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ventricle. Power to drive the pump is transmitted from an external electric motor
with a flexible cable threaded through a sheath. When the device is activated, the
pump impellers rotate and blood is drawn through the inlet cannula into the pump
and then discharged into the aorta. In this process the left ventricle is relieved of
its major workload. The capability of being inserted into the circulatory system
without major surgery makes the Hemopump as safe and convenient as IABP. On
the other hand, due to its ability to actively pump the blood and automatically
adjust the flow rate, the Hemopump is more effective than IABP in assisting left
ventricle.

The rotating speed and pumping capacity of the Hemopump vary according to
the type of the device. For example, the Hemopump type 14F has a rotation speed
ranging from 27,600 rpm to 45,000 rpm, and the pump generates 1.3 L/min ∼ 2.3
L/min of blood flow. For type 24F (HP31), the rotation speed ranges from 17,000
rpm to 26,000 rpm, and the flow ranges from 3 L/min ∼ 5.1 L/min. The rotation
speed of the impeller is controlled by a control console. In general, a higher rotation
speed produces more blood flow. Yet a high speed is often associated with some
problems such as increased power consumption and the risk of blood cell damage.
As a result, optimum control of the Hemopump is an important area of research.

2.3.3. Dynamic aortic valve

As a new type of a LVAD, Dynamic aortic valve (DAV) was proposed by Li et al.
in 2001.32 Though the research of DAV is still in its early stage in laboratory, it has
caught much attention from researchers and surgeons due to its simple structure.

The DAV consists of an external drive unit and an internal pump, which are
working together without any power cable connecting them. The pump is made up
of a support cage and a magnetic rotor-impeller, as shown in Fig. 3. The magnetic
rotor rotates in the presence of a revolving magnetic field generated by the external
drive unit. A typical DAV is 22 mm in diameter and 30 mm in length, and is inserted
to replace the natural aortic valve.

The principle of the operation of DAV is to pump the blood out of the left
ventricle by rotating its impeller at a high speed as well as to replace the function of
the aortic valve. This latter function is achieved by maintaining a pressure difference

Fig. 3. Schematic show of dynamic aortic valve.
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between the left ventricle and aortic chamber all the time, and therefore preventing
blood regurgitation during diastole. Owning to its small volume, compact structure
and enough flux, DAV has a great potential to become an effective cardiac assist
device.

3. Simulation Study of the Hemopump

Assessment of the performances and assistant effects of an axial flow pump-based
assist device under various hemodynamic conditions in a clinical setting is difficult,
while the method of modeling and simulation is more flexible and convenient. Using
an adequately developed model of the axial flow pump (in the following text, we
may simply call it the flow pump, or the pump) and the circulatory system, the
operation mode of the pump and the parameters of the circulatory system can be
adjusted easily, and the hemodynamic variables of the system at various locations
can be observed conveniently. Consequently, the performance and assistant effects
of the pump can be assessed under different conditions. Such a model can also be
used for the study of the optimal control of the pump.

3.1. Modeling the Hemopump

To evaluate the assist effects of the pump, a static model and a dynamic model of the
pump are established based on the experimental data obtained from a particular
kind of axial flow pump, the Hemopump type HP31, and the dynamic model is
incorporated into a multi-element cardiovascular model.33

3.1.1. Static model of the pump

Assuming that the inflow of the pump is not hampered, the flow produced by the
pump is a function of the rotation speed of the pump and the pressure difference
between the outflow and inflow of the pump.34 In a typical clinical application, the
pressure difference between the outflow and inflow of the pump is the aortic pressure
minus the left ventricular pressure.

The idealized relation between the static pump flow, Qstat, and the pump pres-
sure head, ∆h, can be described by the following Euler equation35:

∆h =
∆Pstat

ρ g
=

u2

g
− u

g
· cotβ

πd b
Qstat, (1)

where ∆Pstat is the static pressure difference, ρ is the density of the fluid, g is the
gravity acceleration, u is the linear velocity of the liquid (e.g. blood), β is the angle
of the impeller outlet, d is the diameter at the impeller output, and b is the width
of the pump impeller.
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The hysteresis of the loop reduces as pump speed increases. This can be explained
by the fact that when the pump speed is increased, more blood is expelled by the
pump and the ventricular cavity is reduced. As a result, the contribution of the heart
to the pump flow is reduced, which is illustrated by the decrease in the upstroke in
flow during the ejection phase at high speeds.

At low pump rotation speed, the flow shows significant pulsation. As the pump
speed rises, the pulsation of pump flow decreases.

3.2.2. The effects of the pump on various hemodynamic variables

Figure 8 shows the effects of the pump on various hemodynamic variables when the
pump speed is increased from 1 to 5. Figure 8(a) plots the aortic pressure during
a cardiac cycle. As the rotation speed increases, the mean aortic pressure increases
while the pulsation of the aortic pressure diminishes. The same trends have been
reported in clinical experiments.37,41,43

Figure 8(b) shows the blood flow pumped out by the left ventricle. Only at
Speed 1, there is noticeable blood flow pumped out by the left ventricle during
early systole. As the pump rotation speed is further increased, the amount of blood
pumped out by the left ventricle becomes negligible. This observation is consistent
with the results reported by Peterzen et al.41 They noticed that the aortic valve
was almost always closed when the Hemopump was operating.

The change in the volume of the left ventricle during each cardiac cycle is shown
in Fig. 8(c). The volume of the left ventricle decreases with the increase of the
rotation speed of the pump. At Speed 5, the volume of the left ventricle decreases
to a rather small value of 20 ml.

The pressure-volume loop of the left ventricle is depicted in Fig. 8(d). As the
pump speed increases, the loop moves to the left (the mean volume decreases) and
the area of the loop decreases, indicating a decrease in the workload of the left
ventricle.44

Figure 8(e) shows the change of the left atrial volume during the cardiac cycle.
As the pump speed increases, the left atrial volume decreases, which may explain
the potential collapse of the left atrium at high speeds reported in literature.42

3.2.3. The beneficial effects of the axial flow pump on a failing heart

Figure 9(a) shows the simulation results of the effects of the pump on the stroke
volume which is the summation of the blood pumped out by the left ventricle and
the blood pumped out by the pump during a cardiac cycle. Since the contribution
of the left ventricle in pumping blood quickly becomes insignificant as the pump
rotation speed increases (see Fig. 8(b)), the increase in the stroke volume is almost
entirely due to the increase in the pump flow.
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Fig. 8. The effects of the pump on various hemodynamic variables when operated at five different
speeds. (a) aortic pressure (b) blood flow pumped out through the aortic valve by the left ventricle
(c) volume of left ventricle (d) pressure-volume relationship of left ventricle during the cardiac
cycle (e) volume of left atrium.
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Fig. 9. The assistant effects of the pump at different rotation speeds: (a) stroke volume (b)
myocardial oxygen consumption (white bars) and oxygen supply (black bars).

The total myocardial oxygen consumption, VO2, of the left ventricle is considered
as the summation of two parts45:

VO2 = VO2(1) + VO2(2) (10)

VO2(1) = B · PVA(1) + C · Ees1 · (1 − Rm) + D · (1 − Rm) (11)

VO2(2) = B · PVA(2) + C · Ees2 · Rm + D · Rm (12)

where VO2(1) and VO2(2) are the volume of oxygen consumed by the normal com-
partment and the ischemic compartment of the left ventricle, respectively; PVA(1)
and PVA(2) are the area of the individual pressure-volume loop of each compart-
ment, and Ees1 and Ees2 are the maximal elasticity of the normal region and the
ischemic region of the left ventricle, respectively. The values of the three coefficients
used in the simulation are obtained based on the work of Suga et al.46:

B = 1.65 × 10−5/mmHg

C = 0.0024 ml2/mmHg

D = 0.0177 m

The volume of myocardial oxygen supply (VOS) is calculated from the total
coronary flow during one cardiac cycle (FTC):

VOS =
(A · T )O2

100
· FTC (13)

where A is the volume percent of the oxygen content in the coronary arterial blood
and T is a variable that depicts the ability of the myocardial oxygen absorption.
The typical values of A and T are determined from the work of Walley et al.47 and
a final value of VOS = 0.0015 FTC is used.

Figure 9(b) compares the myocardial oxygen consumption (VOC) and the volume
of myocardial oxygen supply (VOS) at each of the 5 pump speeds. The myocardial
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oxygen consumption (VOC) of the left ventricle is directly related to the area of
pressure-volume loop. Figure 8(d) indicates when the pump speed increases, the area
of the pressure-volume loop of the left ventricle decreases. As a result, the oxygen
consumption decreases as the pump speed increases. Alternatively, the decrease
in oxygen consumption of the left ventricle can be explained by the reduction of
its preload that is related to the left atrium volume and the left ventricular end-
diastolic volume. With the increase of pump speed, both the left atrium volume
and the left ventricular end-diastolic volume decrease, as indicated in Figs. 8(e) and
8(c). Consequently, the oxygen consumption is decreased. As the pump rotation
speed increases, the aortic pressure increases (Fig. 8(a)). As a result, the coronary
flow increases, so does the oxygen supply.

Figure 9 depicts the three most important beneficial effects of the pump to a
failing heart: an increase in the stroke volume, an increase in the oxygen supply,
and a reduction in the oxygen consumption. These benefits were also reported by
Peterzen et al.41 based on their clinic experiments. Figure 9 also shows that each of
the effects becomes more significant when the pump rotation speed increases.

Finally, the results of the computer simulation regarding the beneficial effects
of pump in terms of the values of several relevant hemodynamic variables at five
pump speeds are summarized in Table 2.

Table 2. Values of various hemodynamic variables when the
pump is operated at five different rotation speeds.

Pump Speed 1 2 3 4 5

Qmpm (ml/s) 19.917 27.693 30.783 33.819 37.924
Pmao(mmHg) 99.419 105.23 113.54 122.24 133.70
Paosy (mmHg) 108.31 110.72 116.33 123.63 133.92
Paodi (mmHg) 90.402 100.90 111.15 121.22 133.58
Ppao(mmHg) 17.913 9.8177 5.1769 2.4047 0.3369
Plvsy (mmHg) 108.33 99.500 68.586 31.273 4.4318
Vlvsy (ml) 51.035 46.200 35.601 23.350 17.032
Vladi (mmHg) 9.3042 8.1257 6.3562 4.7155 3.1842

SV (ml/beat) 12.962 13.951 15.380 16.865 18.853
VOC(ml/beat) 0.0683 0.0568 0.0421 0.0311 0.0274
VOS(ml/beat) 0.0579 0.0673 0.0830 0.0998 0.1163

Qmpm = mean pump flow
Pmao = mean aortic pressure
Paosy = aortic peak systolic pressure
Paodi = aortic minimum diastolic pressure
Ppao = pulsation of aortic pressure (Paosy– Paodi )
Plvsy= left ventricle peak systolic pressure
Vlvsy = left ventricle end systolic volume
Vladi = left atrium end diastolic pressure
SV = stroke volume
VOC = volume of myocardial oxygen consumption
VOS = volume of myocardial oxygen supply
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4. Optimum Control of the Axial Flow Pump

The results of the simulation study indicate that the direct effects of the axial
flow pump include an increase in stroke volume, an increase in mean aortic pres-
sure and coronary blood flow, a decrease in the area of the pressure-volume loop
of the left ventricle and a decrease in left-atrial volume. The results also show
that all these changes are further enhanced when the rotation speed of the pump
impellers is increased. In practical applications however, it is not always benefi-
cial to operate the pump at the highest possible speed. For example, in animal
experiments with the Hemopump, Siess et al.36 found that at high pump speeds,
a total collapse of the left ventricle can occur that leads to a sudden decrease
in stroke volume. In addition, it was suggested that the shear forces inside the
high-speed pump can cause blood trauma and thrombosis.48 Finally, a high pump
speed requires greater power consumption. An important question is therefore
how to achieve the clinical objectives of the assist device with the lowest pump
speed.

In the following sections, we describe a general framework for designing an opti-
mum control strategy for the axial flow pump and test the strategy using the sim-
ulation model described in the previous sections.49 An objective function is first
defined that includes four hamodynamic variables with suitable weighting factors:
stroke volume, mean left-atrial pressure, aortic diastolic pressure and mean pump
speed. The flow pump is then allowed to operate at either a constant speed or
two different speeds during a cardiac cycle. The goal is to maximize the objective
function by varying the magnitude and timing of the pump speed. The results of
simulation indicate that in general, different clinical objectives or different cardiac
conditions require different operation parameters. The results also suggest that it
is more beneficial to operate the pump at two different speeds than to maintain a
constant speed throughout the cardiac cycle.

4.1. The objective function for optimal control of the axial flow

pump

A general approach in optimal control is to maximize the value of an objective
function (or a performance index) by adjusting a certain set of operation variables.50

The objective function (OF) has the following general form:

OF = w1 · µ(v1) + w2 · µ(v2) + · · · + wn · µ(vn), (14)

where v1, v2, . . . , vn are the members of the objective function, µ(vi) represents
the membership function of vi, and w1, w2, . . . , wn are the weighting factors. To
quantitatively evaluate the objective function, three questions need to be answered:
how to choose the members, how to construct the membership functions, and how
to determine the weighting factors.
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4.1.1. Determine the members of the objective function

The general clinical objectives of the flow pump-based assist device are to increase
the cardiac output, to increase the oxygen supply to the failing heart, and to decrease
the workload of the heart. The actual effects produced by the assist device can
be assessed by measuring the changes in the major hemodynamic variables from
their preoperative values. In choosing the members of the objective function for
optimal control of the pump, a logical approach is to include a minimum number of
hemodynamic variables that best represent the clinical objectives and are relatively
easy to measure clinically.

The selected members of the objective function are: stroke volume (defined as
the combined volume of the blood pumped out by the left ventricle and the blood
pumped out by the pump during a cardiac cycle), mean left atrial pressure, mini-
mum aortic (diastolic) pressure, and mean pump speed. The first two variables are
directly related to the clinical objectives of the assist device. In fact, a low cardiac
index (< 2.0 L·min−1·m−2) and a high pulmonary wedge pressure (> 20 mmHg),
which is directly related to mean left atrial pressure, are two important criteria
for selecting patients for receiving LVAD.51,52 After the assist device is implanted,
these two variables can readily be measured in vivo for hemodynamic assessment.22

The other two members, minimum aortic pressure and pump speed, are also eas-
ily measurable. The choice of minimum aortic pressure can be justified as follows.
As mentioned previously, increase of coronary blood flow is one of the important
objectives of the assist device. Coronary flow is mainly determined by mean aortic
diastolic pressure. An increase in minimum aortic pressure directly increases coro-
nary flow. On the other hand, an abnormally high aortic diastolic pressure increases
the afterload of the left ventricle, and can produce damaging effects to certain organs
such as eyes, brain and kidney. Consequently, there is a desired range of aortic dias-
tolic pressure for a healthy cardiovascular system, and this information can be used
to construct the membership function. Finally, the mean pump speed is included in
the objective function as a penalty term.

4.1.2. Establish the membership function

The four members of the objective function, stroke volume (SV ), mean left atrial
pressure (PMLA), minimum aortic pressure (PMAO) and mean pump speed (MPS)
have different desired ranges and different units. In order to have a uniform treat-
ment of their individual contributions to the objective function, the membership
function for each member is established. The value of each membership function
ranges from 0 to 1, with 1 represents the condition that the member reaches its
desired value. In general, the desired value is the one found in a healthy cardiovas-
cular system.

The membership function for stroke volume (SV ) is chosen to be a sigmoid
function:

µ(SV ) =
1

1 + e−a(SV −b)
, (15)
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where a and b are two parameters which can be determined by two boundary values
of SV . Let SV2 represent the desired stroke volume (upper bound) that µ(SV2) =
1 − ε where ε is a small positive value (e.g. 0.01), and let SV1 represent the lower
bound that µ(SV1) = ε. Then

a =
2 ln[(1 − ε)/ε]

SV2 − SV1
and b =

SV1 + SV2

2
. (16)

Based on out simulation results from a health canine heart, SV2 = 15 ml/beat,
SV1 = SV2/3, and ε = 0.01. That makes a = 0.919, and b = 10. The actual curve
is shown in Fig. 10(a).

The membership function for mean left atrial pressure (PMLA) is defined as
follows:

µ(PMLA) =




1 PMLA ≤ 8 mmHg

e
−(PMLA−8)2

2σ2 PMLA > 8 mmHg
, (17)

Fig. 10. Membership function of (a) stroke volume (SV ); (b) mean left atrial pressure (PMLA);
(c) minimum aortic pressure (PMAO ); (d) mean pump rotation speed (MPS).
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where PMLA = 8 mmHg is considered as the normal value for a healthy canine
heart. The parameter σ determines the rate of decrease of the membership function
as PMLA increases. Based on the clinical criterion of patient selection52 as well as
simulation results, a σ = 7 mmHg is chosen. The actual curve is shown in Fig. 10(b).

The membership function for minimum aortic pressure (PMAO ) is determined
based on the following considerations. The International Society of Hypertension,
World Health Organization defined the desirable range of PMAO in human as 70
mmHg – 80 mmHg.53 Considering that in this study the optimum control strategy
is tested with a canine model and the health canine model produces a PMAO of
93 mmHg, the desirable range of PMAO is shifted to 90mmHg–100mmHg. More
specifically, the membership function for PMAO have a value of 1 when PMAO falls
into this range, and have a descending branch when PMAO is either below 90mmHg
or above 100 mmHg. Mathematically, the membership function for PMAO is defined
by the following expressions:

µ(PMAO) =




e
−(PMAO−90)2

2σ2 (σ = 20) 0 ≤ PMAO < 90 mmHg
1 90 ≤ PMAO ≤ 100 mmHg

e
−(PMAO−100)2

2σ2 (σ = 30) PMAO > 100 mmHg

(18)

The actual curve is shown in Fig. 10(c).
Finally, a straight line is used to define the membership function of mean pump

speed (MPS). It is assigned that µ(MPS ) = 1 when MPS = 0, and µ(MPS ) = 0.5
when the pump is operated at the highest speed (26,000 rpm, Speed 7).34 The
expression for the membership function is therefore:

µ(MPS ) = 1 − MPS/52, 000, (19)

and the actual curve is shown in Fig. 10(d).

4.1.3. Determine the weighting factor for each membership

The weighting factors in Eq. (14) represent the relative importance of each member
in achieving the clinical objectives of the assist device. Depending upon the car-
diovascular conditions of an individual patient and the specific clinical objectives,
a different set of the weighting factors may be assigned. In this study, two cases
are demonstrated. In the first case, the main clinical objective is to increase cardiac
output, and the membership function µ(SV ) receives the largest weight. Without
quantitative justification, the following set of weighting factors is defined for the
purpose of demonstration, w(µ(SV )) = 1, w(µ(PMLA)) = 1/3, w(µ(PMAO )) = 1/3,
and w(µ(MPS )) = 1/5. This set of weighting factors means that to increase SV is 3
times more important than to increase PMAO or to lower PMLA, and 5 times more
important than to lower MPS. In the second case, the main clinical objective is to
increase coronary flow and the membership function µ(PMAO ) receives the largest
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weight. In this case, the relative weights become [1/3 1/3 1 1/5]. After normal-
ization (the sum of the four weighting factors equals 1), the objective function in
each case can be expressed as:

Case 1 (emphasizes SV ):

OF = 0.5357µ(SV ) + 0.1786µ(PMLA)

+ 0.1786µ(PMAO) + 0.1071µ(MPS), (20)

Case 2 (emphasizes PMAO):

OF = 0.1786µ(SV ) + 0.1786µ(PMLA)

+ 0.5357µ(PMAO) + 0.1071µ(MPS). (21)

4.2. The model used in the simulation

The canine cardiovascular model shown in Fig. 7 is used again in this part of the
study. The model includes a failing heart assisted by the axial flow pump. Three
conditions of the left ventricle are simulated in this study: normal (the ratio of the
ischemic myocardial mass to the total mass, denoted by Rm, is 0), minor ischemia
(Rm = 25%), and severe ischemia (Rm = 50%). When the model simulates a
normal left ventricle, it produces the following hemodynamic values: SV = 13.4
ml, PMLA = 10.8 mmHg, and PMAO = 93.1 mmHg. These values are used as the
baseline, preoperative hemodynamic values.

4.3. Optimum control of the axial flow pump using a single

pump speed

Table 3 lists the values of SV, PMLA, and PMAO for a heart with minor ischemia
(Rm = 25%) when the Hemopump is off as well as when it is operated at Speed 1
to Speed 4. The last two rows of the table list the values of the objective function
calculated using the two sets of weighting factors defined by Eq. (20) and Eq. (21).

As shown in Table 3, when the ischemic left ventricle is not assisted by the pump,
the SV is decreased by 10%, PMLA is increased by 19%, and PMAO is decreased by
11%, as compared with the baseline values of a normal heart. When the pump is
turned on, these variables move towards the normal values. The objective function
is maximized at Speed 2 under both sets of weighting factors.

Table 4 lists the values of SV , PMLA, and PMAO for a heart with severe ischemia
(Rm = 50%) under various operating speeds of the pump. As compared with the
baseline values of a normal heart, the SV is decreased by 19%, PMLA is increased by
37%, and PMAO is decreased by 22% when the pump is turned off. When the pump
is operating, the objective function is maximized at Speed 3 when SV is emphasized
(Case 1), and maximized at Speed 2 when PMAO is emphasized (Case 2).
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Table 3. Single pump speed and minor ischemia. SV, PMLA, and PMAO at
different pump speed and corresponding values of the objective function (OF )
using two sets of weighting factors (Case 1 and Case 2).

Rm = 25% Pump Pump Pump Pump Pump
is off Speed 1 Speed 2 Speed 3 Speed 4

SV (ml/beat) 12.0 13.5 14.3 15.7 17.2
PMLA(mmHg) 12.8 10.7 9.68 8.07 6.61
PMAO (mmHg) 82.4 91.5 101 112 123

OF (Case 1) 0.877 0.932 0.946 0.942 0.910
OF (Case 2) 0.901 0.946 0.953 0.915 0.819

Table 4. Single pump speed and severe ischemia. SV, PMLA, and PMAO at
different pump speed and corresponding values of the objective function (OF )
using two sets of weighting factors (Case 1 and Case 2).

Rm = 50% Pump Pump Pump Pump Pump
is off Speed 1 Speed 2 Speed 3 Speed 4

SV (ml/beat) 10.8 12.4 13.7 15.3 17.0
PMLA (mmHg) 14.8 12.3 10.6 8.68 6.89
PMAO (mmHg) 72.9 87.5 98.7 110 122

OF (Case 1) 0.707 0.880 0.932 0.943 0.912
OF (Case 2) 0.712 0.913 0.944 0.925 0.827

4.4. Optimum control of the axial flow pump using two

pump speeds

When the pump is operated at a constant speed throughout the cardiac cycle,
it is referred to the non-synchronous (with the heart) operation. Considering the
prospective long-term usage of the assist device, we cannot ignore the concern
regarding the long-term physiological effects of a nonpulsatile circulation. In the
synchronous pumping mode, the pump is operated at a lower speed during diastole
(to avoid backflow) and is operated at a higher speed during systole. Figure 11
depicts the general timing of the pump speed in one cardiac cycle which is 500 ms
in our simulation. Speed A represents the lower speed and Speed B represents the
higher speed; t1 is the time when the pump speed is switched from Speed A to Speed
B, and t2 is the time when the pump speed returns from Speed B to Speed A. For
each heart condition (Rm = 25% and Rm = 50%) and each weighting set (Case 1
and Case 2), all possible combination of two speeds and all possible timing of each
speed — from 0 to 500 ms with an increment of 20 ms, are systematically tested
and the corresponding value of the objective function is calculated.

Table 5 gives the optimal pump speed and timing that maximize the value of
the objective function for the case of minor ischemia (Rm = 25%), and Table 6
gives the results for the case of severe ischemia (Rm = 50%). In both tables, Speed
A represents the lower speed and Speed B represents the higher speed; t1 is the
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Fig. 11. Schematic two speed control strategy during one cardiac cycle with the left ventricular
pressure (Plv).

Table 5. Optimal pump speeds and timings that maximize the
objective function (OF ) in Case 1 and Case 2 for minor ischemic
heart.

Rm = 25% t1 (ms) t2 (ms) Speed A Speed B OF

Case 1 40 400 1 4 0.954
Case 2 40 440 1 3 0.956

Table 6. Optimal pump speeds and timings that maximize the
objective function (OF ) in Case 1 and Case 2 for severe ischemic
heart.

Rm = 50% t1 (ms) t2 (ms) Speed A Speed B OF

Case 1 40 380 1 5 0.953
Case 2 20 400 1 4 0.955

time when the pump speed is switched from Speed A to Speed B, and t2 is the time
when the pump speed returns from Speed B to Speed A.

When the time course of the pump speed is plotted together with the time course
of the left ventricular pressure PLV during a cardiac cycle, it is found that in general,
optimal pump operation calls for a higher pump speed during systole and early
diastole and a lower pump speed during late diastole. In addition, a severely ischemic
left ventricle requires a higher pump speed during systole than a left ventricle with a
minor ischemia (Speed B = 5 & 4 versus 4 & 3). The results also indicate that if the
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increase of SV is more important (Case 1), the pump should be operated at a higher
Speed B but with a shorter duration (a more ‘pulsatile’ operation). On the other
hand, if the increase of PMAO is more important (Case 2), a smaller Speed B can
be used with a prolonged duration (a less ‘pulsatile’ operation). This observation
is consistent with the results reported by Klots et al.54 which showed that left
ventricular volume unloading is more pronounced in pulsatile LVAD as compared
with nonpulsatile LVAD. Finally, by comparing the values of the objective function
in Tables 5 and 6 with that in Tables 3 and 4, one can see that by allowing the
Hemopump to operate at two different speeds, a slightly larger value of the objective
function can be obtained.

5. Conclusion

Despite extensive research and great advancement in recent years, the search for
ideal mechanical cardiac assist device continuous. While the early left ventricular
assist device (LVAD) was mainly devised to serve as a bridge to heart transplanta-
tion, the recently completed REMATCH (the Randomized Evaluation of Mechan-
ical Assistance for the Treatment of Congestive Heart Failure) trail has clearly
demonstrated the feasibility of using LVAD as destination therapy. The REMATCH
trail however, also revealed many problems such as infection, bleeding and a high
probability (35%) of device failure.2 Another concern is the cost of these devices.
For example, cost data from REMATCH showed that the median overall cost was
about $250,000 as compared with the current US cost of $205,000 for each cardiac
transplantation.9 These problems have prompted increasing development of smaller,
simpler, and more reliable devices that are more affordable, easy to use and have
less risk for infection or hematologic aberrancies. The axial flow pump possesses
many promising advantages to meet these demands.

The dynamic model for the axial flow pump described here was developed based
on a theoretical analysis as well as in vitro and in vivo experimental data. Incorpo-
rated in a canine circulatory system, the model has been used to predict the effects
of the pump on various hemodynamic variables that are in good agreement with
the reported results in clinical and animal experiments.

After the above validation, the model was further used to study the optimal con-
trol of the assist device through the objective functions. By using the membership
functions and the associated weighting factors, the method offers great flexibility in
choosing the targeted hemodynamic variables, in specifying the particular way that
each of these variables is to be optimized, and in assigning the relative importance
of each targeted variable.

Although the present study is carried out in the canine model, the general con-
clusions should be applicable to a human model. The methods used and the results
obtained in this study can be incorporated into the design of an advanced phys-
iological controller for a long-term operation of the axial flow pump-based assist
device as well as other types of continuous-flow LVAD.13,55
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