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ABSTRACT

We present a straightforward and fast method solv-
ing perforation problems utilizing a Perforation Profile
Reynolds (PPR) solver. The solver includes additional
terms in the modified Reynolds equation that model the
leakage flow through the perforations, and variable vis-
cosity and compressibility profiles. The solution method
consists of two phases: 1) specification of the specific
admittance profile and relative diffusivity (and relative
compressibility) profiles due the perforation, and 2) so-
lution of the PPR equation with a FEM solver.
Damper strucures with 4 – 64 holes are simulated

with a 3D Navier-Stokes solver and PPR solver. The
results agree to within 15% for perforation ratios less
than about 50%. The method extends the regime of
accurate simulation of perforated structures for cases
where the homogenization method is inaccurate and the
full 3D Navier-Stokes simulation is too complicated.

Keywords: damping, perforation, gas damper, rare
gas, Reynolds equation

1 INTRODUCTION

Perforated squeezed-film damper structures are used
in several MEMS applications, both, to reduce the damp-
ing due to the surrounding gas and to make the damping
insensitive to the air gap height.
In these structures, the number of perforations vary

from a few holes to grids of thousands of holes. Accu-
rate modeling of these structures requires the consider-
ation of rare gas flow in tiny flow channels and around
the structure. 3D flow simulations are needed in solv-
ing perforation problems generally. However, accurate
3D simulation of the Navier-Stokes (NS) equation is, in
practice, impossible due to the huge number of elements
needed, especially in cases where the number of perfora-
tions is relatively large. Moreover, the NS equations are
incapable of modeling rare gas phenomena, that is es-
sential when the gas is flowing in narrow flow channels,
that are typical in MEMS devices.
To model the damping in perforated structures, dif-

ferent methods should be used depending on the num-
ber of perforations and the nominal hole size s relative
to the air gap height h (s/h-ratio). If the s/h-ratio is

large, the flow resistance of the perforation is insignifi-
cant. In this case, the problem can be reduced to a 2D
Reynolds equation for the whole damper surface [1] (a
few holes), or for a single hole (large number of holes) [2].
If the number of perforations is large, the flow resis-
tance of the perforations is solved and is homogenized
over the damper surface. The problem is reduced to
the extended Reynolds equation with a pressure leakage
term [3]–[7]. The homogenization method [7] is usable,
but it has its limitations, especially if the number of
perforations is small. A mixed-level approach has also
been published [8], and a hybrid method combining NS
and Reynolds equations has been presented [9]. Flow
resistances of perforations are studied in [10].
In this paper, a method for solving damping prob-

lems is presented, where the homogenization method
does not apply. These are, e.g., a moderate number
of perforations, complex shaped perforations, and non-
uniform distribution and size of perforations. Moreover,
in the method, the border effects are considered.

2 METHOD

Figure 1 shows the structure of a perforated gas damper.
The method makes use of the solver for the Perfora-
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Figure 1: Structure of perforated gas damper.

tion Profile Reynolds (PPR) equation (written in time-
harmonic form):

∇ ·

(
Dh
h3Qch

12η
∇p

)
− Ch

jωhp

PA
− Yhp = w, (1)

where h is the air gap height, η is the viscosity coef-
ficient, Qch is the relative flow rate, PA is the ambi-
ent pressure, p(x, y, ω) is the complex pressure varia-
tion, and w is the surface velocity in the z-direction.
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Dh(x, y), Ch(x, y), and Yh(x, y) are the extensions that
are specific for perforated structures: relative diffusiv-
ity, relative compressibility, and perforation admittance
profiles, respectively. The relative flow rate due to the
rare gas effects is

Qch = 1 + 9.638K
1.159
n,ch , (2)

and Kn,ch = λ/h is the Knudsen number, where λ is
the mean free path (depends on PA). When the slip
correction is considered, as in this paper,

Qch = 1 + 6Kn,ch. (3)

2.1 Phase 1: Perforation Profiles

This method requires that the specific admittance
profile of the perforated surface is built first. In PPR,
the specific admittance profile Yh(x, y) is specified spa-
tially, at the locations of the perforations, whereas in the
homogenization method Yh is a constant and includes
the flow resistance of the air gap and the perforations.
In this paper, a constant average admittance profile

is used for each perforation. The diffusivity of the air
gap also effectively changes due to the perforation. For
the flow passing in the air gap below the perforation, the
frictional surface area will be reduced approximately by
2. This is modeled by setting the relative diffusivity
Dh = 2 at the perforation (Dh = 1 elsewhere). Figure 2
illustrates the perforation profiles in the case of a 1D
damper.
For simple perforation geometries, e.g., rectangular

or circular holes, analytic flow channel impedances with
rare gas effects can be used to determine the flow impedance
profile [11]. Complicated perforation shapes require a
3D FEM simulation to determine the specific admit-
tance of each perforation.

2.2 Phase 2: PPR Solver

The PPR solver is implemented in the multiphysi-
cal simulation software Elmer [12]. The PPR equation
is solved applying the local perforation admittance and
relative diffusivity and compressibility profiles.
Considering the edge effects at the outer borders of

the structure is essential for accurate results. All bor-
ders of the structure are extended by an amount of
1.3d(1 + 3.3Kn,ch), as suggested in [13]. The borders of
the perforations are not modified in this method. This
is not needed, since the finite diffusivity at the perfora-
tions effectively builds an “edge effect”.

3 VERIFICATION

Several perforated dampers in perpendicular motion
are simulated with the time-harmonic PPR solver [12]
using a mesh of 5000 elements. The surface is a square,
and the perforation consists of identical square holes.
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Figure 2: a) Topology of a single perforation in 2D and
b) reduced profiles in 1D for Eq. (1).

A comparison is made well below the cutoff frequency,
that is, the compressibility of the gas is ignored. The
dimensions are summarized in Table 1 and one of the
four structures is shown in Fig. 3.

Number of holes N 4, 16, 36, 64
Surface length a 10, 20, 30, 40 10−6m
Hole diameter s 0.5, 1.0, . . . , 4.5 10−6m
Thickness hc 0.5, 1, 2 10−6m
Air gap height h 1, 2 10−6m
Viscosity coeff. η 20 10−6Ns/m2

Mean free path λ 69 10−9m

Table 1: Parameters for the simulated dampers. Al-
together, 216 different topologies were generated and
simulated.

For a rectangular capillary, the average specific ad-
mittance at the opening of the hole is

Yh =
wh

ph
=

s2

28.51η

(
hc

Qtb
+
3π

16
s

)−1
, (4)

where s is the diameter of the hole, hc is the length of
the hole, and ph and wh are the average gas pressure
and velocity in the z-direction at the opening of the
perforation hole. In the slip flow region, the relative
flow rate of a channel with circular cross-section Qtb is

Qtb = 1+ 4Kn,tb, (5)

where Kn,tb is the Knudsen number of the capillary
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Figure 3: Structure of simulated dampers. Topology
with N = 16 holes is shown. The figure also illustrates
the simulation space around the structure in 3D NS-
simulations.

Kn,tb = λ/(s/2). In Eq. (4), an elongation of an open
capillary (3π/16 · s) is used.
The results are compared against full 3D NS simula-

tions of the structure, which can be performed relatively
reliably, thanks to the small number of holes and the
symmetry in the structure. Slip boundary conditions
are used for the surfaces. The simulated gas volume
is extended around the damper: free space around and
above the damper are 6h and 2s, respectively. A mesh
of 250000 elements is used.

Damping coefficients for varying hole sizes are calcu-
lated with both methods. The maximum relative errors
are shown in Table 3. In Fig. 4, the simulated pressure
profiles are compared.

4 DISCUSSION

The maximum relative error in the damping force
is below 15%, except for very strong perforation (81%)
and long channels (hc = 2µm) when N = 4. The PPR
model systematically underestimates the damping. This
is probably due to the fact that additional forces acting
on the sidewalls and on the top surface are ignored in
the model. These forces are stronger when the surface
is thick (hc = 2µm), and the surface area is the small-
est (N = 4). The increase in the error at very strong
perforation is probably due to the constant specific ad-
mittance profile. Also, the coupling of the flows above
the perforations is not accounted for in this model, and
the channel elongation exaggerates the damping.

The number of elements (250000) in the 3D NS simu-
lations was close to the maximum achieved in the com-

Max. relative error [%]
hc s r
µm µm % N=4 N=16 N=36 N=64

0.5-1 0.5 1 -13.4 -2.3 -1.3 -1.7
0.5-1 1.0 4 -8.6 -4.2 -5.0 -5.5
0.5-1 1.5 9 -13.4 -5.4 -6.0 -9.1
0.5-1 2.0 16 -14.1 -6.7 -8.2 -9.5
0.5-1 2.5 25 -13.8 -9.6 -11.0 -13.0
0.5-1 3.0 36 -16.3 -11.8 -13.8 -13.5
0.5-1 3.5 49 -18.6 -12.6 -12.6 -13.1
0.5-1 4.0 64 -17.8 -6.5 -10.5 10.9
0.5-1 4.5 81 -17.6 9.5 23.8 28.8

2 0.5 1 -13.3 -3.7 -1.4 -1.2
2 1.0 4 -15.4 -4.5 -3.8 -2.9
2 1.5 9 -15.1 -6.2 -4.8 -4.0
2 2.0 16 -19.9 -6.8 -5.6 -5.8
2 2.5 25 -19.2 -7.5 -7.5 -7.7
2 3.0 36 -22.3 -8.0 -9.0 -9.5
2 3.5 49 -21.4 -8.3 -8.8 -9.1
2 4.0 64 -25.4 -10.0 -5.4 6.5
2 4.5 81 -26.0 -0.9 8.0 13.8

Table 2: Maximum relative errors of the PPR method
compared with the 3D simulation with the NS solver.
r = Ns2/a2 is the perforation ratio.

puter used (1GHz Compaq AlphaServer). Simulating
each (of 216) topology took about half an hour. The
absolute accuracy of the numerical results is question-
able since no proper grid convergence analysis could be
performed. Each of the simulations with the Reynolds
solver with 5000 elements took 2 to 3 seconds. Verifi-
cations with 20000 elements altered the damping values
by less than 0.1%.
Here, the specific admittance of the hole was speci-

fied analytically. Alternatively, the specific admittance
profile (and the rest of the profiles), could be extracted
from 3D simulations of a structure that consists only of
a single perforation. The benefit of the former method
is the inclusion of the rare gas effects beyond the limit
of the slip flow region, and the latter method is good for
complex perforations, where analytic formulas for the
admittances do not exist.
The verification in this paper is limited to the slip

flow region, just to make the comparison with 3D solu-
tions possible. The method itself is valid for arbitrary
gas rarefaction. The comparison is made in the region,
where the validity of the slip conditions is questionnable
(Kn,tb < 0.26, Kn,ch < 0.069). In spite of the small ad-
ditional error in the results, the comparison is justified,
since slip flow models are used in both cases. The con-
sideration of the slip correction is essential for accurate
results for the micromechanical structures simulated. If
the rare gas effects are ignored (Kn,tb = Kn,ch = 0), the
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Figure 4: Simulated pressure profiles with the full 3D
N-S solver (left) and with the PPR solver (right). The
hole diameters are 1µm (top), 2µm (middle), and 3µm
(bottom). Simulated quarters of the surfaces are shown.

error in the damping force would increase by about 40%
and 15% for air gaps of 1µm and 2µm, respectively.

The gas compressibility is not generally significant
in perforated structures, since the perforation increases
the cutoff frequency considerably. Again, there is no
limitation in the method, why compressibility could not
be taken into account. In this case, a complex-valued
specific admittance profile and compressibility profileCh
are both needed for the PPR solver. For verification in
this case, a 3D linearized time-harmonic NS solver may
be used.

5 CONCLUSIONS

A straightforward method solving perforation prob-
lems with a 2D PPR solver was presented. The results
were compared with 3D NS-simulation results with a
very good agreement. Compared to direct NS-simulations,
the PPRmethod offers orders of magnitudes faster simu-
lation times and less memory consumption. The results
show that applying constant profiles at the perforations
gives sufficient accuracy.

The method needs to be verified in cases where the
gas compressibility should be considered. Extraction
and usage of non-uniform perforation profiles and cou-
pling between perforations will be studied in the future.
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