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Abstract. The present article deals with the piezoelectrically-induced travelling wave that arises in periodically loaded
tube and it drives blood through tube intended for application as an artificial heart ventricle. However, frequencies of
piezoelectrically actuated running waves lie in ultrasonic frequency band and such big frequencies cannot be used for the
blood transfer in an artificial heart. Using finite element method the forms of oscillations in the tube of the artificial heart
ventricle, natural frequencies and the characteristics of blood flow through the tube (rate of flow-through, flow and
pressure) were calculated. Blood pressure and flow dependencies on different tube characteristics such as tube diameter,
wall thickness and frequency and magnitude of systolic driving force were studied. The calculation method allows
estimating rational parameters of the artificial heart ventricle.
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Introduction
The main function of heart is pumping blood in one
direction, since the heart valves ensure this unidirectional
flow. Due to different cardiovascular diseases heart cannot
perform its function properly and depending on the level of
heart dysfunction there are many ways to deal with it:
different pharmaceuticals, heart transplantation, heart assist
devices or artificial heart, which exist of various
constructions, for example pneumatic, peristaltic or rotary
blood pumps [1, 2]. Building an efficient and reliable
artificial heart is a very hard task because of the variety of
different influential factors, complexity of mechanical
device and strict requirements for it. It is advantageous to
biological systems to sway toward the simpler mechanical
systems that are easier to build and less susceptible to
failure [3]. One of the fluid pumping methods requiring
less complicated mechanical construction is valveless
pumping, which basics comes from the ideas of
cardiovascular dynamics of early embryonic life where the
blood circulates in one direction in spite of the complete
lack of valves [4, 5, 6]. Valveless pumping can be achieved
by periodically compressing a tube and compression will
produce a frequency-dependent net flow [7, 8]. Similar
principle of the travelling wave is not new phenomenon
and it is widely applied in different fields ranging from
industrial to biomedical applications of fluid flow and

control [9, 10]. There are many devices operation of which
is based on the travelling wave principle, however they
function with high frequencies (15 – 30 kHz). Such high
frequencies cannot be used for the blood transfer in an
artificial heart, since they can produce pathological
changes in blood state.
Therefore, the main goals of the present article are
estimating the rational parameters of the tube; determine
its natural frequencies and explore possibilities reducing
the frequencies of travelling waves up to f ≤ 1000 Hz;
using Navier-Stokes equation to investigate the changes in
blood velocity, rate and pressure by varying tube
geometrical parameters and excitation force amplitude and
frequency.
Methods
Following assumptions have been made:
- Artificial heart ventricle is elastic, cylindrical and
deformable body with outside diameter d = 20 mm,
wall thickness δ = 0.1 mm and length L = 150 mm.
- Blood is Newtonian fluid, laminar and plane flow,
constant viscosity µ = 0.0035 kg/ms, density
ρ = 1050 kg/m³.
- Blood pressure at the tube inlet p = 10.67 kPa and at
the outlet obtained velocity v = 0.318 m/s, pressure
p = 16 kPa, rate Q = 5.98 l/min.
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- Cylindrical finite elements were used for modeling
the fluid flow and quadratic finite elements for tube
model, nodes of both meshes where coincident.
Figure 1 shows simplified calculation scheme of
meshed finite elements tube model.

were R is a coupling matrix that represents the effective
surface area associated with each node on the fluidstructure interaction (Fig.2).

Fig. 2. Fluid-structure interaction

Fig. 1. Simplified calculation scheme of the tube model

Magnitude of the force was chosen in such a way that
permanent deformations in tube walls will not be present
and frequency of the force would coincide with the natural
frequencies of the tube [11].
The blood flow was examined by solving NavierStokes equations for incompressible fluids:

du
1
+ u∇u = − ∇p + v∇ 2 u,
dt
ρ

(1)

and the equation of continuity:

du
+ u ∇u = 0 ,
dt
where ∇ =

∂

i+

∂

j+

(2)

Fig. 3. Deformations of the artificial heart ventricle in Z direction

∂

k , i, j, and k are the vectors, u =
∂x ∂y
∂z
(u, v, w)T is velocity field of an element.
Excitation force is in the form of travelling waves
which are produced by the deformation of tube walls:

F = A f Re

i (kz − t )

,

(3)

where R is real part of complex number; Af = 1 if the
deformation of wall has longitudinal component, and Af =
0, if the deformation of wall has transverse component.
The interaction of the fluid (blood) and the structure
(tube) at a mesh interface causes the pressure to exert a
force applied to the structure and the structural motions
produce an effective fluid load. The governing finite
element matrix equations then become:

 M sU + K sU − RP = Fs ,

T 

 ρ0 R U + M f P + K f P = Ff ,

(4)

Fig. 4. Deformations of the artificial heart ventricle in Y direction

The changes of blood velocity, rate and pressure were
obtained by varying length L = 150 ÷ 250 mm, wall
thickness δ = 0.1 ÷ 0.3 mm, amplitude of excitation force
A = 0.005 ÷ 0.2 mm.
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Results
From the diagram presented in Figure 5 it can be
noted that blood rate is decreasing during the increase of
the wall thickness and force staying of the same
magnitude. When wall thickness equals to 0.1 mm, the
excitation force must be F = 0.05 ÷ 0.1 N in order to
produce blood rate Q = 5 ÷ 10 l/min. Consequently, when
tube wall thickness equals to 0.2 mm, then F = 0.1 ÷ 0.5 N
and when δ = 0.3 mm, F > 0.5 N. Therefore, the magnitude
of excitation force should be increased in order to maintain
desired blood rate during the change of wall thickness.

When the tube diameter remains unchanged and
increasing the magnitude of excitation force, the blood rate
and pressure are increasing (Fig. 7). Largest blood pressure
p = 55 kPa will be obtained when the tube will be loaded
by 0.5 N force. However, the pressure required at the tube
outlet must equal to p = 16 kPa and to reach it the tube
must be fluttered by the force with 1002 Hz driving
frequency and 0.05 N load.
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Enlarged diameter of the tube increases amount of
blood passing through it. When excitation force F = 0.1 N
and tube diameter d = 20 mm, blood rate Q = 5,223 l/min,
whereas increasing diameter up to d = 30 mm, blood rate
increases up to Q = 14, 091 l/min (Fig. 6).
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Fig. 7. Blood pressure dependence on the
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Fig. 5. Blood rate dependence on the tube wall thickness and
magnitude of excitation force
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Increasing amplitude of excitation, the blood pressure
increases in the tube (Fig. 8). When amplitude is A =
0.0037 mm and blood rate equals to Q = 0.22 l/min, the
pressure obtained at the tube outlet p = 0.67 kPa. Three
times increasing the amplitude (A = 0.00872 mm), the
pressure at the outlet is p = 5.97 kPa.

55
45

65
55

35

45
Q, l/min

25
p, kPa

35
15

25
5

15
5

30

0,55
0,45
0,35
0,25
F, N
0,15
0,05
-0,05

26

34
26

0,09

18

0,07
0,05
0,03
A, mm

14
Q, l/min
10

30
22

0,11

22

38

6

d, mm

18

Fig. 6. Blood rate dependence on the tube diameter and
magnitude of excitation force
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Fig. 8. Blood pressure dependence on the blood rate and
amplitude of excitation force
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The analysis of calculation results has showed that
increasing tube diameter 2 times, efficiency of artificial
heart ventricle can be increased up to 4 times (Fig. 7), and
increasing amplitude of excitation 10 times, blood pressure
increases 2.8 times. Therefore, provided calculation
method enables to select rational parameters of artificial
heart ventricle.
Conclusions
1. Research has showed that based on the principle of
travelling wave it is possible to design artificial heart
ventricle, wherein frequency would not exceed 1000 Hz.
2. It was determined that the biggest influence on the
efficiency of artificial heart ventricle and blood pressure
have the diameter of the tube and oscillation amplitude of
its walls. Selecting rational parameters, the efficiency can
be increased up to 20 – 30 l/min and the pressure up to 25
kPa.
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