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Abstract

In this paper, we present the simulation of the flow rate through a KOH-etched microvalve, which is part of an electrostatically actuated
micropump. It is realized by a coupled simulation of liquid flow and structural displacement of the valve using the finite-element method
{(FEM). For this purpose, a new simulation method is developed to calculate the solid motion inside a liquid by a fluid-structural coupling.
Thus the static and dynamic behaviour of the valve can be simulated in good agreement with measurements. In addition, an analytical mode}
of the valve is developed, which allows the explanation of static as well as complex dynamic effects. In combination with analytical approaches,
the simulations of the valve can be integrated into system simulations of a micropump. The results are of basic importance for the understanding

and optimization of bidirectional silicon micropumps.
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1. Introduction

At the moment great efforts are being directed to the devel-
opment of micromechanical components and their employ-
ment in microsysiems [1]. Applications for them can be
found in medicine, where drug-delivery systems are planned
for implantation, as well as in the field of chemical analysis
systems [2,3]. In both cascs, the advantages of microme-
chanics are the small lateral dimensions, which are realized
by the integration of actualors, sensors and the clectronics on
the same chip.

The main components of micro fluid systems are micro-
pumps and most of them are of the reciprocating type. They
usually consist of an actuation unit and two passive check
valves (or diffuser/nozzle elements [4]), Different princi-
ples are used as driving mechanisms. Among them are
piezoelectric, thermopneumatic and electrostatic drives [5-
71. Flap or membrane valves are normally used for the defi-
nition of the fiow direction of the fluid.

These pressure-controlled check valves are very important
for the behaviour of a micropump. Due to their static and
dynamic properties, they basically determine the flow rate of
the pump. The following simulations and measurements
relate to the flap valve that is used in the clectrostatically
driven micropump published in Ref.[7]. It consists of a thin
flap with a length of 1700 pm, a width of 1000 pm and a
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thickness of 15 pm. In the state of rest, the flap closcs a square
valve seat with a length of 400 um and a width of 5 pm.

By means of a simulation of the static and dynamic prop-
erties of the valve, the geometric dimensions and transient
behaviour can be optimized. With the finite-element method
(FEM), the exact transient behaviour of the valve can be
simulated, which up to now cannot bc determined by meas-
urements because of the small dimensions and the high fre-
quencies of the valve motion. The results contribute to the
understanding of the complex dynamic behaviour of the

pump.

2. Static finite-element simulation of the valve

For the numerical modelling of the vaive, we use the com-
mercial FEM program ANSYS/FLOTRAN®. Besides a lot
of other features, the program includes mechanical and fluid-
mechanical simulation, which are both necessary for the cal-
culation of the valve.

In a first approach, we simulated the static flow rate by a
non-iterative combination of structural and fluid flow calcu-
lation as has been done before [ 8,9]. For the geometry of the
model, the exact lateral dimensions of the valve were as
described above. In a first step we calculate the structural
displacement of the flap in a two-dimensional model of the
valve (Fig. 1) including large deflection and stress stiffening.
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Fig. 1. FEM simulation of the velocity distribation inside the flap valve at a
pressure difference of 30 000 Pa: model, 10 000 elements.
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Fig. 2. FEM simulation, analytical simulation and measurement of the flow
rate through a KOH-etched flap valve,

As a simplification, we assume a constant pressure inside the
valve seat and a zero pressure on the outside.

In a second step, we use these geometric results as an input
for the fluid-mechanical model. It consists of two-dimen-
sional four-node elements with three degrees of freedom (two
velocities and the pressure). The achieved flow rate of the
2D maodel has to be multiplied by the whole length of the 3D
valve seat { 1600 pwm) to get the three-dimensional result. By
repetition with different pressures, a characteristic line is cre-
ated, which corresponds to the pressure-dependent static flow
rate of the valve (Fig. 2, &).

A comparison with measured results shows a difference of
up to 50% for high pressures and large displacements of the
flap. The reason for this is the real pressure distribution under
the flap, which does not agree with the assumed constant
pressure (see Fig. 4). In the area behind the small gap
between flap and valve seat, a low pressure exists, which is
the result of the removal of fluid in the diffuser. This low
pressure reduces the displacement of the flap and the flow
rate with it.

To consider the effect, a new iterative simulation method
was developed. It transfers the pressure distribution under-
neath the flap, which is the result of the fluid flow simulation,

back to the structural model as boundary condition for the
next structural simulation. For this purposc, a new algorithin,
which allows an automatic meshing of the fluid model, using
the geometry of the displaced flap, was implemented into
ANSYS. After some iterations, the structural displacement
and pressure distribution reach an equilibrium. When amodel
with 10000 elements and 10 iterative steps for the static
convergence is used, the results of the coupled 2D simulation
show better agrecement with the mcasurement (Fig. 2, @).

In a third approach, a 3D model of the valve with its exact
lateral dimensions was calculated in an iterative solution, too.
By taking into account that over 60 000 elements are neces-
sary to get convergence, it would requirc too much time to
simulate the whole characteristic of the valve. Hence only
flow rates at pressure differences of 10000 and 20 000 Pa
were calculated and both results show an excellent corre-
spondence with the measurements (Fig. 2, X).

Only at low pressure differences {p <5000 Pa) can the
influence of the low-pressure region be neglected and the
displacement of the valve y shows a linear dependence on the
pressure p (Fig. 3):

F=pA=ky (

where A is the area within the valve seat (1.6 X107 m?)
and k; a constant factor similar 1o a spring constant. In our
cxample its value is about 65 Nm ! (Fig. 3).

At high pressure dilferences, the influence of the low pres-
sure increases and the pressure-dependent displacement of
the flap becomes non-linear. Nevertheless, the displacement
can be described analytically in good agreement with the
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Fig. 3. FEM simulation of the pressure-dependent displacement of the valve
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FEM simulation, including the lincar behaviour at low pres-
sures {Fig. 3):

F=pA=ky+ky*+ky’ (2)

where k, is again the linear factor of Eq. (1) and &, and &,
are factors describing the non-linear behaviour with values
of 1.55x10° N m~? and 2.5x 10'° N m~? (determined by
comparison of Eq. (2) and the FEM simulation in Fig. 3).
This non-linear behaviour is not a material effect, but a result
of the difference between the real pressure distribution and
the calculated force F, which is the product of the pressure
difference over the valve p and the arca A,

3. Analytical model of the static flow rate

As an alternative to time-consuming FEM simulations, an
analytical model was developed for the calculation of the
static flow rate of the microvalve. By means of this model,
design parameters of the valve can be optimized very fast,
depending on the outer demands. Furthermore, this model
can be used for an integration into more complex systems,
like the simulation of the dynamic behaviour of the valve, a
model for the wholc micropump or a microsystem.

Static fluid flow in the gap between flap and valve seat can
be described by the extended Bernoulli equation [10]:

pl+a§512=p2+a§022+(pch—2 (3)
P, vy and p,, v, are pressure and velocity at the beginning
and the end of the gap. « is a coefficient related to the flow
profile and (p_)},_; describes the pressure losses because of
fluid friction. This friction includes laminar friction as well
as vortex losses.
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Fig. 4. Schematic view of the valve opening and simulated pressure distri-
bution under the flap, including low-pressure region
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Fig. 3. Loss coefficient of the gap opening of the valve.

The geometry of the valve gap can be separated into five
sections (Fig. 4). Sections I and II show decreasing cross
section. Friction losses can be neglected and only acceleration
losses have to be considered.

Eq. (3) simplifies to

apd” 1 apd” (1 1
¢ T \¢ g

Ap;= (4)
where 0 is the flow rate, A the height of Lthe valve scat, y the
pressure-dependent displacement of the flap and & the length
of thc valve seat in the third dimension,

Sections Il and V are gap shaped, and only laminar friction
has to be considered:

120, P 129,
APIU:"T}j_ bv= by (5)

where I, , are the lengths of the gaps.

In section IV, the fluid flow takes on a very complex struc-
ture. Because of the large opening angle of the diffuser, the
liquid removes from the wall and forms vortexes. So the
pressure loss is composed of acceleration and friction losses:

ap@ (1 1
APWZW(?_}_;)"‘(PJI—: (6)
An approximation for the friction loss in the diffuser is
il
(Pe)i-2= %‘bz—f )

assuming that the pressure loss is proportional to the kinetic
energy of the fluid. £is a loss coefficient which depends on
the lateral dimensions. It normally has to be determined by
an empirical solution [11]. In our case, we determined the
loss coefticient by simulating a diffuser with different dimen-
sions, using FEM fluid simulation. The result is a character-
istic line of the loss coefficient £ of the diffuser which
approximates the flow in section IV including vortices and
removing effects at the boundary walls (Fig. 5):

10 pm

£=05+ (8)
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where y is the height of the diffuser.

Adding up these results, the flow rate @ through the valve
can be calculated as a function of the Lotal pressure difference
p and the height of the gap opening y:

p= ZA p(Dy) = P(py)

i=i

Z
1271, 3,) Nlaan? (1, 1, Zp(a .5),
—-—|S5+3)+ =+= +515+=2
b W V b R »? 2 }._’

pla &
?(?Tﬂ)
(9)

To calculate the pressure-dependent flow rate through the
valve, it is necessary Lo derive & connection between pressurc
pand flap displacement y. For this, Eq. (1) or Eq. (2}, which
are the result of the static FEM simulation, can be used.

Yet the displaccment of the flap can be analytically cal-
culated as well. Using Eq. (9) together with Egs. (4)-(7),
the lateral pressure distribution undcrneath the flap can be
calculated (Fig. 5). This pressure distribution p(x) can be
uscd (o determine the displacement of the flap using the dif-
ferential equation for a cantilever beam [ 12]:

—M(x)
Ef

w

!
Y () = M(x)=Jp(x)bdx (10)
4]

where M is the torque, E the Young modulus of the silicon,
I, the moment of inertia, b the width and [ the length of the
flap. The static low characteristic of the valve can be calcu-
lated by an iterative numerical solution which is similar to
the iterative FEM simulation explained earlier. The final
results of the FEM as well as the iferative analytical simula-
tion are nearly identical (Fig. 3). Both take the significant
influence of the low pressure in the diffuser region into
account, It reduces the displacement of the flap and the flow
rate of the valve with it.

4. Simulation of the dynamic behaviour of the valve

To understand the high-frequency behaviour of micro-
pumps, we used a transient FEM analysis. For it we combined
transient structural simulations of the vaive, including the
damping property of the liquid, with a transicnt flow simu-
lation [13]. For a coupled fluid-structural simulation with
ANSYS, some additional modules have to be integrated into
the FEM program. Considering the physical cffects between
both models, cach transient simulation step has to be carried
out in two sub-steps:

@ transfer of the velocity of the solid structure to the fluid
model

® transfer of fluid pressurc and fluid friction to the solid
model
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Fig. 6. 2D and 3013 FEM simulations of a freely oscillating fap inside the
fluid ( water) using fluid-structural coupling.

Each transient step consists of two calculations, a mechan-
ical simulation of the flap and, with the geometrical results
as boundary condition, the simulation of the fluid flow. The
transfer of the velocity and pressure data takes place at those
nodes of the FEM mesh that are located at the boundary of
the solid and fluid model.

As a first example, we simulated the dynamic behaviour
of a flap freely oscillating i the surrounding fluid without
any valve scat. The vacuum resonance frequency of the flap
is 6000 Hz. The model consists of a 2D flap which has an
initial displacement of 50 wm. Each oscillation of the flap
needs about 100 transient simulation steps to consider the
fluid-structural coupling. Because of the large damping of the
fluid, the resonance frequency decreases to 830 Hz (Fig. 6).

The same simulation has been done for a 3D model of the
flap. The 2D and 3D results are quite similar to each other,
cxcept for the resonance frequency. The fluid flow in a 3D
model not only occurs over the top of the flap but also over
both side edges. The fluid resistance decreases and the damp-
ing influence is smaller. Due to this, the resonance frequency
of a 3D model is 1200 Hz.

The oscillation of the flap inside the fluid can be approxi-
mated by the basic differential equation of a driven mechan-
tcal oscillator [ 14]:

my+dy+ky=F (11}

The spring constant &£ can be taken from the static displace-
ment of the valve and is equal for the 2D and 3D models (65
N m~"). The soluticn of Eq. (11) neglecting an external
force (F=0) leads to a damped harmonic oscillation;

v &
v =ggexpl( — dr/2m)cos(vf— - —I)

m  4m?

(12}

A comparison of this formula with the FEM simulation
(Fig. 6} results in a damping constant d = 0.00259 for the 2D
model and d=0.00200 for the 3D model. The effective
masses m are 2.36X 107° kg and 1.02X 10™° kg, respec-
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Fig. 7. Simplified 2D FEM model for a transient simulation of the valve,
including the valve scat.

tively. These effective masses are much bigger than the real
mass of the silicon valve flap, which is 1% 107° kg. The
effective mass includes the mass of the surrounding fluid,
which has to be accelerated during a motion of the flap. With
these three coefficients, &, d and m, together with the differ-
cntial equation of the oscillator, Eq. ( 11), the transient behav-
iour of the flap can be analytically described.

As a second more complex calculation, we did a coupled
transicnt simulation of the valve, including the valve scat. A
simplificd model was gencrated to decrease the time of cal-

L
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culation (Fig. 7). This is necessary because of the large num-
ber of transient time steps that are required to consider the
influence of the valve seat. The valve seal itsclf has been
simulated by contact elements, which prevent a penetration
of the flap. As actuation, we assumed a sinusoidal pressure
of different frequencies and a maximum amplitudc of 2500
Pa. The results show the influence of the resonance frequency
of the valve on the simulated Aow ratc. At a {requency of 200
Hz, which is much smaller than the rcsonance frequency of
1660 Hz (iwice as much as for the frec flap, becausc of the
influence of the valve seat), the valve shows a quasistatic
behaviour (Fig. 8). The driving pressure and displacement
of the valve arc in phase. At a frequency of 2500 Hz, the
behaviour changes, basically because of a phase shift betwecn
the actuation and displacement of the valve, which results in
a negative flow rate. This valve behaviour has a basic influ-
ence on the dynamics of the micropump.

The dynamic behaviour can also be derived by an analyt-
ical solution. The displacement of the valve can be calculated
in a numerical way, solving Eq. (11). In doing so, the actu-
ating force F'is the product of the area of the valve seat A and
the sinusoidal pressure p. The spring consiant & again was
simulated by a static FEM simulation and has a value of 155
N m ™" for this model. The arca A of the flap, at which the
pressure works, is 1.4 X 10~ % m? The damping constant and
the effective mass are taken from the coupled FEM simulation
of the freely oscillating 2> flap. The fluid flow through the
valve gap is calculated by Eq. (9}. The rcsults show a good
agreement with the FEM simulation (Fig. 8), but have been

dispacerment [um]

flowrate[pl/s]

1=2500 Hz

Fig, 8. Coupled Auid-structural simulation of the valve: driving pressure, displacement of the flap and flow rate through the valve at drving frequencies of 200

and 2500 Hz.
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calculated much faster. Differences can be explained by the
use of Eq. (9), which was simulated for static flow. Its use
in a dynamic simmulation produces an inaccuracy, since accel-
eration effects are neglected. For an exact simulation, the
acceleration of the fluid in the valve opening has to be con-
sidered in the analytical solution. However, as can be seen
from Fig. 8, the transient flow can be approximated by Eq.
(9), derived for static flow, up to driving frequencies of some
thousand hertz. This simulation method shows how to cal-
culate more complex dynamic models by a combination of
FEM simulation and analytical solutions.

5. Simulation of a bidirectional micropump

Up to now the fluid simulation of a whole micropump has
been too complex a model for a coupled FEM analysis. The
method of choice is a combination of an analytical solution
with the results of the FEM simulation.

Reciprocating micropumps consist of an actuation unit and
two passive check valves. Using an analytical approach, they
can be described by three differential equations. The transient
pump chamber pressure of an electrostatic micropump can
be calculated by a differential equation [ 15,17]:

= D, (2yi) = Po (DYoy)
(dVU(P)/dP) - (dvgas(p) ’!dp)

where iv =inlet valve and ov = outlet valve.

This equation can be derived from the continuity equation
and includes the inlet and outlet flows @, and @, the vol-
ume of the pump chamber V;, and the volume of gas bubbles
Vyas- For the calculation of the fluid flow, we use Eq. (9).
The pressure-dependent volume displacement of the actua-
tion membrane has been simulated by a static FEM
simulation.

Eq. (13) has to be extended by two differential equations
describing the dynamics of the valves [13]. For this, we use
the basic differential equation of a driven mechanical
oscillator:

(13)

mj;iv + inv—'"kyiv = Fjv
m)}‘ov +d);ov +k)’ov= F(w

The spring constant & is taken from the static valve simu-
lation. With it, the damping factor d and the effective mass
m can be derived from the 3D FEM simulation of the freely
oscillating flap. By a numerical solution of this system of
coupled differential equations, we simulated the frequency-
dependent pump rate of the micropump [13].

For low frequencies, the model results in the well-known
quasistatic behaviour of minaturized diaphragm pumps
(Fig. 9). The pump rate can be increased with higher driving
frequency. At frequencies above 1200 Hz, the flow rate
decreases and becomes negative for frequencies higher than
the resonance frequency of the valves. This is due to the phase
shift between actuation and valve displacement. As a result,
the pump can be used as a bidirectional micropump. The

(14}
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Fig. 9. Frequency-dependent pump rate of a bidirectional micropump.

direction of the fluid transport can be chosen by varying the
driving frequency.

The simulated results show very good agreement with the
measurement of the electrostatic actuated micropump pub-
lished in Ref. [16] (Fig. 9). Differences can be explained by
inertia effects of the fluid in the tubes and by the approxi-
mation of the 3D system by a 2D model.

6. Conclusions

We presented FEM simulations and analytical calculations
of the static and dynamic behaviour of a KOH-etched silicon
check valve, It has been shown that, for the flow characteristic
of the valve, the detailed pressure distribution around the
valve seat has to be taken into account. The influence of the
low pressure in the diffuser region of the valve has been
considered in an iterative solution.

Furthermore, we investigated the transient flow through
the valve by means of a coupled fluid-structural FEM analysis
and compared the results with an analytical model of the valve
dynamics. It has been shown that, at operation frequencies
higher than the resonance frequency of the flap valve, the
flow changes its direction. This is due to the phase shift
between the flap opening and the actuation pressure. On the
basis of these results, the working principle of a bidirectional
micropump [ 16] can be simulated in good agreement with
the measured results.
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