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Abstract: A differential equation that is generally effective for squeeze-film air damping of perforated plate and

non-perforated plate as well as in MEMS devices is developed. For perforated plate, the thickness and the dimen-

sions of the plate are not limited. With boundary conditions, pressure distribution and the damping force on the

plate can be found by solving the differential equation. Analytical expressions for damping pressure and damping

force of a long strip holeplate are presented with a finite thickness and a finite width. To the extreme conditions of

very thin plate and very thin hole, the results are reduced to the corresponding results of the conventional

Reynolds” equation. Thus, the effectiveness of the generalized differential equation is justified. T herefore, the gen—

eralized Reynolds” equation will be a useful tool of design for damping structures in MEMS.
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1 Introduction

Squeezefilm air damping is a critical factor for
most MEMS transducers and actuators, such as mi-
cromachined microphones, micro accelerometers,
vibratory gyroscopes, micro switches ete. The
squeeze—{ilm air damping of MEMS devices is tradi-

tionally analyzed with the well - known Reynolds” e-

quatiunll_ﬁ'.
oP 0P _ 12, b
1+ 2 = X ]
at = K Ca (1)
where P is the damping pressure caused by

squeezefilm air damping effect. u is the coefficient
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of viscosity of air, and h is the distance between the
plate and the nearby wall against which the plate is
moving.

For example, for a long strip plate with a

width of 2a. the solution to the equation is'"™”
_ Ou, » 2, dh
P(x) = - Sz = x7) U (2)

and the damping force on a strip plate with length
L is

Fi = LI P(x)dx = - SHE;LI}. (3)

The squeeze-film air damping is usually a lim-
ited factor for the performance of most MEMS de-

vices. T o reduce the air damping effect. the scheme
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most commonly used is to perforate the plate so
that air is allowed mainly to flow through the holes
instead of the borders. As a matter of fact. perfo-
ration is inherently needed in surface micromachin-
ing technique for the etching of sacrificial layer.
Other schemes (such as vacuum package and the
use of structures with slide-film air damping) are
also possible, but major structural changes or so-
phisticated packaging technique will be needed.

For a perforated thin plate (as is often seen in
MEMS devices by surface micromachining tech-
nique'") , the air flowing through the border can be

neglected (1. e.. the infinite plate approximation).
5]

2
i

I'he force of squeezefilm air damping is'
3umr

s WK () (4)

K(B) = (4 - B'- 4lnp- 3) .A is the

area of the plate, rcis the equivalent radius of a cell

Flll'm - = A

w here

area corresponding to a hole and B is the relative
hole radius, i. e.. the ratio between the radius of
hole ro and the equivalent radius of cell re, B= ro/re.
The main difficulty of above-mentioned treat—
ment is that the damping effect of air flowing in
holes, the air flowing among neighboring cells, and
the air flowing through the borders are not consid-
ered. As a matter of fact, thick silicon plates perfo-
rated with thin holes are getting popular for micro-
mechanical transducers and actuators, recently. For
a thick holeplate the damping effect of air flowing
in holes becomes significant and the boundary con-
ditions may be more important than that for a thin
holeplate. Therefore, new effective methods for the
squeeze{ilm air damping of perforated thick plates
are needed much  for the

very design

consideration.

2 Generalized Reynolds” equation

To establish a differential equation that is gen—
erally effective for the squeeze-film air damping of
holeplate and non-perforated plate as well, let us
consider a thick plate with uniform perforated

holes as shown in Fig. I. When the plate is moving

towards the wall, pressure is induced under the
plate. According to Poiseuille Equation, for a hole
with radius r. and length H , the volume of air pass—
ing through the hole in a unit time is related to the
pressure difference Pu between the two ends of the
holes.

mra
V= 8u

dv
de = (5)

pu
X

|

| - . -

()

Fig. 1 (a)

Schematic structure of a hole-plate

Top view: (b) View of cross-section

According to Reference| 3] the damping force
developed under the plate in a cell by the lateral
air-flow to the hole is

3uAd

Fi= " KBV (6)

S :
where A1 = 1. Therefore, the average damping

pressure in the cell area is

_ Fu _ 3r3K[ﬁ}‘ B
P= Pu+ s = Pul 1+ 16HE | = N(B) Pu
(7)
_ 3riK (B)
whereM(B) = 1+ 16H 1> | -

For typical hole-plate in MEMS devices, the
cell size is much smaller than the overall size of the
hole-plate. T herefore, the average pressure in a cell
can be considered as the damping pressure at the
center of the cell and the damping pressure under
the plate is a smooth function of position. For the
derivation of differential equation for the pressure
distribution under the plate, the air flowing
through the hole of a cell is approximated as pene-

trating the cell area uniformly. The penetration
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rate of air volume through the plate is
V._ pri, P
r = - ><
0= A= 8ur " n(p) (8)
With the extra air penetration through the
plate, the equation for mass conservation ( corre-—

sponding to Eq. 3. 17 in Reference| 3]) can be

found as
APg) | APg) | Pri 1 APh)
P o * SuH H{8)9P+ P =0
(9)
3 3 N
where g« = - _IEZL;; X %E and ¢y = - _leI X %}B . Fol-

lowing the derivation procedure given in Reference

[ 3], we can modify the Reynolds” equation to a

generalized form.
oP 2P

2 2=

38°ri 1 12u o dh
ax“+ % X

w'm gt
(10)
This generalized Reynolds” equation differs
from the conventional Reynolds” equation by an ad-
ditional (the third) term on the left side of the e-
quation. The term represents the damping effect of
air-flow in the holes. Generally, by solving the e-
quation with appropriate boundary conditions, the

distribution of damping pressure under holeplates

can be found.

3 Solution to long rectangular hole-
plate

To find a useful example, let us consider a
strip of holeplate with a length L, which is much

longer than the width 2a. The equation is now one

dimension .
By defining [= _ f"{z*“;fé;:(%ﬁ) and R =~ L2 x

¥ Equation (11) can be written as
(lf- ‘;—§+ R=0 (12)

The boundary conditions are

‘D

The solution to the equation is found to be

(13)

P(x) = Rf’ 1 = cosh( :E )fr’rlcosh( (;')

The dependence of pressure distribution on
the width of the plate is shown in Fig. 2, where the
pressure is normalized to RI".
=+=a=5]

--a=2{

==l
-o=a={.5]

Fig. 2. Dependence of normalized pressure distribu—

tion on a/l

From Eq. (13),the damping force on the plate

Fa= 2aLRl’

Al o

I - 'Ltanh
a

If the holes are very thin and the plate is very
thick so that | is much larger than a, Eq. (13) can
be return to Eq. (2)

For another extreme, if the plate is very thin
(i.e., H —~0) so that [—0,Eq. (13) gives a con—
stant pressure distribution under the plate except
for the boundary areas.
ur:

o K(B)

P= RlI’=-

This result coincides with the squeeze-film
damping force of a infinite holeplate given in Eq.
(4). The results for the two extremes justify the
novel differential equation. T herefore, the general-
ized Reynolds” equation will be a useful tool for de-
sign of many MEMS devices, such as microphone,
micro accelerometers, vibratory gyroscopes, reso—

nant sensors, etc.
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