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ABSTRACT

We propose a mixed level simulation scheme for squeeze
film damping (SQFD) effects in microdevices, which allows
for including the damping effects in system-level models of
entire microsystems in a natural physical-based way. It also
provides very large flexibility with respect to device geom-
etry and the constituent components of a microsystem. The
proposed damping model is realized in VHDL-AMS and can
be easily included in system level models for full system sim-
ulation.
The method has been successfully demonstrated for ele-
mentary micromechanical structures. The results from the
mixed level simulation approach conform very well with 3D-
Navier-Stokes-based FEM simulations showing the applica-
bility of our methodology.

Keywords: squeeze film damping effects, mixed level
simulation, compact modeling, non-trivial geometries

1 INTRODUCTION

Viscous air damping strongly affects the dynamical be-
havior of many microelectromechanical devices and sys-
tems. They can be differentiated into squeeze film damping
(SQFD) effects, which occur if a micromechanical structure
is pushed towards a rigid surface with a thin fluid film inbe-
tween as,e.g., in vertically moving accelerometers [1], and
slide film damping, which mainly occurs in laterally mov-
ing devices [2]. On the continuous field level, damping ef-
fects are described by the Navier-Stokes equations (NSE);
however, the computational effort for modeling the device
behavior as part of a full system analysis often becomes pro-
hibitive, in particular if the device geometry is complex and
the device functionality is governed by additional couplings
to other energy domains (electro-mechanical, etc.). There-
fore, with a view to deriving compact models on the sys-
tem level, it is necessary to reduce the order of complexity to
make viscous damping effects tractable for including them in
the full system dynamics.

2 PROBLEM DESCRIPTION

For SQFD, which is considered in this work, the com-
plexity of the NSE can be reduced, if the ratio between struc-
ture width and fluid film thickness is sufficiently large and

the fluid flow is laminar. Under these assumptions, we are
led to the Reynolds equation, well-known from the theory of
tribology [3]:
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wherep denotes the pressure,h the fluid film thickness, and
� the viscosity of the surrounding gas. Due to rarefaction
effects at low pressure and/or small device dimensions, the
latter must be replaced by an effective viscosity�e� , which
depends on the Knudsen numberKn = �

h0
(� = mean free

path of the gas atoms or molecules) and can be modelled
according to [4]:
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�0
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For small amplitude motions the Reynolds equation can
be linearized and solved analytically in the case of simple
geometries [5], [6]. Alternatively, we may use the analogy
to the thermal diffusion equation and apply a standard FEM
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Figure 1: Amplitude and phase shift of the normalized reac-
tion force on a sinusoidally moving long rectangular plate
in air as a function of the squeeze number � for variable
b=h0-ratios (b = plate width, h0 = thickness of the fluid film
underneath the plate). Results from NSE-based FEM simu-
lations are compared to results obtained from the Reynolds
equation.
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Figure 2: Mixed-level approach for modeling SQFD effects in microdevices. The damping model can be easily included in
system level models of full microsystems.

tool [1]. For solving the non-linearized equation new soft-
ware code is necessary (solution by a FD scheme [7], for
example).
Regarding vertically moving microstructures, where large as-
pect ratios and small gaps are predominant features, in many
cases the Reynolds equation is a rather adequate simplifica-
tion of the NSE to describe the damping forces acting on
the device. However, it becomes inaccurate or even fails, if
edge effects and non-developed flows have to be taken into
account. This is the case if the lateral extensions of the mi-
crodevice considered are not large enough compared to the
fluid film thickness and/or if the structure is perforated. Fig. 1
illustrates the limited applicability of the Reynolds equation
for the case of vertically moving, long rectangular plates
with varying ratio of plate width to fluid film thickness b=h0.
The amplitude of the normalized reaction forces acting on
the plate and the phase shift with respect to the plate dis-
placement are displayed as a function of the squeeze num-
ber �, a dimensionsless, geometry dependent figure of merit
for SQFD (for rectangular plates � = (12�!b2)=(h2

0
pa) [5],

with b = plate width, h0 = fluid film thickness, pa = am-
bient pressure, and ! = frequency of excitation.) Please
note, that throughout this work “normalized forces” means
normalized to plate area, ambient pressure and relative plate
displacement.
The Navier-Stokes-based FEM results in fig. 1 show that, due
to edge effects and the non-developed flow regime at the end
of the plate, the Reynolds equation is only valid for very large
b=h0-ratios.
The limitations of the Reynolds equation become even more
distinct if we regard the reaction force acting on a vertically
moving perforated plate segment (fig. 6). As can be con-
cluded from comparison of 3D-Navier-Stokes-based FEM
simulations with results from the Reynolds equation, the ad-
ditional pressure drop effected by the holes causes an aug-
mented reaction force on the plate and is not covered by the
simplified equation.
Therefore our intention is to derive a method which makes
still use of the Reynolds equation, but takes also into account
the effects, which are not treated by the simplified equation.
This will provide the most possible flexibility with respect to
device geometries and microsystem functionality.

3 MIXED-LEVEL SIMULATION
APPROACH

In order to reduce the degree of complexity while keeping
sufficiently high accuracy we follow the mixed level simula-
tion approach sketched out in fig. 2: From a FEM model of
the microstructure built by a standard FEM tool, a netlist for
Finite Network (FN) simulation is compiled by employing
an especially developed software tool that uses the geome-
try and grid information of the FEM model. The governing
equations, i.e. the Reynolds equation and the mass conti-
nuity equation, are discretized and coded in VHDL-AMS.
Insufficiencies of the Reynolds equation (compared to NSE)
due to geometrical non-idealities are corrected for by incor-
porating error compensating compact models. The latter can
be chosen as physically based scalable models [8] or as sim-
ple lumped element models like a fluidic resistance, thus of-
fering the possibility to tailor the complexity of the models
according to the needs, the required accuracy and the given
practicabilities. The proposed method offers a high degree
of flexibility and, hence, the possibility to tackle also devices
with non-trivial geometries and arbitrary venting conditions
such as perforated plates and diaphragms, for instance.

The resulting mixed level model for SQFD can easily
be implemented in a system simulator (e.g. [9]) combined
with other VHDL-AMS-based compact models to form a
macromodel of the entire microsystem. This methodology
constitutes a natural way to achieve the coupling to other
physical energy and signal domains by using a uniform sim-
ulation environment and a commercially available standard
software tool.

4 SIMULATION RESULTS

We exemplified the method on two elementary structures,
which can be regarded as basis for larger and more complex
devices. On the one hand we considered rectangular plates
with various ratios of plate width to fluid film thickness b=h0

(fig. 3, left), on the other hand a square plate segment
containing an etch hole (fig. 3, right). For both structures we
assumed a sinusoidal motion towards a rigid surface; fig. 3
shows the resulting spatial pressure distribution inside the
fluid film at a certain time step. Additional compact models
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Figure 3: Pressure distribution underneath a sinusoidally moving rectangular plate and a plate segment containing an etch hole
(bs = 10�m, bh = 1�m, h0 = 1�m, plate thickness d varies between 0.01�m and 4�m.). The compact models account for
the additional fluidic resistance caused by edge effects and the etch hole, respectively.

account for the geometry-dependent pressure losses, which
are not covered by the Reynolds equation.

Rectangular plates
For rectangular plates the discrepancies between the

Reynolds equation and the Navier-Stokes-based FEM sim-
ulation results (see fig. 1) originate from non-ideal bound-
ary conditions at the plate edges: ambient pressure condi-
tions as well as developed flow regimes cannot be assumed
to be valid in the vicinity of the plate boundaries. The addi-
tional pressure drop caused by these non-idealities leads to
larger reaction forces acting on the plate and is not covered
by the Reynolds equation. Our investigations reveal that the
influence of these effects scales inversely with growing plate
width. This shows that the magnitude of the effect is the same
for each plate geometry but the relative contribution to the
reaction force decreases with increasing plate width. From
fluid dynamical considerations we could deduce a physically
based compact model for the additional fluidic resistance Zf

caused by the edge effects, which is based on the fluid flow
through a rectangular gap [10] and scales with all important
design parameters:

Zf = 8'�e�
ladd (h

2 + 2hlg + l2g)

h3l3g

Here h is the variable air gap width, lg the total length of the
plate edges, �e� the effective air viscosity depending on the
Knudsen number Kn, and ' a geometrical constant depend-
ing on the ratio h=lg [10]. ladd denotes the distance where
the non-ideal boundary conditions are valid and depends on
the gap width h: ladd = lf � h.
The parameter lf is adjusted by merely one FEM simula-
tion and holds for all geometrical variations. Figs. 4 and 5
show that the results, obtained by combining this compact
model with the FN model for the Reynolds equation, are in

very good conformance for linear as well as for non-linear
excitation of the plate, although the plate dimensions and the
fluid film width vary over a wide range. One should note that
the mixed level model holds for both square and rectangular
plates (fig. 5).

Plate containing an etch hole
To account for the effect of the quadratic etch hole in the

square plate segment displayed in fig. 3 (right) we added
three compact models. First, to account for edge effects,
we applied the model we derived above for the rectangu-

5 10 15 20
b/h0

0.1

0.2

0.3

 r
ea

ct
io

n 
fo

rc
e 

am
pl

itu
de

FN + Comp. model
3D−FEM (NSE)
Reynolds equation

0.6

0.7

0.8

0.9

1.0

re
ac

tio
n 

fo
rc

e 
am

pl
itu

de

p=p2

p=p1

Figure 4: Results from mixed-level simulation of a sinu-
soidally moving rectangular plate compared to 3D-FEM and
Reynolds equation results: reaction force amplitudes vs.
varying ratio of plate width to fluid film thickness b=h0 for
two different pressure values and linear excitation (small am-
plitudes). The results agree very well with results from FEM
simulations (NSE). Results from the Reynolds equation (in-
dicated by crosses) are only valid for infinitely large b=h0-
values and do not depend on b=h0.
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Figure 5: Normalized reaction forces excerted by an air film
for large amplitude motions of a rectangular and a square
plate, respectively. The results obtained by mixed level sim-
ulation agree very well with results from 3D-FEM simula-
tions (NSE). The compact model, which accounts for the
edge effects, scales with design parameters and is also valid
for square plates. Results from the Reynolds equation are
indicated by crosses again.

lar plates. The second model describes the massflow rate
through a hole in very thin plates, where laminar pressure
losses can be neglected. The mass flow rate can be assumed
to be proportional to the square root of the pressure drop and
to the hole area. It contains one fit parameter, an empirical
geometrical constant, which is determined by a FEM sim-
ulation of a very thin plate containing a hole (plate thick-
ness d = 0:01�m).
Finally, we added a compact model that takes into account
the laminar pressure losses through the “hole channel” . It
is deduced from the pressure drop along a rectangular chan-
nel and depends on the hole dimensions and the plate thick-
ness d. Non-developed flows are considered by adding an
initial length dadd = lh � d, which scales with the plate thick-
ness d (= length of the “hole channel” ). lh is extracted from
FEM leaving all other parameters constant.
We end up with a mixed level model for the perforated
plate segment, that scales with all important design param-
eters and contains only a minimum number of (physically
transparent and clearly defined) fit parameters. The results
obtained with this model agree very well with 3D-Navier-
Stokes-based FEM simulations, even if the geometrical pa-
rameters are varied over a wide range. This can be seen, for
example, in fig. 6 for the case of variable plate thicknesses,
thus proving the efficiency and practicality of our approach.

5 CONCLUSIONS

We propose a mixed level approach to include SQFD ef-
fects into system-level models with reduced order of com-
plexity but still based on a physical description and high ac-
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Figure 6: Reaction force on a square plate segment contain-
ing an etch hole (see fig. 3) for varying plate thicknesses d.
The additional fluidic resistance due to the etch hole causes
a higher reaction force on the plate, but is neglected in
Reynolds equation (indicated by crosses). It is included in
the FN approach by adding a corrective compact model scal-
ing with design parameters.

curacy. Comparing mixed-level simulations with FEM cal-
culations of elementary microstructures prove the accuracy
of our method. The deduced compact models for edge ef-
fects and holes are physically based, and, therefore, suited
for the incorporation in more complex microsystem models.
The method is very flexible and, since it is realized in VHDL-
AMS, can be easily combined with other compact, lumped
element or FN models to form a macromodel for an entire
microsystem.
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