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Abgract : A differential equation for calculating squeeze-film air damping in slotted plates is developed by
modifying the Reynolds equation. A term is added to account for the effect of airflow through the slots on the air
damping of the plate. The end effect of the airflow in the slots is also treated by substituting an eff ective channel
length for the geometric channel length (i. e. the thickness of the plate) . The damping pressure distribution,damp-
ing force,and damping f orce coefficient of the slotted plates can be f ound by solving the equation under appropri-
ate boundary conditions. With restrictions on the thickness and the lateral dimensions of the slotted plate re-
moved ,the equation provides a usef ul tool for analysing the squeeze-film air damping effect of slotted plates with
finite thickness and finite lateral dimensions. For a typical slotted plate structure,the damping force coefficient
obtained by this equation agrees well with that generated by ANSYS.
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1 Introduction

Squeeze-film air damping is a crucial factor in
MEMS sensors and actuators such as micro accel-
erometers, microphones, and micro switches. A
large damping effect is one of the most common
factors that lead to the deterioration of MEM S de-
vice performance. To reduce squeeze-film air damp-
ing ,platesin M EM S devices are often perforated or
dotted” =0 that air can flow through the holes or
dots aswell as the peripheral borders,reducing the
damping effect. As a process measure, holes or
dots are opened in large-area plates by surface mi-
cro machining to reduce the etching time of the sac-
rificial layer under the plates. Recently ,grated or
dotted plates have been used in MEMS devices
such as micro mechanical gyroscopes’ , electric
field sensors® ,and optical displays® . Therefore,
research on the air damping of perforated or dotted
platesisimportant to the desgn of M EM S devices.

The squeezefilm air damping of MEMS de-
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vicesis usually analyzed usng the Reynolds equa
tion®® . For a wlid plate, the squeezefilm air
damping can be found by applying the Reynolds e
quation with appropriate boundary conditions. For
perforated or dotted plates,however ,the Reynolds
equation can only be used if the plates are assumed
to have infinitesmal thickness and infinite lateral
dimensions”’ . Numerical calculations must be per-
formed for perforated or dotted plates with finite
thickness and finite lateral dimensons. Snce nu-
merical calculation is timeconsuming and not
trangparent ,an analytical methodis desrablefor a
nalyss and desgn.

We have developed a modified Reynolds
equation for the analyss of perforated plates with
finite thickness and finite lateral dimensons'® . We
also show a modified Reynolds equation for dotted
plates. The distribution of damping pressure,the
damping force on the plate ,and the damping force
coefficient can befound us ng the equation with ap-
propriate boundary conditions. In principle,the e
quation can be used to analyze damping for a dot-
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ted plate with finite thickness and finite lateral di-
mensions.

To introduce the application of the traditional
Reynol ds equation ,and for further comparison with
the damping effect of dotted plates,an analyss of
the squeeze-film air damping of a long rectangular
wlid plate is given first before proceeding to the
case of a dotted plate.

The Reynolds equation® ” wused for the
squeeze-film air damping of a solid plateis
where p(x) isthe damping pressure caused by the
squeezefilm effect U is the viscosity coefficient of
air ,and his the distance between the plate and the
nearby substrate against which the plate moves.
For the details of the derivation of Eq. (1) ,readers
are referred to Ref. [8].

For a rectangular plate with a length much
greater than its width ,Equation (1) becomes one
dimensional

i @

If the width of the plate is 2c,as shown in
Fig. 1, then by usng the boundary conditions
p(£c =0 ,we obtan the damping pressure

p(x) =- %h(cZ- x) (3)
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Fig.1 Squeezefilm air damping of a long rectangular
wlid plate

Having brigfly introduced squeezefilm air
damping ,we will proceed to develop a modified
Reynolds equation for dotted plates with finite
thickness and finite latera dimensons. Then we
will obtain the distribution of damping pressure,
the damping force on the plate,and the damping
force coefficient of a long rectangular dotted plate
using this equation. The results agree with those
for a 0lid plate with the same dimensions and with
those for a dotted plate with the same dimensions
but infinites mal thickness.

2 Modified Reynolds equation for
squeeze-film air damping of dot-
ted plates

Condder athin dotted plate as shownin Fig. 2
(e. g. a structure fabricated by surface micro-ma-
chining) . If the plate width is much greater than a
cell width ,the air will be squeezed out or sucked in
primarily through the dots when the plate oscil-
lates against the substrate,and the air flow under
the plate can be considered lateral in the direction
normal to the dots. Therefore,the damping pres
sure on the plate is determined by Eq. (2) and the
boundary conditionsin Eq. (4) :
ap‘ _ _
oxl ... =0, p(xb =0 (4)
The damping pressure from the airflow under a cell
is
p(x) :%h(x- b)(x+ b- 2a) (5)
The average pressure from the airflow under a cell
is
— 2 .
o =- HEh(1-p) (6)
where B is the ratio between the dot and cell
widths =0 thatPp =1 a.

A e e — o B_{

‘_LALALAAAAAi h

{b)

T ¥ e
e b 0b a
(¢

Fig.2 Squeezefilm air damping in a thin dotted plate
(@) Top view; (b) Cross sectional view; (c) A cell
with coordinates

The main problem with the above treatment is
that the damping effect of the airflow through the
slots,between neighboring cells,through the bor-
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ders is not considered. This is an acceptable ap-
proximation for thin dotted plates. However ,if the
plate is thick enough ,the pressure build-up from
the airflow through the ot can no longer be neg-
lected. In this case,a new analyss method for the
squeeze-film air damping is needed for design con-
Sderations.

To find the differential equation for the
squeeze-film air damping of a dotted plate,let us
first take the case with afinite thickness as shown
in Fig.3. The vertical airflow through the dot will
cause an extra resi stive force on the plate.
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FHg.3 Squeezefilmar dampingin athick dotted plate
(a) Top view;(b) Cross sectional view { cell and co-
ordinates’ see Fig.2(c))

According to fundamenta hydrodynamics,the

air volume per unit time V1 passing through a dot
with width L and channel length H ,and the pres
sure difference, pu , between the two ends of the
channel have the following relationship :
v 2lby, 7
Under the condition of small squeeze number ,
the pressure variation caused by the air dampingis
much smaller than the original pressure,so that air
isconddered incompressble”. Snce the reduction
of volume under the cell is equal to the volume of
air flowing out of the dot ,we have
3
V1 = Za'lj—bng =
From this equation ,the pressure caused by the air-
flow through the dot is

Vi =

- 2aL h

dHap (8)

pu =- b?

Therefore ,the total average damping pressure
inthecell is

pu+ p = pH[ 3K H(l B)J
pi B) 9

where& @) =[1+3h3 (1- B)J

Generally ,the width of a dot is much smaller
than that of the plate. Thus the pressure p in
Eg. (9) can be taken as the pressure at the center
of the cell andfurther treated as a continuousfunc-
tion p(x) of the whole plate. For the same reason,
the airflow through the sot can be approxi mated as
a uniform flow through the cell area,and the flow
rate (per unit area per unit time) is

Q. = Vi [o%
*~ 2a ~ JaH E ¢3)

Thus, the balance of mass flow can be ex-
pressed as (refer to Eq. (3 2 1) of Ref.[7])

p

(10)

204, 20a) , K, 1o 20N _ g
O0x oy 3JaH E(B ot
where qx = - ﬁﬂ apand qy—-ﬂj %5 Fol-

lowing the derivation processin Ref. [ 7] ,the modi-
fied Reynolds equation for the squeezefilm air
damping of a dotted plateis
4p® 1 ;
ip gz_yp ah® H E@)p_%h (11)

Equat|on (11) is a generalized version of the
conventional Reynolds equation. In the derivation,
we assumed that the airflow in the dotsis afully
developed Poiseuille flow. This generalized Reyn-
olds equation differs from the conventiona Reyn-
olds equation by an additional term ,the third term
in the equation. This term represents the damping
effect of vertical airflow in the dot. Thus,Equation
(11) can be used generally in dealing with the air
damping of dotted plates with finite thickness and
finite dimensons. With appropriate boundary con-
ditions ,the pressure distribution ,the damping force
on the plate ,and the damping force coefficient can
be found by solving this modified Reynolds equar
tion.

For a dotted plate with afinite thickness (the
length of channel) ,the effect caused by the ends of
the channel must be consdered. According to Eq.
(5 18) in Ref.[9] ,the end effect can be cons dered
by replacing the geometric height , H ,with an effec
tive height , Het ,in the equation. The expression of
the effective height is
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Het = H + b (12)

The end effect might be sgnificant if the thickness
of the plateis small.

3 Air damping of long rectangular
dotted plates

As a useful example ,we consider a rectangular
dotted plate with its length,L , much larger than
its width,2c (L > 2c > 2a,as shown in Fig.3).
Thus,Equation (11) becomes one dimensional. By

defining two constants | = Jah® K @)/4b® and R

= - lr?gi h, Equation (11) can be further smplified
to
2
g—XE -B+RrR=0 (13)

With the boundary conditions p(x ¢ =0,the
air damping pressureis

p(x) = RI’l1- cosh(‘lx)/cosh(‘lc)J (14)

The dependence of pressure distribution on
the ratio ¢ | is shown in Fig. 4 ,where the damping
pressure has been normalized to RI*.

—— =5/
—8— =2/

A\ A=l

) 1.0 —&— c=0.5/

x/c

Fg.4 Dependence of pressure distribution on d |

From Eqg. (14) ,the damping force on the long
rectangular dotted plateis

Fo = 2cLRI’[1- (I/ c)tanh(c/ )] (15)

Snce cisusualy much larger than | ,Equation (15)
can be further smplified to

Fo = 2LRI’(c- 1) (16)
and the damping force coefficient for the plateis
Ce :%uuz(c- ) (17)

These results imply that the damping pressure can
be considered to have a uniform value of RI* in
most of the area under the plate but drops to zero
at the border of the area with a width of I. There-
fore,l is sometimes referred to as the attenuation
length.

If the dots are very narrow and the plate is
very thick so that the attenuation length | is much

greater than the half-width c of the plate,Equation
(14) reduces to Eq. (3) for the solid plate with the
same dimensons.

To another extreme,if the plate is very thin
(i.e. H -0) ,s0 that the attenuation length is very

3

small (i.e.l -0) and& @) _.EA"h%bﬁ(l—BV. Equa
tion (14) shows that the damping pressure in most
of the area under the plate (except for the area ver-
y close to the borders of the plate) has a constant
val ue

2 .
p = R :-%h(1-8)3

This result coincides with the sgueeze-film
damping force of an infinite dotted plate obtained
by the conventional Reynolds equation ,as shownin
Eq. (6) .

To verify the above analyss,we compare the
damping force coefficient obtained from the
modified Reynolds equation with that generated by
ANSYS software for a typical micro-dotted plate.
The geometric parameters of the plate are 2a =
2@ m,2b=4m,H=20 m,h=2 m,and L =5mm,
and the number of dotsis 19. The damping force
coefficient found by the modified Reynolds equar
tionis =3 88x10 *N/ (m - s) ,while that found
by ANSYSis cs =399 x 10°°N/ (m - s). The
difference is small for practical applications. There-
fore ,the modified Reynolds equation can be used to
calculate the damping force coefficient for desgn
purposes.

4 Conclusion

For the squeezefilm air damping of a dotted
plate with a finite thickness and finite lateral di-
mensons,a modified Reynolds equation is devel-
oped. To the conventional Reynolds equation, an
additional term accounting for the effect of air
damping caused by airflow through the dots is
added. The end effect of the dot for the airflow is
considered by replacing the geometric thickness of
the plate with an effective thickness. For the two
extremes (including the conditions of finite plate
thickness and infinites mal plate thickness) ,the re-
sults from the modified Reynolds equation agree
with the corresponding results given by the con-
ventional Reynolds equation. This validates the
modified Reynolds equation. The modified Reyn-
olds equation will be a useful tool for the desgn of
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many M EM S devices with dotted plates.
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