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ABSTRACT

A method of analyzing the damping characteristics of
electrostatically driven torsion mirror actuators which
have deep grooves on their electrodes is described.
The damping force is caused by viscous friction of the
gas film between a moving mirror plate and the
electrodes. The grooves decrease the damping force
and enable the moving plate to be driven at high speed
and low driving voltage. To calculate the damping
force correctly, it is necessary to consider the viscous
friction not only on the moving plate and electrodes, but
also on the sidewalls of the grooves. For that purpose,
the idea of hydraulic mean depth is introduced and is
applied to the Reynolds equation. The calculated
damping force shows good agreement with the measured
damping force of the developed torsion mirror actuator
for optical heads.

INTRODUCTION

Electrostatic torsion mirror actuators and optical
scanners fabricated by IC-based micromachining
techniques are being developed in order to realize small
size, low cost and high performance optical information
equipment such as optical disk drives and bar code
readers [1-6]. In these actuators, there are some cases
where it is difficult to drive the moving plate at high
speed and low voltage because of the strong damping
force caused by the viscous friction (squeeze action) of
the thin gas-film between the moving mirror plate and
the electrodes. Therefore, it is important to not only
decrease the squeeze action but to also understand the
damping force correctly in these actuators.

To decrease the squeeze action, grooves are fabricated
on the electrodes in our micro electrostatic torsion
mirror actuator [5, 6]. The grooves decrease the area
of the electrodes, resulting in the decrease of the driving
force of the mirror plate. Therefore, it is necessary to
fabricate large aspect ratio grooves with a relatively
deep depth compared with the width. If the squeeze
action of the gas-film for the actuator with deep and
narrow grooves on the electrodes is calculated by
conventional lubrication theory (Reynolds equation [7,
8]), the calculated results have unacceptable error,

because the viscous friction on the sidewalls of grooves
is ignored in Reynolds equation, which is derived under
the assumption that the lubrication plane varies smoothly.
In this article, a new method for approximation analysis
of the squeeze action for the micro electrostatic torsion
mirror actuator with grooves is described and the
calculated damping force, which shows good agreement
with the experimental results, is discussed.

ANALYSIS METHOD

The analysis model is shown in Fig. 1. Time-dependent
pressure distribution in the gas-film is analyzed when the
moving plate vibrates with the angle of 6=8ysin(2rf7).
First, we consider the physical meaning of the Reynolds
equation to introduce the viscous friction on the
sidewalls of the grooves. The Reynolds equation is
expressed by
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where, p is pressure, p is density, y is viscosity and 7 is
time. 4 is the gap between the mirror plate and electrodes,
including the groove depth, and A, is the gap without
groove depth. V, and V. are the velocity components of
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Figure 1: Electrostatic torsion mirror actuator



the mirror plate in the z and x directions, respectively.
The Reynolds equation (1) multiplied by AxAy can be
rewritten as follows,
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Subdividing the gas-film into small volumes as shown in
Fig. 2, we consider the physical meaning of Eq.(3) in the
control volume shown by dotted lines. The left-hand
side expresses the mass increase per unit time due to the
density change in the control volume. The first term of
the right-hand side represents the mass flow of the gas
which flows out of the boundary ABCD in the z
direction during a unit of time due to the movement of
the mirror plate. The second term is the mass
difference of the gas which flows in and out of the
control volume in the x direction through the boundaries
ABFE and CDLK due to the velocity component V. The
third and forth terms show the mass difference of the gas
which flows in and out of the control volume through the
boundaries ABFE and CDLK, and ADLIHE and
BCKIGF during a unit time due to the pressure gradient.

Meanwhile, the term of —(4°/12u)p(dp/dy)Ax represents
the mass flow of the gas which flows between upper and
bottom plates in the y direction with the gap of s and
width of Ax due to the pressure gradient of —dp/dy.
Though the term of —(h’/12u)p(dp/dy)Ax contains the
viscous friction on the upper and bottom plates, it does
not contain the viscous friction on the sidewalls of the
grooves, because the Egs. (1) and (3) are derived from
the Navier-Stokes equation under the assumption that
the lubrication plane varies smoothly. Therefore, if
calculation is conducted substituting h=h,+H, for the
gap at the grooves, the result would have unacceptable
error. As the grooves become deeper, the viscous
friction on the sidewalls of the grooves becomes larger
than that on the upper and bottom plates, and so the
error of the calculated results becomes larger.

In order to strictly calculate the viscous friction on the
sidewalls of the grooves, three-dimensional analysis
which requires massive calculations would be necessary.
Therefore, in this article, the viscous friction on the
sidewalls of grooves is introduced to the Reynolds
equation by applying the idea of hydraulic mean depth
[9] (effective groove depth) for the flow in the grooves.
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Figure 2: Control volume between the mirror
plate and electrodes

The mass flow g, between two plates with the gap of A
and the width of s due to the pressure gradient of
—dp/dy can be expressed as follows.

a1 =-——pLs 4)

On the other hand, the mass flow ¢, for an open channel
or a pipe with a rectangular cross section can be
represented by

2
m dp A
=—k—Ap——, and m=— 5
@ peL, and m=7 )

where, A is the area of the cross section and U expresses
the wetted perimeter (the length along which fluid
touches the wall in the cross section), and £ is a constant.
Expressing the average gap between the mirror plate and
the electrodes by H), and the depth and the width of the
grooves by H, and s, respectively, A and U/ are written as
A=s(Hy+Hg) and U=2(H,+s), and then,

s(Hg + Hy)

" 2, o) ©

Substituting Eq.(6) into Eq.(5), and expressing with the
same form as Eq. (4),
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Putting ¢,=¢,, and using the relation of h= H, when H,
=0, k=2/3 is obtained. Therefore, 4 can be represented
by the following relation.
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Equation (8) expresses the effective gap which makes
the mass flow g, between the upper and bottom plates in
the grooves equal to the mass flow ¢, in which the
viscous friction on the sidewalls of the grooves is
considered. Therefore, the effective groove depth Hy.;



can be written as follows.

Hy o = h=Hy 9)
Thus, when /,+H,zis used instead of h,+H, for the flow
along the grooves (fourth term of right-hand side in
Eq.(3)), the pressure distribution of the gas-film
including the effect of the viscous friction on the
sidewalls of the grooves can be calculated.

NUMERICAL CALCULATION METHOD

As the isothermal change (poc p) can be assumed in the
gas-film, p is replaced with p in Eq.3). Subdividing
the gas-film into equal NxAf subareas (i=0-N, j=0-M),
the lengths of each subarea are defined as Ax=x,.,—x;
and Ay=y;.1—y; in the x and y directions, respectively, as
shown in Fig. 2. The time axis is expressed by t=nAat.
The functions p(Z,x,), hlt,x), Vi(t.x) and V(tx) defined
at the nodes (nAt, iAx, jAy) are designated by p, /", ha",
V. and V., where k", V" and V" are given values.

Nonlinear equation (3) is converted into linear

difference equations by Lees approximation method [10].

Defining p=p,+Ap (p.: periphery pressure), the pressure
variation Ap is small enough, that is, Ap/p, <<I.
Therefore, the known values p,;” which are calculated
one step earlier are substituted for p in the terms
p(dp/dx) and p(dp/av) of Eq.(3). Furthermore, the
differential terms Jp/, dp/od . aen, /M - nys-.. can
be expressed by (p,""'—p,/" VAL, (i) '=p, VA,
@iy "=p, Y 4,..., respectively.  Therefore, when
the following relations in the control volume shown by
the dotted lines in Fig. 2 are substituted into Eq.(3),
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Figure 3: Moment caused by squeeze action at various
frequencies (T : period)

Eq.(3) can be rewritten as follows,
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where, a;;, b;;..., and £, are expressed by At, Ax, Ay, A",
Vo', V. and p;;". Solving these (N—1)x(M-1) linear
equations with the following 2(N+1)+2(M-1) boundary
conditions,

n+l _ n+l n+ n+l

Pig =PiM=Pg: pﬂ,; =PN,j=Pa- (12)
(1=0-N,j=1-(M~1)

n+l

Py att=(n+1)At are obtained.
CALCULATED RESULTS
Effect of frequency

The time-dependent moment which arises from the
pressure variation Ap, (f,x.)) due to the squeeze action is
shown in Fig. 3 when the mirror plate is vibrated with
the function of 8=(2H,/L,) sin(2xfi), where L,=3 mm,
L,=2.5 mm, Hy=7 pm, and 4=1.82x107° Ns/m”. H, (=1
um) is the amplitude of the tip of the mirror plate. A
parameter is the frequency of vibration (10°, 10°, 10°
Hz). The moment in the case that two grooves of
H=s= 100 um are fabricated at the positions of L,/4 and
3L,/4 is also shown. The values of the vertical axis are
multiplied by 107 at /=10 Hz, by 10° at f/=10° Hz, and
by 10° at f=10* Hz, and so the value of the moment at
=0 and £=10° Hz is 1.41x107 Nm. From this figure,
the moment can be expressed by Mecfcos(27ff) except
for f/=10* Hz without grooves. Although a phase lag
due to the effect of the compressibility of the gas occurs
in the moment without grooves at f=10* Hz, the phase
lag disappears if grooves are fabricated. Therefore, the
moment is directly proportional to the velocity of the
mirror plate, and the amplitude of the moment is in
proportion to the frequency. Thus, after this,
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Figure 4: Pressure distribution in the x direction
(s=100 pm, #7=1.0 and y=L,/2)
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Figure 5: Relation between the moment and the
groove depth (the number of grooves=4)

calculations are carried out only at /=10° Hz, and the
moment at other frequencies is obtained by a conversion
using the relation that moment is proportional to the
frequency of vibration.

Effect of groove depth

The pressure distributions Ap(x,L,/2) at ¢/T=1 (T:
period) are shown in Fig. 4 when 100 pm-wide grooves
are fabricated in the positions of L,/6, L,/3, 2L,/3 and
5L,/6. The vertical axis is non-dimensional values
divided by the peak pressure without grooves. The
pressure takes a maximum or minimum value at the
position of about L, /5 from both ends in the case of no
groove. If grooves are fabricated, the deeper the depth
of the grooves, the smaller the pressure variation.
Moreover, the pressure distribution in the grooves
becomes almost uniform. This fact shows that the
assumption which is used to derive H is reasonable.

Figure 5 shows the moment calculated from the pressure
distribution in Fig. 4. The vertical axis shows non-
dimensional values divided by the moment without
grooves. Comparing the moment with grooves of the 50
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Figure 6: Relation between the moment and the number
of grooves (H,=100 pim)

um-width and 100 um-depth and that with grooves of
the 100 pm-width and 50 pm-depth, the moment is
smaller for the wider grooves, for grooves of equal
sectional area.

Effect of the number of grooves

Figure 6 shows the moment with 100 pm-deep grooves,
when the number of grooves (V) is varied from 2 to 8.
The moment, not considering the effect of the viscous
friction on the sidewalls of the grooves, is also plotted
by dotted lines. As a matter of course, the moment due
to the squeeze action decreases with the increase of M.
The difference between the solid line and dotted line is
larger in the 50 um-width grooves (aspect ratio=2) than
in the 100 pm-width grooves (aspect ratio=1). This
means that the effect of the viscous friction on the
sidewalls is much more significant in the grooves with a
large aspect ratio.

The case that total groove width is constant

Although the moment due to the squeeze action
decreases if the number of grooves increases while a
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Figure 7: Moment when the total groove width (TGW) is
1000 um (TGW=sxN)
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Figure 8: Schematic view of the developed mirror actuator

Table 1: Dimensions of the developed mirror actuator

Ly 3.03 mm s 80, 120 pm
Mirror| L, 2.45 mm Electrode N 12
plate | 138mm | P oM ﬁﬁ%ﬁ.
t 60 um H, 100 pm
I |533x10"% kgm®|| Gap Hy 7 um

t: Thickness, N: Number of grooves

Table 2: Damping coefficients
for various total groove
widths at the frequency 0 2.01x107
of 1000Hz 600  9.86x10°

1000 4.61x107
1440 2.41x107

s¥Num ¢ Nms

constant groove width is maintained, the driving torque
of the mirror plate also decreases. Therefore, the
variation of the moment is shown in Fig. 7, when N is
varied from 2 to 20 under the condition of a constant
total groove width, ie., (groove width) x (number of
grooves)=1000 um. The moment without considering
the viscous friction on the sidewalls of the grooves is
also shown by dotted lines. When the viscous friction
on the sidewalls is not considered, the moment decreases
monotonously with increasing NV and becomes 1/116 of
the moment without grooves when N=20 and H,=100
um. The reason is that the viscous friction in the
grooves becomes small even if the groove width is
narrow because the friction on the sidewalls of the
grooves is ignored. On the other hand, considering the
friction on the sidewalls of the grooves, the moment
takes a minimum value at the number of grooves
between 10 and 12. The reason is that as the number of
grooves increases, the effective groove depth H,. is
smaller so that the pressure in the grooves does not
decrease much. Thus, the minimum value of the
moment does not decrease lower than 1/34 of the
moment without grooves. The moment in the case that
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Figure 9: Frequency response of the developed mirror
actuator (N=12, s=80 um)

the viscous friction on the sidewalls is considered
becomes about twice as larger as the moment without the
viscous friction on the sidewalls of grooves, when N=12
and H,=100 pm. The moment for H,=50 um takes a
minimum value at a smaller number of grooves than that
for H;=100 pum.

DAMPING RATIOS

As mentioned above, the moment due to the squeeze
action can be expressed by M=Mycos(27ff), when the
angular displacement of the mirror plate is 6=6psin(27/7).
Therefore, a damping coefficient ¢ is represented by,

_M_ My
6 276,

M, is proportional to the frequency of vibration, and so
the damping coefficient ¢ is a constant value with no
relation to the frequency.  Expressing the moment of
inertia of the mirror plate by J, the critical damping
coefficient by c. and natural frequency by f;, the
damping ratio { can be calculated by the following
equation if f; is obtained by experiment.

13)
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(14)

The shape and dimensions of the developed electrostatic
torsion mirror actuator are shown in Fig. 8 and Table 1.
The gap between the mirror plate and the electrodes is 7
um. To decrease the damping force due to the viscosity
of gas-film, twelve 100 pm-deep grooves are fabricated
on the electrodes, corresponding to the above-mentioned
analysis. A parameter is the total groove width of 960
um and 1440 pm. The damping coefficient ¢ of the
actuator in the configuration of Fig. 8 is calculated under
the condition of #,=1 um and /~=10° Hz and is shown in
Table 2.
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Figure 10: Experimental and calculated damping ratios of
the developed mirror actuator

Figure 9 shows an example of experimental results of the
transfer function from the driving voltage to the response
angle for the actuator with a total groove width of 960
um. The natural frequency and damping ratio are
obtained as 630 Hz and 1.0, respectively, when the
experimental result is identified using a quadratic
transfer function.

Calculated and experimental damping ratios versus the
natural frequency are shown in Fig. 10. The damping
ratio was able to be measured only for the actuators with
the total groove width of 960 pm and 1440 pm. With
regard to the actuator without grooves, it was impossible
to vibrate the mirror plate up to the natural frequency
because of excessively strong damping force. In the
calculated results, at f;=600 Hz, the damping ratio
without grooves is very large and (=50. It decreases to
{=2.45 when the total groove width is 600 um, and to
¢=1.15 and {=0.60 when the total groove widths are
1000 um and 1440 pm, respectively. The calculated
results show good agreement with experimental results
though there is some dispersion in the experimental
results.

CONCLUSION

A method of analyzing the damping force caused by the
squeeze action of the gas film between the mirror plate
and the electrodes of an electrostatic torsion mirror
actuator has been developed. In particular, a method of
analyzing the squeeze action in the case that deep
grooves are fabricated on the electrodes in order to
decrease the excessively strong damping force has been
newly developed. The main conclusions are as follows:

(1)The damping force due to the squeeze action of the
gas film decreases when grooves are fabricated on the
electrodes. If calculations of the damping force are

conducted using the conventional lubrication theory
in which the viscous friction on the sidewalls of
grooves is ignored, the calculated damping force has
unacceptable error.

(2)In the case that (groove width)x(number of grooves)
= constant, there is a number of grooves where the
damping force takes a minimum value. In the
developed mirror actuator, the number of grooves is
between 10 and 12.

(3)The damping force calculated by the newly developed
analysis method shows good agreement with the
experimental results of the developed mirror
actuators.
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