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Abstract

This paper reviews the development of a new microvalve with a cone-shaped tube, inspired by
venous valves in the human body. Our microvalves allow fluid flow in one direction while
restricting the flow in the opposite direction. When a microvalve is used to control the amount of
drug delivery, the efficiency between inlet and outlet flow rate is the key control parameter for
regulating and controlling the micro channel (opening/closing). This paper is devoted to the
numerical study of flow rate changes in different microvalve geometries (3D) using a Fluid
Structure Interaction (FSI) method with an Arbitrary Lagrangian Eulerian (ALE) approach.
Numerical simulations were carried out in comsol Multiphysics. In addition, the macrovalve
performance was analysed for several pressures where the effect of different geometrical
parameters such as the length of the anchor, the diameter at the base and the angle of the cone
were studied. An efficiency parameter E» was employed to compare the different structures. For
the best design obtained, it was found that the cone angle was the parameter having the most
effect on the microvalves’ characteristics, and the forward flow rate was more than doubled
compared to the reverse leakage rate.

Keywords: Fluid structure interaction, Arbitrary Lagrangian Eulerian, COMSOL Multiphysics,
Flow rate, Efficiency.

1. Introduction

Microvalves and micropumps are considered to be key functional components of microfluidic
systems. Their performance directly affects the precision and reliability of the Micro Total
Analysis System (uTAS) (Nordina et al. 2017). In addition, a micropump plays an important role
in targeting transport of tracing substances (Laser et al. 2004, Woias et al. 2005). It can carry
small and precise volume of liquids for chemical, biological or medical systems (Amrani et al.
2018). Micropumps are appropriate tools for drug delivery in the body, suitable for modern
biotechnology drug, provideing high precision delivery (Cui et al. 2006, McAllister et al. 2000).
Micropumps can be used for drug delivery with the desired amount of medicines at the
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appropriate time, which improves the therapeutic effect. With an increasing interest in the
development of biochemical microsystems (Wenpeng et al. 2017), there have been numerous
reports on the design and fabrication of a variety of micropumps (Partha and Toufique, 2017).
These micropumps have recently emerged as a critical area of research because of their extensive
potential applications in the fields of chemical analysis (Zolotov. 2020), biological instruments
(Nickolay et al. 2004), and medical treatment (Wang et al. 2014). Various types of microvalves
have been extensively developed and demonstrated (Victor et al. 2014, Liang-Yin and Wei Wang,
2017, Kwang and Chong 2006). They are classified into active (with actuation) and passive
(without actuation) microvalves (Jin-yuan et al. 2020). Most conventional active microvalves
couple a flexible diaphragm to an actuator capable of deflecting the diaphragm (Aleksandr 2017,
Saggere 2015, Huang 2020). These actuators typically require high power consumption and the
scaling of the resultant forces with respect to the size of the device is often unfavourable (Nabel.
2016), as well as complexity in their fabrication process. Thermally actuated microvalves are an
example of active valves, their use, such as thermopneumatic (Yang et al. 2019), shape memory
alloy (Shrikan et al. 2019, Ramchandani et al. 2017), and bimetallic (Srinivasa 2020, Lefevre et
al. 2012), but the actuation mechanism is typically limited to temperature control. Passive
microvalves are broadly classified as mechanical (valve-based) and non-mechanical (valveless).
The mechanical pump has moving parts such as diaphragm/membrane and check valves, which
control the fluid flow. On the other hand, non-mechanical micropump has ho moving parts and
the fluid flow requires conversion of non-mechanical energy into kinetic energy to supply the
fluid with momentum. This is done by using a diffuser/nozzle arrangement in the micropump for
fluid flow regulation. There are various special tubes in valveless micropumps (Barkat et al.
2018), such as diffuser/nozzles (Marwan et al. 2019), Tesla tubes (Zhuo et al. 2011), and saw-
tooth tubes (Xu et al. 2014). On the other side, the structures of the valveless micropumps are
relatively simple comparing to the check valve micropumps and, thus, the fabrication processes
of the valveless micropumps are less complicated. However, the valveless micropumps have
inherent issues such as backflow and random flow. These issues may bring difficulties in
precisely controlling pumping rates in applications. The previous research (Kwang and Chong
2006, He et al. 2015) indicates that the efficiency of the valveless micropumps with
diffuser/nozzle elements is determined by the parameters (diverging angles and excitation
frequency) (He et al. 2015). In contrast to valveless diaphragm micropumps, check valve
diaphragm micropumps (Kang and Auner 2011, Kang et al. 2008) generally have better
performance, providing a much wider linearly controllable pumping rate range and a higher
pumping pressure; therefore, check valve micropumps are more attractive in microfluidic
applications.

In this paper, we report on a new design of biomimetic passive microvalves inspired by
natural venous valves. Our proposed structure, as shown in Fig.1, is useful to control the flow
rate under certain pressure difference. Up to now, only few papers that discussed about
micropumps with cone-shaped tubes have been found in our retrieved data, and their research is
superficial (Zhang et al. 2017). Hence, static venous valves are surely more complicated than
cone-shaped tubes whether in parallel forms or in series forms. In the same way, Yu et al. (2000,
2001) designed and fabricated soft valves based on a bi-strip stimuli-sensitive hydrogel that
combine the actuation mechanism of bimetallic valves and the directional flow control of a check
valve. However, they are limited by the nature of the fluid because their hydrogel valve not only
operates as passive check valves, but also activates or deactivates autonomously based on the
chemical environment of the fluid medium.

By combining the cone-shaped reported previously, we were able to simulate a 3D generic
biomimetic soft check valve that mimics biological systems both structurally and functionally,
based on the pressure gradient applied on different fluids.
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In this paper, firstly, we describe in detail the microvalve design using COMSOL
Multiphysics software. Next, we study the influential parameters on the performance of our novel
structure. Finally, we discuss the obtained results.

2. Micropump structure design and simulation

2.1 Structure design

We designed and modelled a three-dimensional soft microvalve based on a cone-shaped structure
embedded in the bottom of the micro channel and controls the flow without any actuators. Figurel
illustrates the structure of our microvalves. The idea is to make the microvalves as streamlined
as possible for one direction and resembling a resistant body in the other direction. Geometric
parameters have a direct influence on the performance of the microvalve. We can identify the
following parameters: diameter at the base D, throat diameter d, angle of the conical section C,
length of the convex edges B, and the anchor length A, where the structure is attached to the wall
of the cylindrical duct by their convex edges. Here, the cylindrical duct is a microfluidic tube
resembles to a blood vein.

Inlet Outlet

0 0

Fig.1. 2D schematic representation of a biomimetic microvalve.
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2.2 The microvalves mechanism

In nature, venous valves are present to prevent a retrograde flow of biological fluid such as blood.
Generally, they consist of a pair of intimal folds attached to the wall of the vein (Fig.2). These
folds or leaflets are usually crescent-shaped with free edges extending in the direction of blood
flow (Hossler F.E et al. 1988). Venous valves allow blood flow in its natural course toward the
heart while restricting the reverse flow by bringing the opposed edges into contact (Qing Yu et
al. 2001).

Valves Open Valves Closed

Fig.2. Venous valves (James D. Douketis, 2019).
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The objective of this study is to create soft biomimetic microvalves for the design of novel
structure with the same mechanism as that of the venous valves. The key principle of this
microvalve is the fluid flow through the cylindrical conduct and especially the flexibility of the
material that our microvalves are made of. Subsequently, it is evident that the fluid displacement
within the microvalve must occur in the situation of throat closing and opening. A schematic
presentation of the function of our biomimetic microstructure is depicted in Fig.3.a, b.

The inlet flow rate Q- is larger than the outlet flow rate Q. as the flow resistance in diverging
direction is smaller than that in converging direction at small diverging angles. When we applied
the pressure gradient in inlet of the cylindrical duct, we obtained the movement of the liquid from
the base to the throat (positive direction) (Fig.3.a), which causes an enlargement of the throat of
the microvalves. Moreover, this enlargement favoured the passage of the liquid. Conversely,
when the pressure was applied in the opposite direction, we obtained the movement of the liquid
from the throat to the base (negative direction) (Fig.3.b); this induced a narrowing in the throat,
which prevented the passage of the liquid.

On the other hand, the selection of the material is very important. Here, the microvalves were
formed from Polymer materials. In our study, we used Poly Di Methyl Siloxane (PDMS).
Therefore, the polymer materials provide many advantages regarding cost, mechanical
proprieties, and ease of processing. PDMS was particularly selected for its elastic properties,
knowing that its Poisson's ratio is close to 0.49. In addition, this material is ranked with
biocompatible materials and considered to be the most suitable and adaptable material for
flexibility in fabrication, such as soft lithography. The flexible, soft and highly elastic nature
allows good sealing of a microfluidic system and minimises fluidic leakage. The transparent
material also eased optical detection of flow in our microvalves.

Inlet Outlet Inlet Outlet

Q_
Q| Q Q-
(b)
Fig.3. The schematic view of Operational principle; (a): positive direction. (b): negative
direction.

2.3 Theorical analysis of 3D microvalves

The microvalve is analysed quantitatively by implementing a finite element model with the
Comsol Multiphysics software COMSOL Multiphysics User’s Guide (2012), which is capable of
performing fluid flow analysis, solid mechanics analysis, and coupling between both these
analyses. The brief description about the background of numerical modelling, geometric details
of the microvalve model and boundary loading conditions are given in this section.

The Fluid-Structure Interaction interface combines fluid flow with structural mechanics,
using a moving mesh to capture the fluid movement. The interface provides a predefined interface
condition for the solid-fluid boundary. In the FSI approach, the fluid flow described using
Navier—Stokes equations is combined with the solid mechanics at the interface of FSI boundaries.
The physics interface uses an Arbitrary Lagrangian—Eulerian (ALE) method to combine the fluid
flow formulated using an Eulerian description and a spatial frame (where the material moves
through the computational domain) with solid mechanics formulated using a Lagrangian
description and a material frame (where the computational domain moves with the material.
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(Feldt C et al. 2002, Y. Xu et al. 2014). Regarding the theoretical concepts, the fluid flow in the
channel is described by the Navier-Stokes equations, solving for the velocity field u_fluid=(u,v)
and the pressure p. The Navier Stokes equations that govern the fluid motion are given by:

p(uﬂuid ~V)ufluid =V[-pl +K]+F )
PV Uy =0 )
K= :u(vuﬂuid + (Vufluid )T ) 3)

In Eq. (1), p is the fluid density ( pwater =1010 kg/m3), u,,, is the velocity of the fluid p
is the pressure, | is the unit diagonal matrix and F is the volume force affecting the fluid. We
assume no gravitation or other volume forces affecting the fluid, so F=0.

To solve Eq. (1), we need to impose the boundaries conditions on the fluid domain: Tin Tin
U T'wall U Tout:

n'[-pL+K]n=-p, on rin (4)
[-pL+K].n=—-pyn on Tout (5)
Uguig =0 0N T'wall (6)

At the inlet boundary, it was imposed a pressure value Iin Tj,. It must be noted that
Ugua £ =0, p, = p, Where n is the unit vector exterior to Tin Eqg. (4).

At the outlet boundary T"out , it must be noted that p, < p, and n is the outward unit normal
to Tout Eg. (5).

On the wall Twall , a no-slip boundary condition Eq. (6), was imposed.

The structural deformations are solved for using an elastic formulation and a nonlinear
geometry formulation to allow large deformations.

The equation of motion for solid mechanics part is obtained using the first Piola-Kirchhoff
stress tensor as:

0=V.(FS) +F, ©)

In Eq. (7), the tensor divergence operator V computed with respect to coordinates of material
frame, where strain—displacement relationship matrix F is given as follows:

F=1+Vug, (8)

In Eq. (9), S is the second Piola-Kirchoff stress and j is the Jacobian determinant.

S=S4"+ jiFi;ell (C ‘& ) Fir;eTl 9)

Where:
j=det(F) (10)
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1
o = E( FeT Fel _1) (11)
Fo = FFi;ell (12)
Sas = So +Sex +5, (13)
&= %[(vusolid )T + Vg +(Vlggig )T VUgiig ] (14)
C=C(E.9) (15)

The spatial frame also deforms with a mesh deformation that is equal to the displacements u
of the solid within the solid domains. The mesh is free to move inside the fluid domains and it
adjusts to the motion of the solid walls. This geometric change of the fluid domain is
automatically accounted for in Comsol Multiphysics by the ALE method.

The Boundary condition of the PDMS microvalve is fixed at its edges and considered a zero
displacement boundary condition, as demonstrated in Eq (16).
Ugqy =0 (16)

solid

As already mentioned, the microvalves walls were modelled as a linear elastic material, the
boundary conditions for fluid model are no-slip at the fluid—wall interface. FSI and pressure are
defined at both inlet and outlet of the microvalves (Fig.4). The fluid is considered incompressible;
moreover, the flow in a continuously deforming geometry is solved using the ALE technique.

Usoria = 0
—
-

I, (Pin) ( I, (Pout) I

wall

Fig. 4. Representation of the computational domain; microvalve geometry constructed on
Comsol Multiphysics.

3. Results and discussions

We studied the fluid flow rate based on several parameters in the aim of gathering all the criteria
that meet our work. Accordingly, the changing of the geometric parameters and the applied
pressure can also affect the fluid flow rate. The geometric parameters were taken as A, B, D and
angle of the conical section C (cited above).

To study the effect of pressure variation on the flow rate; we compare the various parameters
of the microvalves according to different direction (forward direction and backward direction).
Therefore, to determinate the efficiency of the microvalve, we must study the behaviour of the
fluid in both directions. From these characteristics, we can determine an efficiency:
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_%-Q
Qp

Where Q, and Q, are the flow rates, for identical pressure conditions P, in the forward

direction and the resistant direction, respectively. The most important role of this parameter is the
determination of the optimal geometric structure, which allows eliminating the maximum of the
return of the flow.

Eq (17)

Figures 5, 6, 7, 8 and 9 show the graphs of fluid flow (ml/min) according to the pressure (Pa)
fluctuation when fluid flows through microvalves with different geometries. We applied several
pressure values at the system inlet, and for each analysis, it is desired to keep only one geometry
parameter changing while the other geometry parameters remain constant. The given pressures
are in increasing order. On the other side, it is noteworthy that the flow rate in the forward
direction (desired way) is greater in relation to the backward direction (undesired way); this
remark depends on the efficiency relationship.

In this part, we studied the fluctuation of the flow as a function of the pressure by varying
several parameters. First, we started by the effect of divers anchor length A of the microvalves.
We compared the flow rate to different directions depending on the length A. Figure 5 shows the
flow rate-pressure curves to different anchor length (A1=0.9 mm, A2=0.5 mm, A3=0.2 mm)
where the other parameters are considered constant. It can be seen that the flow rate increases
with the increase in pressure. Furthermore, the decrease of the anchor length maximises the fluid
pumped, which also maximises the flow rate of the fluid. This phenomenon is justified by
flexibility of the microvalve. As a result, it makes the structure more mobile; it opens and closes
more freely. However, there is a proportionality of efficiency in flow rate between passing
(desired way) and resistant direction (undesired way).

—— Forward A1 —— Backward A1 —— Forward A2 —— Backward A2 —— Forward A3—— Backward A3
s O [ )

Flow rate (ml/min)
Flow rate (mUmin)
Flow rate (m/min)

1000 ° 200 00 o0 800 1000 0 200 400 600 800 1600
Pressure (Pa) Pressure (Pa) Pressure (Pa)

(@) (b) (©

Fig.5. Curves between pressure and flow rate of different anchor length A. (a): A1=0.9mm, (b):
A2=0.5mm, (c): A3=0.2mm.

] 200 400 600 800

The curves in Fig.6 show the flow rate-pressure curves to different convex edges length B
(B1=0.5 mm, B2=1.2 mm, B3=1.8 mm). As shown in the curves, when B1=0.5 mm, the
micropump flow rate decreases to the minimum Q=58 ml/min with an efficiency from 57%
between the forward and backward direction. Also, when B2=1.2 mm, the flow rate continues its
evolution, but the gap between the flow rate in the positive and negative direction decreases to
34%. However, when B3=1.8 mm, there is a re-increase at 44% and the flow rate reaches the
maximum Q=92 ml/min. Thus, we can say that the relation flow rate-length is directly
proportional.
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Fig.6. Curves between pressure and flow rate of different convex edges length B. (a):
B1=0.5mm, (b): B2=1.2mm, (c): B3=1.8mm.

Figure 7 shows the flow rate-pressure curves to different conical section angle C. It can be
seen from the figure that the flow rate of the microvalve is maximum when C3=50°, followed by
C2 =60°, and minimum when C1=70°. The reason is that when C1=70° and the channel length B
is relatively long, few fluids can pass through the inlet and outlet caused by the narrow and space-
occupied channel, resulting in a small flow rate and slow acceleration with the increasing
pressure. In addition, the flow in both directions is almost equal, which implies a very low
efficiency of the microvalve; on the other hand, when C2=60° the flow rate is greater than the
former because of the wider micro channel. However, it is too narrow and weakens the
microvalve function of the conical angle. The flow difference through the inlet and outlet does
not effectively increase and the steady flow is not large enough. When C3 =50°, the microvalve
function adequately achieves the largest flow rate among the three with increased efficiency
between the forward and resistive direction. However, beyond this angle we lose the efficiency
and form of our conical shape.

Backward C1

Forward C1

Forward C2 —— Backward C2

Flow rate (ml/min|
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Fig.7. Curves between pressure and flow rate of different angle C. (a): C1=67.24°, (b):
C2=60.83°, (c): C3=46.16°

In this part, we studied the behaviour of the fluid according to the opening of the base. Fig.8
shows the flow rate-pressure curves to different diameters taken at the base. Thus, the flow rate
is proportional to the applied pressure. As it can be seen from the figure; when the opening is
large, favours more passage of the fluid, which implies an increase in the volume of the fluid.
When D3=1.8 mm, the microvalve generates the maximum flow rate Q=60 ml/min. In the same
way, we obtain an increase in efficiency between the forward and backward direction from 3%
t0 61% in D1=1.2 mm and D3=1.8 mm, successively.
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Fig.8. Curves between pressure and flow rate of different diameter of the base D. (a):
D1=1.2mm, (b): D2=1.4mm, (c): D3=1.6mm.

Another interesting point is that as Young’s modulus of PDMS, knowing that the modulus
of elasticity is influenced by degree of crosslinking between base polymer and curing agent, this
value increases with increase in base polymer.

In our study, we chose three values of Young’s modulus while varying the dosage of the
crosslinking agent. Figure 9 shows the flow rate-pressure curves according to different Young’s
modulus; for E1=375 MPa, E2=750 MPa and E3=1500 MPa with two orders of magnitude
between the chosen values. From this figure, we can deduce that the flow rate increases with
diminution of the Young’s modulus, which is very logical. When the modulus is less important,
the structure becomes more flexible, which favours the opening and closing of the microvalve.

Furthermore, the variation of this parameter allowed us to reduce the leakage of the
microvalve while increasing the efficiency between the desired and undesired direction.
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Fig.9 Curves between pressure and flow rate of different Young’s modulus. (a): E1=375MPa,
(b): E2=750MPa, (c): E3=1500MPa
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Flow rate (ml/min)

Based on these results, we have been able to understand the governing factors, which are
associated with our microvalve. Therefore, it is useful to study the microvalve performance for
various parameters and conclude how structure’s dimensions affect the flow rate. Therefore, not
only the volume flow is taken into consideration, but we also focus on the efficiency of the
microvalve. Therefore, by analysing the results in the forward and backward direction, a best
design is to be selected to implement in the microvalve.

The performance of various models were analysed by plotting various geometry parameters
against the quality parameter Ex as shown in previous figures. In our analysis, the value of Ex was
calculated as described earlier in Eq. (17).
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Figure 10a is a plot of A against Ex, keeping B, D and C constant. There is no specific trend
shown by this plot for a given pressure. Thus, there is little variation of Ex, with geometry
parameter A and changing of the gap of nearly 8% between each efficiency at given anchor
length. Hence, it is not an important parameter for the microvalve geometry.

In addition, we studied the variation of D against E« keeping A, B, and C constant as shown
in Fig.10b. This graph shows a very small variation in Eff with increase in D. In D=0.8 mm we
had an efficiency of the order of 39% to increase at 53% in D=1.2 mm, while in D=1.4 mm,1.6
mm, and 1.8 mm there was no specific trend and we had just a 2% gap.

Figure 10c represents the plot of B against Ex keeping A, D, and C constant. It is evident
from the figure that the value of Eff first decreases from 57% to 44% and then continues to go
down slowly with a 1% gap. This curve shows a very small variation in Eg with an increase in B.

Afterwards, Fig.10d shows the plot of E against E« keeping A, B, C and D constant. It is
evident that the efficiency decreases slowly with the increase in the modulus of elasticity.
According to these results, the structure becomes more rigid. Which prevents the opening and
closing of the microvalve and, consequently, there will be more leakage between the passing and
resisting direction. We had a value of efficiency located in the range between 60% and 80% for
the minimum and the maximum of Young’s modulus, respectively.

Finally, Fig.10e indicates the variation angle C according to Ex keeping A, B and D constant.
From this curve, we can deduce that the maximum value of Eff decreased by the increasing angle
of the conical section with an important gap from each angle. It starts from 8% and continues to
65%. That is to say, at the beginning, we have the flow in the passing direction almost equal to
the resistant direction, and then it continues to improve by changing the angle in order to minimize
the reflux.

It is also clear that the variation of Ex with geometry parameter A, B and D is very small
compared with the angle of conical section C. Hence, angle C is the key parameter of the
microvalve characteristics.
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Fig.10. (a): microvalve efficiency as a function of anchor length A, (b): microvalve efficiency

as a function of diameter at the base D, (c): microvalve efficiency as a function of length of the

convex edges B, (d): microvalve efficiency as a function of Young’s modulus, (¢): microvalve
efficiency as a function of conical angle C.

Considering the constructed microvalve model, two studies were done. Phase A: with
boundary conditions where the fluid flows through the microvalve in the positive direction
(forward direction). Phase B: with boundary conditions where the fluid flows through the
microvalve in the negative direction (backward direction). In order to make a prediction of the
behaviour of the microvalve qualitatively, we studied the effect of pressure variation on our
structure deformation; for this purpose, we considered the displacement parameter to determine
how much the microvalve opens and closes.

P=100Pa P=500Pa P=1000Pa

(@)

(b) I' ﬁ

Fig.11. Microvalve model; snapshots of the displacement parameter and flow patterns (with the
red streamlines) in (a): forward direction, (b): backward direction.

Figure 11a, b describes the respective microvalve behaviour. In the first phase, the
microvalve model stays in its initial state with a slight displacement at P=100 Pa. From this
pressure, the deformation phase is verified. In P=500 Pa, the throat opens with a displacement
higher than the previous one with a greater order of magnitude, and increases with a doubled
value for P=1000 Pa, when the throat is remarkably open (Fig.11a). In the second phase, the
behaviour reverses; the passage of the fluid in the negative direction causes the closing of the
throat while increasing the applied pressure. In P=100, 500 and 1000 Pa, the displacement is
increased with an order of magnitude at each pressure value applied (Fig.11b). The microvalve
opens and closes due to the gradient of pressure imposed across the microvalve that contributes
to the increase of the flow.
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The objective of this demonstration is not to reach the maximum opening of the microvalve's
throat but to show its flexibility and ability to deform while applying the gradient of pressure.

4. Conclusion

The new generation of microvalves was designed and modelled qualitatively by implementing a
finite element model using Comsol Multiphysics software. In this paper, we have established 3D
biomimetic microvalves based on a cone-shaped structure in which the fluid flow cross through
the cylindrical duct. It is evident that the fluid displacement within the microvalve and flexibility
of the structure must occur by opening and closing of the throat. The microvalve geometry effect
was studied by calculating the forward and reverse direction of the flow for different pressures.
Efficiency parameter Ex was used to compare the various geometries studied. It was observed
that the angle of conical section is the key parameter for the performance of this type of
microvalve compared with other parameters. The current study was focusing on the effect of the
geometric parameters on the flow rate. From these results, we deduce that our new microvalve
can be incorporated in micro devices for medical application.

NOMENCLATURE
A anchor length p pressure
B length of the convex edges Q-+ inlet flow rate
C angle of conical section Q. outlet flow rate
D diameter at the base S second Piola-Kirchoff stress
E Young’s modulus Unuia  Vvelocity
E#  efficiency P fluid density
F volume force \Y tensor divergence operator
| unit diagonal matrix T'in  boundary inlet
J deformation Jacobian T'out boundary outlet
n unit vector exterior in T'iy T'wall boundary on the wall
n outward unit normal in Tou
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