divided into four adjacent but pressure independent sections as 

shown in Fig.19., then with the onset of the Tp phase of the 

cardiac cycle all four sections would be pressurized one after 

the other, starting with section No. 1. 
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Obviously pressure would be applied for the longest period Tpl in 

the first section and for the shortest period Tp4 in the fourth section 

as illustrated in Fig.20. Such action would produce the desired move

ment of the blood from the leg towards the heart. The ratio of Tpl, 

Tp2, Tp3 and Tp4 may be readily adjusted to suit any condition. On 

the basis of one beat per second an interval of 100 milliseconds is 

used between opening of two consecutive pressure valves. At the end 

of the pressure application period Tp the pressure in. all four sections 

is switched simultaneously to vacuum as shown in Fig.20. 

Timing circuits have been built to control the period of vacuum/ 

pressure application of each of the four sections. However, in the 

case where the pressure pulsating mechanism is not divided into 

individual sections but is merely used as a single unit, only Tpl 

timing circuit is then used. 

Fig.21. illustrates the Timing circuit which consists of four sections, 

each section comprising a monostable multivibrator (TTL chip SN 

74121) driving a flip-flop (TTL chip SN 7473 N). The SN 7473 N 

is a binary unit so only two are used for the whole system. The mono

stable multivibrator determines the length of Tp period. A variable 

potentiometer is used as one of the external timing components, hence 

the Tp period of each section is readily adjustable. The vacuum 

application period Tv is complementary to Tp. 

The pulse size control voltage from the Pulse Frequency Counter 

is fed to each monostable multivibrator as the power supply to 

external timing resistor thus controlling the change in time length 

of each output Q (pin No.6.). 

The inverse output Q of the Delay circuit is used to provide a common 

trigger for the Timing circuit as shown in Fig.21. The monostable 

multi vibrator ou~put will remain enabled for a period of time, the 
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length of which is determined by the sizes of the external timing 

components R and C. Each multivibrator drives a flip-flop TTL 

unit ( SN 74 73) which, through an actuating circuit, keeps either 

the pressure or vacuum valve open. Since a negative- step pulse 

triggers the flip- flop, the inverse output Q of the first mono stable 

is used. Thus at the end of delay period 'd' the inverse output -Q will immediately clock the first flip-flop; causing the first pres-

sure valve to be opened. The output Q of the second monostable 

multivibrator is enabled for about quarter of the time of the first 

one as shown in Fig.20. At the end of this time period the negative

step will clock the second flip-flop, i.e. open the second pressure 

valve for a period Tp2. In this manner the opening of the second 

valve is delayed by approximately 100 milliseconds. Using the 

same technique, the third pressure valve is opened about 100 milli

seconds later and the fourth pressure valve another 100 milliseconds . 
later. The pressure application times Tp1 - Tp4, are illustrated 

in Fig.20. At the end of the period Tp1 flip-flops are cleared and 

reset by a negative- step pulse from output Q of the first mono stable 

multivibrator. The common 'clear' signal ensures that the pres

sures in all four sections are switched to vacuum at the same time. 

Should the ECG trigger occur anywhere in the Tp phase of the pre

vious cycle, as illustrated by the dotted line X - X, the output sig-

nal of the Safety Shut- Off circuit will clear all the flip- flops. These 

units can be clocked into pressure again only in ~he new cardiac cycle 

initiated by the early signal (X - X). 

Each flip-flop has two outputs Q and Q (pin No.12. and 13. in the 

case of the first flip-flop and No.9. and 8. of the second) which 

are connected to light emitting diodes ( MCT2' s) of the suction and 

pressure solenoid valve controls respectively in the Actuating circuit. 

3. 3. 6. Actuating Circuit 

The Actuating circuit acts as a shunting circuit between the low 
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voltage electronic control system on one hand and the high voltage 

solenoid valve system on the other. Each solenoid valve has the 

same actuating circuit as illustrated in Fig. 22. Altogether there 

are eight such circuits, four for pres sure and four for suction lines. 

The solenoid valve is connected across the 220 V supply through a 

gate controlled, high peak current, full wave, silicon AC Triac 

( 2N 5756). A shunting arm, consisting of a 47 ohms resistor and 

0,1 microfarads, 630V capacitor joined in series, is connected across 

the triac as a safety measure to prevent backlashing as the 8W solenoid 

valve coil is being switched off and on. 

The gate of the triac is connected to the flip-flop output through a 

phototransistor- diode coupled pair MGT 2 unit. This diffused planar 

GaAs diode, which is optically coupled to the n-p-n silicon planar 

phototransistor, will, on receipt of the control signal from the flip

flop, emit light causing the phototransistor to conduct while the flip

flop output is at logical 1. At the same time the gate will trigger 

the triac open and will remain open as long as the flip-flop output 

is at logical 1. No danger of leakage from 220V to SV side exists 

since the isolation resistance is in the order of 10
11 

ohms and the 

voltage isolation from emitter to detector is 1500 volts. 

The necessary lOV DC supply is provided for the L.E.D. unit and the 

presence of 100 ohms resistance load on the gate is to ensure that 

the gate voltage is within the prescribed limits of 0,2 to 2,2 volts. 

3.3. 7. Power Supplies 

The three power supplies required by the circuitry of the console, 

i.e. 220V, lOV and SV, are tapped from a common point thus the 

console requires only a single 220V AC, 50 Hz power source. 

The lOV DC power supply makes use of an auto-transformer, as· 
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illustrated in Fig.22., to keep the negative terminal tied to the ground. 

Such arrangement is essential to enable the triac gate voltage to be 

with respect to ground potential, otherwise the floating voltage will 

keep the gate always open. On the low voltage side of the auto-trans.,. 

former a 500 microfarads capacitor smooths the output to an accep

table ripple effect. 

The 5V DC supply provides power to all console circuits at a stabilised 

5V with the current sonsumption varying from 0,2 to b, 7 amps. It 

utilises a full-wave silicon rectifier bridge ( SILEC 110B8 029N) 

as illustrated in Fig.23. and a zener diode for a stable 5V output. To 

protect the ammeter A, which has a full- scale deflection of 1 amp, 

the circuit is provided with an 1 amp fuse. Both the 5V and lOV 

supplies have a 0,5 microfarads capacitor connected across the high 

voltage windings to reduce mains borne interference. 

3.3.8. Controls 

The entire console circuitry is housed in a cabinet, mounted on 

wheels for ease of movement, as shown in Fig.24 and 25. A single 

power cable ( 1), on the side of the Console cabinet is to be plugged 

into a 220V AC 50 Hz power source. On the same side of the Console 

there is a row of 5-pin sockets ( 2) each socket controlling a pair of 

valves - one a pressure and the other a suction valve - connected to 

a single stage. The console was designed to control a compartment~d 

pressure pulsating mechanism having four stages only but provisions 

have been made to enable the console to monitor a sequential pulsator 

having up to 6 stages. Immediately above the row of solenoid valve 

sockets, a pressure transducer socket ( 3) is provided, thus the power 

cable, pressure transducer cable and the leads from 5-pin sockets to 

solenoid valves are all on the same side of the cabinet, away from the 

front panel. 

All the controls and monitoring instruments are mounted on the front 
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Fig. 24. Front end elevation/6£ the Console 
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Fig. 25. Side view of the Console 
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panel of the Console as shown in Fig.25. A double-trace, storage 

· oscilloscope ( 4) in the top left section of the cabinet face acts as a 

monitor and a visual aid. It can monitor the pressure of the pressure 

pulsating mechanism, delay time 1 d', pulse size control voltage, 

Timing circuit pressure application periods Tp' s and Test Signal 

circuit output. Of these, delay period 1 d 1 and the pressure effected 

inside the external counterpulsator are most important. 

Next to the oscilloscope there is the ammeter ( 5) ana the voltmeter 

( 6) dials of the SV power supply, with a circuit power switch ( 7) 

positioned immediately below. With the system running, any change 

in the SV power supply output voltage can be easily detected and the 

change in the current consumption used to spot any malfunctioning 

of the Timing circuit stages. 

Below the oscilloscope and running across the width of the Front 

panel, there is a row of solenoid valve switches. Altogether twelve 

switches are provided, i.e. six pairs, each pair controlling a pressure (8) 

. {q) 1 "d . 1 H b f 1 and a suctlon.-.so enol va ve. ence any num er o va ves or any 

particular valve can be utilised at will. A selector type of switch is 

used, to render the operation of a solenoid valve manual or automatic. 

At the end of this row, an operational switch (10) is provided which 

controls the power supply to all solenoid valves to enable simultan

eous initiation of the pulsating system. Each solenoid valve switch 

is associated with an indicator light, hence there are altogether six 

yellow ( 11) lights representing vacuum and six red ( 12) representing 

pressure. 

In the middle of the panel, there is situated a main power switch ( 13) 

flanked by a 1 amp fuse ( 14) and an indicator light ( 15) . On the 

other side of the power switch a removable cover ( 16) protects six 

potentiometers and a Delay circuit external timing resistor. They 

are all manually adjustable to provide the desired length of pressure 

application periods Tp' s and the delay time 1 d' . 
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Should, at any stage of clinical trials, application of the external 

pressure be required to be removed, an emergency switch ( 17) has 

been provided immediately below the main power switch. It will 

cut the power supply to all pressure valves but leave the vacuum valve 

functional. Lastly, there are provided on the front panel of the Con

sole a number of test points so that the pres sure in the external 

counterpulsator mechanism ( 18) , delay time ' d' ( 19) , pulse size 

control voltage ( 20), Timing circuit pressure application periods Tp 1 s 

( 21) and Test Signal circuit output ( 22) can be monitored. The 

Timing circuit pressure application periods test point is also provided 

with a selector switch thus any one of the stages can be selected. 

All the electronic circuits are mounted on one side of board which 

slides in and out of the cabinet; on the other power supply circuits 

are mounted. The two sides of the board are shielded from each 

other by a metallic plate which is grounded. Also, wherever the 

high voltage installations are proximal to low voltage electronic 

circuitry, maximum use of shielded cables has been made. 

The electronic circuitry has been built on two printed circuit cards 

for ease of removal, replacement, adjusting and checking. These 

cards slide onto the board between guides. There is enough room 

available on the lower shelf of the Console cabinet to carry spare 

parts for the electronic circuitry, necessary tools and an instruction 

manual for the oscilloscope. The cabinet can be wheeled about the 

room with ease. 
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3.4. THE EXTERNAL COUNTERPULSATOR 

Since the objective of the external heart assist device is to provide 

pulsating pressure changes, the mechanical task involved designing, 

building and testing of an external counterpulsator. The pressure 

pulsation, applied externally to the body of a patient, is to effect the 

vascular bed so that it responds to the resulting change in transmural 

pressure. A negative pressure is to be applied during systole to 

achieve the desired reduction in the systolic pressure and a positive 

pressure during diastolic interval of the cardiac cycle to increase 

myocardial perfusion. 

At first a suit, similar to that of an aviator in a "G11 suit or that of 

a 11hard hat 11 diver, was considered as means for enclosing the 

vascular bed, i.e. the entire human body. However, due to poor 

accessibility of the patient enclosed in such a suit, increased 

sweating, obstruction of normal patient care requirements, negative 

psychological effort on the patient of being enclosed in a suit and 

ability of the patient tohear or be heard being substantially impaired 

by the suit and head piece, such idea was abandoned for a more rea

listic lower body enclosure. Because of its easy accessibility and 

the fact that below the abdomen line there is about one third of the 

entire blood volume in the circulatory system, the lower body pro

vides the most convenient locus of the vascular system to effect the 

pressure changes. Also utilisation of the legs leaves the upper body 

free for medical examination. 

For initial clinical trials only one leg is to be utilised and, once the 

desired result is achieved, the total area of the affected vascular bed 

is to be increased. Hence a design of a leg unit was embarked upon 

with provisions that later both legs and a large portion of the lower 

posterior would be included. • 
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3.4.1. Pressure Pulsating Medium 

The initial idea was to have a double-walled trouser-leg unit fitted 

over the patient's leg and pressurised with air. Since the shape 

and length of a leg varies among individuals to a great extent, the 

system was designed for a particular leg with means provided to 

accept smaller and larger legs within a limit. 

The circumference of the upper end of the typical leg is 57cm and 

22cm just above the ankle. The length between the two circum

ferences is 7lcm hence the total affected leg area is approximately 

2800 sq em. If a cushion of air, contained in the trouser leg unit 

was 0, 7 em thick, the total volume of the pres sur is e d air would be 

about 2 litres. With two litre s of air needed for each leg unit of the 

eventual system, at fast heart rates of 3 beats per second, the air 

compressor required would have to supply 12litres of pressurised 

air per second, i.e. 720 litres a minute. Likewise a suction pump 

would have to remove about the same amount of air. 

Because of such an enormous volume of air which is to be moved in 

a relatively short time, the need would arise for a large compressor 

and an equally large vacuum pump. Also, air tends to dampen abrupt 

pressure changes (from 200 mm Hg positive pressure to 200 mm Hg 

suction pressure and vice versa) towards which this project is 

directed. To overcome these difficulties water is to be used, pri

marily because of its incompressibility. As shown in the Appendix 

C, water, compared with air, propagates a pressure wave nearly 

five times faster: Cx (air} = 335,28 m/ sec; Cx (water) = 1432,56 

m/ sec. The possibility of using hydraulic brake fluid was also con

sidered due to its relatively low compressibility, but was discarded 

because of its high costs, inflammability, corrosive effect on trouser 

material and noxious effect on the human skin. 
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Using water as the working medium and a pulsing mechanism 

based on the concept of a double walled trouser leg unit, two 

mechanisms were built and tested in the laboratory, namely a 

sequenced pulsator comprising a number of inflatable cuffs and a 

:rp.inimum flow, rigidly walled system. 

3.4.2. Sequenced Pulsator 

An air-tight container, made of clear perspex and able to receive 

a patient' s leg, comprises the outer shell and a trouser-type leg 

unit, which is wrapped around the leg, the inner shell of ·the sequenced 

pulsator. The latter is a double walled sheath, tailored to encase a 

conically shaped leg. Its outer wall is made of very thin, flexible 

but non- stretchable nylon- reinforced PVC sheet, whereas the inner 

wall is made of a soft wool fabric which does not cause irritation to 

the skin, but provides a warm cover for the leg. The vacuum or 

suction is effected by the external shell and the positive pressure by 

the inner shell so that the mean applied pressure is nearly equal the 

atmospheric. 

As illustrated in Fig. 26.a., the leg sheath, which fits the typical 

leg from the ankle to the thigh, is provided with laterally positioned 

pockets. Each pocket accommodates a rubber cuff. To avoid 

undesirable discontinuity in the area of pressure application, the 

pockets have been made in such a way as to have the cuffs, positioned 

therein, overlapping, as shown in Fig.26.b. Made of 3mm black 

rubber, each cuff has a centrally located spout, acting as both the 

inlet and the outlet. 

By using a sealing type of material, known as 'Vulcro' , a simple 

method.of fastening the sheath about the leg is. employed. When the 

sheath is wound about the leg, with two opposite edges overlapping, 

the male strapping, provided on one edge, is laid over female strips, 

provided on the other edge, causing a strong interlocking. The 

fastening, which prevents the edges from sliding away from each 
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·other when the rubber cuffs are pressurised, is undone by merely 

peeling off the male straps. 

The leg, with the compartmented sheath fastened about it, is positioned 

into the rectangular per spex box, as depicted in Fig.27. The box, 

which is air-tight, is shown with its lid open, The short, upright 

wall, through which the leg fits, is removable for ease of placing the 

leg inside the box. This wall is provided with a rubber seal in the 

form of a bell stretching from the leg diameter, where it is sealed, 

to the circular opening in the wall, to which it is secured. 

The rubber cuff spouts are easily connected to the pressure/vacuum 

line by plugging them into quick- couple connector sockets mounted 

on the inside of the long side wall. Each socket is connected through 

the wall to a free arm of a T-piece, mounted on the outside as illu

strated in Fig.27. On the remaining two arms of the T-piece there 

are two solenoid valves, one controlling the passage to the common 

pressure supply manifold and the other to vacuum. From a hydraulic 

pressure- suction supply liquid under pressure and vacuum is supplied 

to the two manifolds mounted on the outside of the per spex box. 

The console, as described in previous sub- section, activates the 

pressure solenoid valves in a sequential manner, switches them off 

together and, at the same time, switches on all the vacuum valves. 

During the pressurisation phase of the pulsating cycle, the working 

fluid distends the leg sheath, causing the inner wall to press against 

the leg. The pressure valve controlling the passage to the widest 

cuff, i.e. the one which fits around the leg immediately above the · 

ankle, is open the longest- typically 480 milliseconds - and the one 

controlling the narrowest cuff, the shortest- 160 milliseconds. In 

this way a propagating squeezing effect is achieved from the ankle 

upwards towards the thigh. On depressurisation, when the vacuum 

valves are opened, a certain amount of liquid is withdrawn from the 

pressurised cuffs releasing the tightening grip about the leg. The 

leg is then exposed to the surrounding pressure i.e. the negative 
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'pressure which is continuously maintained in the perspex box. 

Thus the two shells, working together in phase, effect the counter

pulsation. 

3.4.3. Minimum Flow, Rigidly Walled Pulsator 

To minimize the amount of flow of the working fluid into and out of 

the pulsator a system with rigid walls was designed1 Instead of 

having two separate shells - an outer and an inner one, the minimum 

flow pulsator, as built and tested in the laboratory, has a combination 

of the two. It also retains water as the working medium. 

As illustrated in Fig. 28., the minimum flow pulsator comprises a 

rigidly walled unit of cylindrical shape, closed at one end and with 

an aperture on the other to receive a leg. The aperture is provided 

with a specially constructed seal which consists of a stocking, made 

of imperm·eable neoprene material 0,2 mm thick and adapted to sheathe 

the leg, a rubber cover and a vacuum seal wrap. The space between 

the stockinged leg and cylinder walls is filled with working fluid. The 

purpose of the stocking is two fold: to keep the leg dry and to pre

vent spillage of the working fluid through the small circumferential' 

gap between the leg and the flange. In the case of the typical leg the 

aperture is of such a diameter that it leaves a gap of approximately 

4 mm at the apex. 

To prevent the stocking from bulging out through the small gap in the 

aperture, during the pressurisation phase, a thick rubber cover, 

which fits between the leg and the stocking is provided. Likewise, 

to prevent the thick rubber cover and the stocking from being pulled 

into the cylinder and away from the leg when suction within the cylin

der is effected, the same negative pressure is created in the small. 

circumferential gap in the aperture and just outside it. As shown 

in Fig. 28. this is achieved by employing a vacuum seal wrap around 
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the protruding thigh and by connecting to the vacuum supply. When 

the leg is fitted into the stocking and the cylinder is filled up with 

water, the leg stocking collapses tightly about the leg. To withdraw 

any air which may be trapped, a perforated tygon tube is positioned 

alongside the leg as shown. To facilitate air removal the cylinder is 

tilted so that the unit is filled from the closed end up towards the 

aperture. 

The closed end of the cylinder is made of a double walled PVC disc 

which is provided with an inlet and an outlet nozzle for the working fluid, 

both of which are 19 mm in diameter and each of which is connected 

through a solenoid valve to the hydraulic pressure and suction supply 

tanks. Just above the nozzles there is a testing nipple onto which the 

pressure transducer nozzle connects. Furthermore, two air outlet 

valves have been fitted on the top ridge of the cylinder to allow entry, 

or escape of air during filling or draining. The narrow air outlet 

near the seal is connected to the vacuum system to allow bleeding out air. 

From the above it is clear that the system can function only in a non

sequential i.e. single-pulse fashion. However, pressurisation and· 

depressurisation inside the vessel will be damped to a degree by the 

movement of the leg in and out ofthe cylinder. The force which causes 

the outward movement is equivalent to the pressure effected on the leg 

multiplied by the leg skin area inside the cylinder. Likewise, the in

ward movement is due to the force equivalent to the product of suction 

pressure and the affected leg area. There is, however, a resistance 

to these movements due to a number of factors, the largest one resul.;. 

ting from the fact that the patient' s seat is fixed in relation to the 

cylinder. 

3.5. HYDRAULIC PRESSURE - SUCTION SUPPLY 

The pressure - vacuum generating system, as shown in Fig. 29 and 

Fig. 30., comprises two upright tanks, a pressure and a vacuum 
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tank, partially filled with water and interconnected through a 

pump. Pressure and vacuum are caused by pumping the water 

from one and into the other tank. A return from the pressure tank to 

the pump inlet is channelled through a control valve of much smaller 

orifice than the pipe diameter used in the system. The re suiting 

pressure drop across this valve (due to the constricted flow) is 

used to control a pressure differential of desired magnitude between 

the pressure and vacuum tanks. Both tanks are provided with a sight 

glass, pressure or vacuum gauge and an air stop- cock valve at the 

top end for manual control of the air pressure (positive or negative) 

within the tank. The pipe, leading from the vacuum tank to the pump 

inlet is provided with two valves, one to isolate vacuum tank from 

the pump and the other, fitted on a side inlet tube, to fill the system . 

with working medium. Likewise the U- bend on the pump discharge 

side is fitted with two valves, one on a side discharge line to drain 

the system and the other to isolate the pressure tank from the pump. 

A schematic diagram for the system is shown in Fig.31. 

A pressure relief valve is also provided between the pressure and 

the vacuum tank. For this project a pressure ceiling of 500 mm Hg 

has been chosen so the relief valve has been set at that value. 

The pressure control valve is operated manually and is of such 

type and size that the pressure in the pressure supply tank can be 

set at any value between atmospheric ( 0 mm Hg gauge) and the 

ceiling pressure ( 500 mm tlg gauge) . When the system is running 

the two tanks are one third full, the air above the working fluid being 

at 200 mm Hg pressure in the pressure tank and 200 mm Hg suction 

in the vacuum tank. The ratios of air /water are calculated as shown 

in Appendix D and are based on the desired result that the volume 

of air in the tanks would be such that a withdrawal or addition of 

one litre of working medium to a tank would alter the pressure of 

air above it by a negligible amount. Calculations for the volume 

of water flow, i.e. one litre per pulse, are also given in Appendix D. 
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