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ABSTRACT

Microfluidics devices offers reliable transport mechanism to drive fluid within a microscale flow. This research work aims to identify
the characteristic of flow in valveless impedance pump which uses acoustic impedance mismatch to drive flow using numerical
simulations. The focus of the studies is designing a well performed pump where the required displacement of elastic wall can still be
achieved even when the force applied in different locations and also a mechanism that requires low input current. Shear rate
resulting from the pumping mechanism were measured at different input boundary conditions. Important parameters such as pinch
location can affect the direction of the velocity magnitude and shear rate. It is found that the maximum shear rate occurred at 2
mm pinch location at 400 s1. Hence, the pump design from this study can be used as the best application for microfluidic systems
where a high pumping amount is desired.
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1. Introduction

A vital component of the human body is the circulatory system, which is made up of blood
arteries and the heart. It operates throughout the body by delivering sufficient nutrients to distant
organs and helping the lungs take in oxygen and discharge waste products like carbon dioxide. Once
the circulation system fails, it will cause the rest of the organs in the body to malfunction. The primary
part that will be affected is the heart. As a result, the chronic heart disease will lead to the heart
failure. An importance of heart is a situation in which the heart unable to pump sufficient blood
throughout the body. This is because the force energy of the heart is insufficient to perform the
circulatory operation. Because the heart valves have not formed at this stage of development, the
net flow of blood through the heart must be propelled by a separate process [1]. However, many
patients died and suffered while waiting for heart transplant due to lack of donor. In United States
of America, there is only heart assists device namely as New Generation Heart Mate Il that had been
approved by the United States Food and Drug Administration to be applied as a temporary supporting
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system before heart donation process take place as well as for destination therapy or long-term. The
concept of novel pumping mechanism inspired by the embryonic heart structure [2,3].

Furthermore, the device controlled by the impeller axially and the use of rotating disc pumps.
Thus, it leads to the damage of blood cells flowing through the impeller. In this research, a study on
nonlinear multiphase flow and transport in heterogeneous porous media was conducted. The major
reference for this research is Gerhart Liebau concept. Many researchers have carried out analytical
[4] or computational studies [5] in a bid to better comprehend the mechanisms at work in the Liebau
problem of valveless pumping in open [6] or closed-loop [7] systems. It is believed that Liebau
pumping plays a crucial role in heart development and several other physiological processes [8].
Numerous distinctive features of the net flow produce by a Liebau effect pump are easily describe by
wave dynamics [9,10]. For instant, the connection between compression frequency and flow rate is
non-linear [11]. Liebau suggested that viscosity, inertia and elasticity affected the parameters
measured in the device. The pumping mechanism that was proposed by Liebau [12] is still the subject
of interest across a wide range of disciplines, including physiology, engineering, physics, and
biomedical research, due to the complexity of the mechanism and the fact that it is dependent on a
large number of variables [13]. Liebau conducted the initial research on the phenomena of valveless
pumping to comprehend the mechanism behind the blood circulatory system [14]. The main reason
why it created as valveless due to prevent the problems that arise by using a valves with laminar flow
in pipes which Re < 2300 [15].

They may be used in the subject areas of biology, chemistry, medical science, and biomedical
engineering [16]. Valveless pump also is useful for cost effective space limited applications due to
their basic geometry and straightforward assembly. Valveless pumping is an innovative new
technology for creating or increasing net flow in both macro and micro scale devices [17]. An
impedance pump is a kind of valveless pumping mechanism in which an elastic tube and a stiff tube
with a different impedance are connected. Impedance pump are another term for Liebau effect
pumps [6,18,19]. The elastic tube portion is continually subjected to an unequal compression, which
might result in wave reflection and unidirectional flow [20]. The experimental investigation of the
behaviour of impedance pump shown that flows are extremely responsive to duty cycle and pinching
frequency. The simplicity of the excitation effort required to operate an impedance pump and the
absence of seals and blade are its advantages. Pulsatile flow created by an impedance pump will be
superior to a simple flow for application like mixing fluids [21].

With the advance of technology nowadays the possibility of survival among the patient
increased. However, the current ventricular assist devices still have some limitation. The current
generation of mechanical pumps requires thinning of the blood (or anticoagulation) to prevent the
formation of blood clots. These clots can cause dysfunction of the pump itself, or more typically, can
embolize into the circulation and cause a transient ischemic attack, stroke, or lack of blood flow to a
limb or vital organ. This pumping concept offers a low energy, low noise alternatively at both micro
and macro scales. Valveless pumps are easy to construct and require few moving parts. Moreover,
there are lots of characteristic of impedance pump that can be discovered. By obtaining the flow rate
for each different case, the best parameters which may provide the optimum flow rate can be
identified. Instead of peristaltic action, longitudinal standing with patterns provides the net flow. All
of the research assumed a homogeneous cylindrical tube, with thin walls in most cases [22]. By just
adjusting the phase between them, several pinches allow for simple control of the size and direction
of the net flow [23]. A complicated series of waves is created by pinching the flexible tube completely
or partially at an off-centre location relative to its ends on a regular basis [10].

One of the potential approaches to overcome the situation is to use mechanical device that
can assist blood flow in patient suffering from hearth problem such as the loss of blood pressure and
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low cardiac output. The device is called Ventricular Assist Device VAD that is important device used
to help heart failure [24]. Multiple different mechanical devices for long-term circulatory support
have been developed, ranging from total artificial hearts to ventricular assist devices (VADs). The
main purpose of a VAD is to unload the failing heart and help maintain forward cardiac output and
vital organ perfusion [25]. Originally introduced as a temporary bridge to recovery and then as a
bridge to transplantation, VADs have involved into permanent or “destination” therapy for a growing
number of patients with refractory heart failure. A ventricular assist device (VAD) is a mechanical
circulatory device that is used to partially or completely replace the function of a failing heart. Some
VADs are intended for short term use, typically for patients recovering from heart attacks or heart
surgery, while others are intended for long-term use (months to years and in some cases for life),
typically for patients suffering from congestive heart failure.

Valveless pumping mathematical models can be represented by either a closed loop system
or an open tube system [26]. We offer a three-dimensional model of valveless pumping in a closed
loop system in this study [27]. When it comes to the computation of the elastic forces exerted by the
immersed boundary on the fluid, most methods of Peskin's immersed boundary technique are
explicit [28]. Most immersed boundary approaches use an explicit approach to calculate the elastic
forces on the structure's known configuration at each time step. Because the fluid-structure
interaction is a stiff problem in nature, an explicit IB technique has a severe time step size limitation.
The time step must be modest enough to preserve numerical stability [29]. Implicit numerical
approaches are frequently preferred to address the inherent stiffness in fluid-structure interaction
situations.

Many efforts have been made in recent years to build implicit or semi-implicit IB approaches
[30]. However, the majority of these implicit approaches are impractical for real-world application
situations. The authors have recently developed a lattice-Boltzmann-based two-dimensional (2D)
implicit immersed boundary approach [31]. A previous work produced a one-dimensional model by
approximating the Navier-Stokes equations, which included the effects of viscosity, energy loss, and
gravity. The flow is quantitatively represented by a one-dimensional approximation of the Navier-
Stokes equations [32]. Because of the preceding models' simplifications and assumptions, only a
limited understanding of the pumping mechanism was attainable [33]. Our approach is based on an
efficient Navier-Stokes solver that employs the fractional-step method and a static Cartesian grid
structure. The fluid motion on a Eulerian grid and the structural motion on a moving Lagrangian grid
are solved independently, and their interaction is modelled via momentum forcing. A net flow is
generated inside the valveless pump by periodic pinching of the elastic tube at an asymmetric
location with respect to its ends.

2. Methodology
2.1 Experimental Technique and Geometrical Modelling of Elastic Tube

For validation purpose, an experiment was setup with several procedures design to meet the
basic configuration. The material and equipment of the experiment is shown in Figure 1 and
connected as shown in figure 1. Total length of 200 mm elastic tube with the thickness of 1 mm were
joined together with a rigid tube. Then, water was fully filled into the whole circuit via T-tubing barb.
The pincher location was set placed about 2 mm from the left side of the elastic tube. Before started
the experiment, the voltage of DC motor was set up to 2.0 V. The electrical power supply was
switched on to let the pincher press the elastic tube. When the pincher pressed the elastic tube
section, the water inside the rigid tube will flow through the flow meter. The flow rates of the flow
meter were recorded. After that, repeat the step using of 3 mm thickness of elastic tube with

137



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 28, Issue 2 (2022) 135-147

different applied voltages of 3.0, 4.0, 5.0 and 6.0 V respectively. Lastly, the steps are repeated by
using 260 mm length of elastic tube.

> Power supply

Actuator (pincher) _ DC Motor

Tee Barb o
T Elastic tube
Rigid tube
\
Bl
Flow meter
Fig. 1. Model Configuration
Table 1
Geometrical setup
Part Parameter
Thickness, mm 1.0and 3.0
Length, mm 200.0 and 260.0
Actuator Length, mm 150.0
Diameter, mm 10.0
Thickness, mm 10.0
Electrical DC motor Voltage, V 2.0,3.0,4.0,5.0and 6.0

2.2 Simulation Set Up and Boundary Condition

Next to the experimental investigations, the fluid flow simulation was simulated with CFD
Module which is COMSOL Multiphysics. The overall simulation set up was based on physical
conditions and geometry statistics in Table 2. In view of computational analysis, the element type of
the meshing for elastic tube is tetrahedral with element numbers of 1-3 M elements. Table 2 below
shows the summarizes of the geometry statistics of numerical analysis employed in this investigation.
The fluid flow inside the elastic tube is changing with various type of liquid with different density and
viscosity. The properties of the fluid are listed in table 3 below.
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Table 2
Geometry statics of Numerical Analysis
Physical conditions

Fluid water
Fluid volume ( X 72 X h):

e Elastic tube 7 X (15)% x 200

Elastic tube material Plastic

Geometry statistics

Space dimension 2
Number of domains 2
Number of boundaries 7
Number of vertices 6

Computational elements

Element type Tetrahedral
Number of elements 1-3 M elements
Table 3
The properties of five different fluids
Fluid Density (kg/m?3) Viscosity (Pa.s)
Water 998.2 0.001002
Glycerin Solution 1 (GS1) 1043 0.00135
Glycerin Solution 2 (GS2) 1046.8 0.00138
Glycerin Solution 3 (GS3) 1076.8 0.00267
Glycerin Solution 4 (GS4) 1086.1 0.00281

2.3 Meshing Geometry of Computational Domain

Users may run these simulations for various fluid flows using the sophisticated CFD Module,
an add-on for COMSOL Multiphysics. These include two-phase flow, thin film flow, rotating
machinery, non-Newtonian flow, turbulent flow, laminar and creeping flow, and non-Newtonian
flow. Computational fluid dynamic COMSOL Multiphysics was used to simulate 3D model for pincher
process for the water pipe. COMSOL Multiphysics was utilized to build the meshing geometry and
solving the governing equations in this study. However, this solution also can be solved using ANSYS
FEA software [34]. In order to assess the impact of turbulent viscous sublayers, Figure 2 depicts the
application of a tetrahedral mesh to the elastic tube surface with inflated mesh layers positioned
close to the walls using a non-uniform adaptive technique at a rate of 1.1 enhancement. As shown in
Figure 2, the mesh is gradually refined until a finer mesh is reached along the wall directly in contact
with the fluid. These techniques make it possible to predict velocity fluctuations and recirculation
zones along the walls with greater accuracy.
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Fig. 2. Mesh Generation

2.4 Numerical Analysis

This convergence study examined six turbulence models in order to select the optimal and most
efficient model for future simulations. The average relative error for each iteration can be calculated
using the following formula:

S+1 S
(P ij —Pi.j)

S+1
Pij

(D

__1 yi=mvyJj=n
RC T am Zi=1 j=1

P represents parameters such as temperature and velocity, s represents the number of
iterations, and i, j represents the grid position. Both the momentum and energy equations are solved
using the upwind difference method of the second order. When the sum of the residuals in an energy
equation is less than 10°, the solution is deemed convergent. The threshold for convergence of
relative residuals in continuity and momentum equations is 10% [35]. By comparing the error values,
it was determined that the k — w SST had the lowest error for outlet velocity (0.00216 percent) and
temperature (0.00094 percent). This finding is consistent with that of Y. Yoon et al. [36].The three-
dimensional Navier-Stokes equations are as follows:

T __Op | Otxx | OTyx | 0Ty
V(’OUu)_ 6x+ ax + ay + a0z

= _ _a_p 0Tyy | 0Tyy | 0Tz
V(va)— F) + dx + dy + az

0txz | OTyz | 07z 2)

- _ ap
V(’OUW) - _E + ax ay dz

Uis the fluid velocity, while u, v, and w are variables in the x, y, and z directions, respectively. p
is the density of the fluid, p is the pressure, and 7, is the viscous stress tensor. The fluid flow is
described by the incompressible Navier-Stokes equations:

Vu=0,
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(%+pu.Vu) = —Vp+V.,u*(Vu+(Vu))+f,

f=[|F&8*(z—Z)ds,
oz
F_—K,((Z)—L)+Kc(a?)- (3)

where p denotes the density (SI unit: kg/m3), O is elastic strain tension, u the velocity (SI unit: m/s),
i the viscosity (S| unit: Pa-s), F is singular force density, Z is immersed boundary, L is targeted of
immerse boundary, k. is stiffness constant, s is a material point of immersed boundary and p the
pressure (S| unit: Pa).

A=— %(cos(fl—; t)—1D(cos2z—1), 4)

where a is the amplitude of the pump. fis the frequency of the oscillation. Velocity profile is assumed
corresponding to a fully developed flow given by:

2

u(r,z)=u,, [I—Z—zj and v(r,z)=0at » =0, 5
r

For the fluid simulation, the boundary condition at the inlet and the outlet assumes that the
total stress is zero, that is:

n.[-pl+u(Vu+(Vu)]=0 (6)

The volumetric flow rate at any instant t, compute a boundary integral over the pipe’s inlet
and outlet boundary:

V., =— | 2ar(n.u)ds
Sin (7)
Vou= | 2nr(n.u)ds
s

out

The inlet and outlet boundaries are horizontal so:

n.u=nu+ny (8)

To track how much fluid is conveyed through the outlet during the cycle:

out

t
Vi O=[V,,dt’ )
0
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3. Results
3.1 Velocity Magnitude Across the Elastic Tube at Different Pinch Location

The velocity magnitude across the elastic tube at different pinch location is shown in Figure
3. The magnitude of velocity vector gives the speed of fluid flow inside the elastic tube. The results
of magnitude of velocity shown that it is decreases as the arc length of the elastic velocity increases.
The highest velocity magnitude is at 1 m/s for 3 mm of pinch location. Then, the velocity magnitude
decreases until 0 m/s at arc length 0.004 m. Based on Figure 3, we can see that at 4 mm pinch
location, the velocity magnitude of fluid flow is minimum which is 0.75 m/s compared to others.
However, the velocity magnitude decreases until 0 m/s at arc length 0.0053 m higher than the others.

1.00E+00 =

9.00E-01 + So e 2mm - = =3mm — 4mm
~ 8.00E-01
£ 7.00E-01
< 6.00E-01
5.00E-01
4.00E-01
3.00E-01
2.00E-01
1.00E-01
0.00E+00

itu

Velocity Magn

0 0.001 0.002 0.003 0.004 0.005 0.006
Arc Length (m)

Fig. 3. Velocity magnitude across the elastic tube at different pinch location

3.2 Pressure across the Elastic Tube at Different Pinch Location

When analysing the effectiveness of the fluid flow in the elastic tube, the pressure distribution
across the elastic tube is one of the main key factors. Based on Figure 4 shown below, all the pressure
distribution for different pinch location gives similar results as it is decreasing as the arc length
increases. The close loop system demonstrated that the pressure were not sustain [18]. The
maximum pressure is 1.6 X 108 Pa at 3 mm pinch location while the minimum pressure is 9.0 x 107
Pa at 4 mm pinch location.

1.80E+08

1.60E+08 -

]

1.40E+08

1.20E+08

.....
......
.......
..............
....................

1.00E+08 -

8.00E+07 b \

6.00E+07 T T T
0.0045 0.005 0.0055 0.006
Arc Length (mm)

Pressure (Pa)

Fig. 4. Pressure distribution across the elastic tube at different pinch location
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3.3 Shear Rate across the Elastic Tube at Different Pinch Location

The pace at which a fluid is sheared or worked while flowing is known as the shear rate.
Technically speaking, it is the speed at which fluid laminar or layers pass one another. Both the
geometry and the flow's speed affect shear rate. Shear rate is crucial since it may have a big impact
on how viscous the materials are. Based on Figure 5 below, the pattern of shear rate for all results is
approximate with each other. It is shown an uneven line of graph where it is increasing as the arc
length increases.

500
450
400
350
300
250
200
150
100
50
0

Shear Rate (s)

0 0.001 0.002 0.003 0.004 0.005 0.006
Arc Length (m)

Fig. 5. Shear rate across the elastic tube at different pinch location

3.4 Validation and Verification

Preliminary calculations were made on an elastic tube with the same dimensions as those
investigated by Hickerson et al., [9] in order to assess the computational model and methodology
employed in the current numerical simulation. Figure 6 below shows the comparison of pressure
between current modelling findings and experimental data. The correlation between the
experimental data and our predicted results is fairly good, supporting the correctness of the
physical model and the numerical approach.

1.00E+08

9.50E+07 - ——ey Present study (4mm)
9.00E+07 - SN - Hickerson, A.l et al., 2006

8.50E+07 -
8.00E+07 -
7.50E+07 -
7.00E+07 -
6.50E+07 -

6.00E+07 T T T T
0.0052 0.0054 0.0056 0.0058 0.006 0.0062

Arc Length (m)
Fig. 6. Validation and Verification

Pressure (Pa)
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3.5 Velocity Magnitude across the Elastic Tube with Different Liquid

Based on Figure 7 below, it is shown that the water has higher velocity magnitude compared
to others fluid which is at 1.01 m/s. This is due to the glycerin solution has higher viscosity and denser
than the water. Thus, it takes more power to get it going in the same speed as water. The lowest
velocity magnitude from all the liquids is glycerin solution 4 which at 0.74 m/s.

1.20E+00
— — Water
......... Glycerin 1
1.00E+00 —~\ - — - - Glycerin 2
| ~ ~ = Glycerin 3
8.00E-01 A -~ .- \ = = =Glycerin 4

6.00E-01

4.00E-01

Velocity Magnitude (m/s)

2.00E-01

0.00E+00

0 0.001 0.002 0.003 0.004 0.005 0.006
Arc Length (m)

Fig. 7. Velocity magnitude across the elastic tube with different fluid

3.6 Velocity Magnitude across the Elastic Tube with Same Fluid different Pinch Location

Based on Figure 8 below, it is showing the results of velocity magnitude across the elastic tube
with same fluid but different pinch location. The fluid that been used is glycerin solution 1 with
density and viscosity at 1043 kg/m?3 and 0.00135 Pa.s respectively. The results shown that the velocity
magnitude of glycerin solution 1 at 2 mm pinch location is higher than the 3 mm and 4 mm pinch
location. The velocity magnitude of glycerin solution 1 at 4 mm pinch location is lowest compared to
the others.

1.200

—(2mm) ----- (3mm) — — (4mm) |

e o =
& » =
S S S
S S S

0.400

S
)
S
S

Velocity Magnitude (m/s)

0 0.001 0.002 0.003 0.004 0.005 0.006
Arc Length (m)

Fig. 8. Velocity magnitude across the elastic tube with same fluid different pinch location
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3.7 Von Misses Stress Distribution across the Surface Area of Elastic Tube at Different Pinch Location

The Von misses stress distribution over the surface of elastic tube is shown in figure 9(a)-(d).
The most intriguing feature of the Figures is that the stress source's center, which corresponds to the
area of the elastic tube that being pinched, exhibits the maximum stress. On the other hand, it is
noticeable that the elastic tube’s other than the region that being pinched experiences a progressive
drop in stress distribution as it has no force devoted on that region. For instance, in Figure 9 (b), the

higher stress that being recorded is at red region which corresponding to the 3x10% N/m? while the
minimum stress is at 0.2x10% N/m?.

2 Surface: von Mises stress (N/m?) Volume: Velocity magnitude (m/s)
Surface: von Mises stress (N/m?) Volume: Velocity magnitude (m/s)

-3 %1072 m
o %102 m s s

=102 m s s X107 m
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=10°
2
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{ o.0a
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= s
™
m
- 0o
1 0.02
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1 0.s
os 02
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(a) Original state (b) Pinch at 2mm

Surface: von Mises stress (N/m?) Volume: Velocity magnitude (m/s) Surface: von Mises stress (N/m?) Volume: Velocity magnitude (m/s)

- -
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0.02 1 o.02
. z
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(c) Pinch at 3mm (d) Pinch at 4mm

Fig. 9. Von Misses Stress contour of elastic tube at different pinch location

4. Conclusions

In this study of numerical modelling of a valveless impedance pump with various pinch
location, we have shown the effect of pinch location towards flow behaviour in valveless pump
through the velocity magnitude and pressure distribution across the elastic tube. There are several
identifying characteristics of impedance driven flows that can be used to correctly identify impedance
driven pumping processes. An impedance pump requires only one active element which are not in
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the centre along the length of the wave propagation portion. Moreover, by aiming to investigate the
wall shear stress distribution on elastic tube wall based upon different input boundary conditions,
we came out with the pattern shear rate across the elastic tube at different pinch location.
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