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This paper presents the implementation of a system to capacitively self-sense the position of a comb
drive based MEMS XY nanopositioner from a single common node. The nanopositioner was fabricated
using the multi-users PolyMUMPs process, on which comb capacitors fringe fields are large and out of
plane forces cause considerable deflection. An extensive analysis of the comb-drive capacitance including
the levitation effects and its correlation to the measurements is presented. Each axis is independently
measured using frequency division multiplexing (FDM) techniques. Taking advantage of the symmetry
of the nanopositioner itself, the sensitivity is doubled while eliminating the intrinsic capacitance of the
device. The electrical measured noise is 2.5 aF/+/Hz, for a sensing voltage Vien = 3Vyms and fien = 150 kHz,
which is equivalent to 1.1 nm/+/Hz lateral displacement noise. This scheme can also be extended to

N-degree of freedom nanopositioners.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

MEMS based nanopositioners have become very attractive for
high precision nanopositioning systems such as STM [1], AFM [2],
aligning of optical elements [3], nano-manipulation [4,5] and probe
based high density data storage [6] because of their low power con-
sumption, fast dynamic response and their possibility for large scale
fabrication.

There are two commonly used driving systems for MEMS
nanopositioners [2]: electrostatic and electro-thermal. In both
cases, displacement in the order of tens of microns can be achieved
[7-9]. For electrostatic actuation comb drive devices are typically
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used. The advantages of this type of actuation are the very low
power consumption (in the order of wW)and fast dynamic response
that can be achieved with them. On the other hand, electrothermal
actuators (V-beam actuators, also called Chevron-type actuators;
and hot arm thermal actuators) can generate significantly more
force at low actuation voltages with the cost of significantly higher
power consumption (in the order of mW).

A comb drive device can be represented electrically as a vari-
able capacitor and electromechanically they can be used as actuator
or as sensors. For nanopositioning, it is typical to use two comb
drives mechanically and electrically connected where one gener-
ates the mechanical displacement, while the other one sense the
displacement [7,10,11]. However, it has been demonstrated that
comb drive devices can work as actuators for nanopositioning while
simultaneously sensing its own displacement [12,13].

In general, for the capacitive read-out circuit differential config-
uration is used to reduce common-mode noise and parasitic effects.
Also, for multi-electrode capacitive system, techniques such as fre-
quency division multiplexing (FDM) or time division multiplexing
(TDM) can be used to sense each differential output. On the one
hand, TDM is attractive because allows to implement the read-out
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Fig. 1. (a) MEMS comb drive actuated nanopositioner. The central plate can be
moved on the plane of the substrate actuated by the four comb drives connected to
it through the tethers. (b) 3D representation of comb drive device. The zoom in the
overlapped area of the combs shows its typical dimensions.

system using standard logic circuits [ 14], but has some limitations,
e.g. excessive crosstalk, each sensor is measured sequentially, con-
siderable increasing of noise due to the switching circuits. On the
other hand, FDM can be implemented purely with analog circuits
which can lead to better noise and crosstalk reduction and also
allows parallel measurement of the array sensors [15].

In this paper, FDM technique is used to capacitively self-sense
the displacement on a MEMS comb drive driven XY nanoposition-
ers for both directions (X and Y) from a single common-node. A
single readout circuit and a lock-in amplifier can be used to sense
de displacement along either axis by simply switching the refer-
ence channel to the excitation frequency of the axis. This approach
can be extrapolated to N-degrees of freedom.

A capacitance analysis for thin comb drive devices where, levita-
tion and fringe field effect are considerable is performed to validate
the experimental results. The discrepancy between experimental
data and the model obtained is less than 2%. The measured capac-
itance noise is 2.5aF/vHz, for a sensing voltage Vsen =3Vms and
fsen=150kHz. This result can be improved by increasing the sens-
ing frequency up to 2 MHz which is the upper bandwidth limit of
the circuit implemented.

2. Nanopositioner design

The device evaluated in this work was built using the Poly-
MUMPs multi-user process [16] provided by MEMSCAP. This
process offers the possibility to design MEMS devices using three
layers of highly doped poly-silicon and a single metal layer. The
conductive substrate is isolated from the three layers by a 0.6 pum
thick silicon nitride layer. The final gold layer is used to form high
quality electrical connection to the MEMS.

The nanopositioner consists on a central plate suspended over
the substrate by tethers that are mechanically and electrically con-
nected to four identical comb drive actuators as shown in Fig. 1(a).
The central plate can move in the plane of the substrate driven by
the comb drive actuators. Opposite comb drives form a pull-pull
type configuration to drive the central plate in one direction (e.g. X

axis) and the additional set of comb drives move it in the orthog-
onal direction (e.g. Y axis). Each direction is divided in positive (P)
and negative (N) respect to the initial condition of all four comb
drives non-actuated (e.g. Yp means the plate moving in Y direction
towards the positive (P) way).

The spring constant of the tethers contribute about 10% of the
spring constant in the transverse axis.

3. Comb drive actuator behavior

A comb drive is made up of two parts, an array of fixed fingers
anchored to the substrate and another array of mobile interdig-
itated fingers suspended by springs. The fingers of width w and
thickness t are separated by a gap g and overlapped by an initial
length Lg asis shown in Fig. 1(b). The comb drive behaves as an actu-
ator when a bias voltage Vg (actuation voltage) is applied between
the mobile and the fixed combs. The mobile structure is electrostat-
ically attracted to the fixed comb and as result the overlap between
the mobile and the fixed fingers Ly increases to Ly +r. Where r is
the displacement intended to be use for nanopositioning proposes,
referred to as lateral displacement and can be calculated as:

r= i‘éﬁfv&ct :5TV§ct (1)
with k; the spring constant in the r direction (which is a combina-
tion of the two folded flexural springs constants in r direction and
the orthogonal tethers and flexural springs constants), C the total
capacitance of the actuated comb drive and &, the lateral displace-
ment electromechanical coupling coefficient.

Typically, in thin film comb drives (i.e. when g~t) as the
fabricated using PolyMUMPs process, a grounding plane shorted
electrically to the moving structure is placed underneath all the
fingers to avoid unwanted charge accumulation in the substrate
or a floating potential which could adversely affect the stability of
the electromechanical response [17]. Secondary effects of having
a grounded plane beneath the fingers are: (1) the reduction of the
lateral displacement electromechanical coupling from §; to §;; and
(2) an asymmetry of the electric field in the overlapped mobile and
fixed fingers area that induces a force normal to the plane of the
substrate and causes to the mobile structure to levitate.

This out-of-plane/vertical displacement (levitation) can be cal-
culated using the following equations [18]:

- 82(1+%)V§C[
_1+;‘f;(1+%)vgd

(2)

with z;; the asymptotic value of levitation, §, the vertical electrome-
chanical coupling coefficient and the factor (1 + i) represents the
contribution of lateral displacement to the levitation. Thus, levita-
tion depends on lateral displacement. On the other hand, it can be
demonstrated that lateral displacement is also levitation depen-
dent (see appendix), then lateral displacement can be calculated
as:

r=8(1+62)V%, 3)

where §; is the electromechanical coupling coefficient for a comb
drive with grounded plane underneath the fingers, and 6 a factor
that computes the influence of levitation over lateral displacement.

If necessary, levitation can be reduced/controlled as described
in Refs. [18-20] or by pulling all four combs simultaneously at a
voltage higher than 30V, that is the voltage needed to reach the
maximum levitation.
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Fig. 2. (a) Electrical connection on one nanopositioner axis. By applying a balanced excitation signal, the device behaves electrically as capacitive bridge. The bias voltage
causes the device to move. (b) Photo of the circuit fabricated. (c) Simplified diagram of the system implemented to sense and drive one axis of the nanopositioner. The dashed
green rectangle indicates the stages of the system integrated on the PCB prototype. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

4. Simultaneous actuation and sensing scheme
4.1. Self-sensing concept

If a sinusoidal voltage source Vien(t) = Vsen sin(2mfsent) (sensing
voltage) is also added to actuation voltage Vg, a displacement cur-
rent i(t) will flow through the comb drive capacitor. Notice that,
if Veen and feen are fixed, and fsen > fres With fres the comb drive
mechanical resonance frequency, the mechanical displacement due
to the sensing signal can be negligible. As result, the contribution
of the sensing voltage to the comb drive capacitance C can also
be negligible [12], and the current ig,,(t) will only be amplitude
modulated by the changes C due to its mechanical displacement as
a function of the bias voltage V.

dVsen(t)
dt (4)
= 27fsenC(Vact )Vsen COS(27fsent)

icumb(t) = C(Vact)

This allow us to utilize the comb drive as an actuator for nanopo-
sitioning while simultaneously acting as a detector of its own
displacement.

4.2. Balanced excitation capacitive bridge

Since all comb drives of our nanopositioner are identical to each
other, each axis can be represented electrically as two identical
variable capacitors with the mobile structures as common node.
By applying a sensing voltage Vsen(t)= Vsen Sin(27fsent) to one axis
comb, e.g. comb drive D1 in Fig. 2, and the same sensing voltage but

with opposite phase (Vsen(t) = Vsen sin(27fsent + 7)) to the oppo-
site comb of the same axis, the system forms a balanced excitation
capacitive bridge [21] and any displacement can be detected as
a change in the current i(t) through the common node using an
ammeter:

i(t) =ip1(t)+ipa(t)
= 27fsen Vsen COS(27fsent)(Cp1 — Cp2) (5)
= 27fsen Vsen COS(27fsent ) AC

where ipq(t) and ipy(t) are the currents trough the comb drive D1
and D2 respectively, and Cp; and Cp, are its capacitances.

The same bridge configuration can be applied to the orthog-
onal axis of the nanopositioner. By exciting the orthogonal axis
with a frequency feenj # fseni and foenj > fres,i» and using the ade-
quate electronics, the displacement information on each axis can
be independently demodulated.

4.3. Capacitance calculation

When applying an actuation voltage V. to the comb drive D1,
the mobile comb will displace laterally r and vertically z, producing
achange on comb drive capacitance Cp; that can be expressed as the
addition of the capacitance change due to the lateral displacement
only plus the capacitance change due to the levitation only (see

appendix):
268k, z2
Z (zm z— 5 (6)

Cp1 = CDlr + CDlz = 25;]@ r+
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Both comb drives of the axis are mechanically and electrically
connected by the tethers to the central plate, so that the opposite
comb drive displaces the same distance r but in this case moving
in opposite direction relative to the fixed comb. Its been observed
experimentally that the opposite comb drive is not influenced by
levitation since this displacement is absorbed by the tethers. Thus,
its capacitance Cp; can be obtained as:

Cp2 = —Cpo, = =281k (7)
From Eqgs. (6) and (7), the capacitance of the bridge becomes:

AC = Cpy — Cpz = Cp1, + Cp1, — (—Cp2,) (8)

, 28k z2
= 48,k + szz (zmz—2>

Replacing r and z from Egs. (3) and (2) respectively in Eq. (8):
28k,

m

AC = 4k 82(1 + 62)VZ, +

2
r S r
82 (1 + 5) V2, ZZ (1 + 5) V2, (9)
52 ™o 52 ™\ o
1+=(1+—)V 1+=(1+—)V
+Zm< +L0) act +Zm( +L0> act
As can be seen, this is a recursive equation, with r and z

dependent of each other. A first iteration results in a very good
approximation (less than 2% deviation).

4.4. System implementation

Fig. 2(b) shows the PCB prototype built to drive and sense both
axes of the nanopositioner. The diagram block of Fig. 2(c) shows a
simplified schematic of the implemented system for one axis of the
nanopositioner.

The balanced excitation signal needed for the bridge configura-
tion is implemented using a LMH6551 differential amplifier. The
differential amplifier specifies, as a characteristic of its differential
output, the output balance error. Ideally, a output balance error of
—oodB will mean that both outputs have the same amplitude and a
phase difference of 180°. For the LMH6551, the typical output bal-
ance error is —70dB (a factor ~0.0003), this ensures a very good
balanced excitation signal for our case. The LMH6551 is configured
as single-ended input to differential output. The input of the dif-
ferential amplifier is excited with a fixed AC sinusoidal voltage Vsep,
and frequency fsen using a function generator. In common-mode,
each output is the half of the voltage input (i.e. Vsen[2).

The DC actuation signal stage was designed to be controlled
digitally using I2C (e.g. with an Arduino) by controlling a digital to
analog converter (DAC) DAC8574 integrated on the PCB prototype.
The four DAC outputs (0-5V range) are amplified 21 times using
an Apex 341a high voltage amplifier, so that the actuation voltage
can be controlled from 0 to 105V (0-5V x 21).

Typically the driven voltage for comb drive devices is within this
range.

The AC+DC coupler stage has the function of coupling the sens-
ing signal (AC voltage) with the DC actuation voltage. For this task,
another Apex 341a is used, configured as an AC coupled inverting
amplifier with the non-inverted input connected to the actuation
voltage source through a low pass filter. The same configuration is
replicated for the perpendicular axis of the nanopositioner.

The output current at the common node of the capacitive bridge
is sensed using a low noise FET-input operational amplifier OPA657
configured as a trans-impedance amplifier (TIA). The amplifier has
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Fig. 3. Optical characterization of the nanopositioner response as a function of the
actuation voltage V. Lateral displacement data is represented by orange dots and
vertical displacement (levitation) by red dots. The lines are the fits using Egs. (3) and
(2). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

a 10 MHz bandwidth for a 200 k2 trans-impedance gain. Thus, the
trans-impedance amplifier output voltage v(t) is:

v(t) = 200 k2 i(t) (10)

Finally, the trans-impedance amplifier voltage output is filtered
and sensed using a lock-in amplifier SR-7124. The maximum oper-
ation frequency of this lock-in is 150 kHz. Thus, this is maximum
frequency that can used to probe the bridge.

5. Experiments and results
5.1. Optical characterization

Lateral and vertical displacements were optically characterized
for one comb drive of our nanopositioner, the results are shown in
Fig. 3. The design dimensions for all comb drives are: Ly =14 pm,
w=6pm, t=3.5wm, g=2 pm, N=68. Lateral displacement data is
obtained using an optical microscope Nikon Eclipse L200N. Images
of the combs overlap were taken after actuating the comb drive in
voltage steps of 5V and processed using a digital image correlation
software (DIC) to determinate the lateral displacement with sub-
pixel resolution. The uncertainty for this measurement is +40 nm.
Also, levitation was measured with a optical perfilometer with an
uncertainty of +10 nm.

The data for vertical and lateral displacement were fitted using
Eqgs. (2) and (3) respectively. The lateral displacement electrome-
chanical coupling (8,) obtained from the fit is 1.77 nm/V2, while
the influence of levitation over lateral displacement 8 is 0.04, thus
0 can be despised. The measured vertical displacement electrome-
chanical coupling (§,) is 17.6nm/V?2 and the asymptotic value of
levitation zp, is 1.59 pm. As all comb drives are identical to each
other, these results can be extended to all of them.

5.2. Electrical characterization

In order to electrically characterize the nanopositioner response
to the actuation voltage Vy (DC only), the setup shown in
Fig. 2(c) was used. The sensing voltage applied to the Y axis
was Vieny=3Vims, at a frequency fseny of 150 kHz. For the X axis,
Vsenx=3Vrms and feenx of 135 kHz. The lock-in output filter is set
to a time constant (TC) of 10 ms and slope of 6 dB/octave for both
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Fig. 4. Lock-in output over time while the actuation voltage V. is sweep from 0 to 60V in 5V steps for the Y axis keeping X axis grounded. Each interval has 100 data points.

The peak to peak noise is 10 WV, as it can be seen in the inset.

axis, which results in an equivalent noise bandwidth of about 25 Hz
(1/(4TC)). Both axis were measured simultaneously by using the
lock-in amplifier in Dual Reference Mode.

Fig. 4 shows the mechanical response of Yp as a function of V¢
measured at the output of the lock-in amplifierin 5 V steps form 0 to
60V, while for X axis V¢ was kept grounded (0 V). The inset shows
a peak to peak noise of 10 WV or 3.53 wVyys. The equivalent noise
density is 0.7 WVyms/vHz. Notice that the lock-in output should be
zero at Ve =0V but this is not the case as it can be observed in Fig. 4
(sensed voltage baseline at zero-actuation). This can be attributed
to parasitic capacitances coupled at the trans-impedance amplifier

15 | |

input, which directly affect the sensitivity and the bandwidth of the
detection system.

In our case, the bandwidth reduction is not critical since we are
working at a relatively low frequency (150 kHz) while the roll-off
frequency due to the parasitic capacitances is on the order of tens of
MHz. Note that the bandwidth of the detection stage is defined by
the bandwidth of the Apex-341a (about 2 MHz) used to couple the
sensing and actuation signals. Regarding the sensitivity, it is very
important to keep the input impedance of the trans-impedance
amplifier as low as possible in order to reduce parasitic capaci-
tances and the sensed voltage baseline at zero-actuation. The non

Capacitance (fF)

15 : :

| 0

10,20 30 40 50 60

-20 0 20
Applied Voltage (V)

60

Fig. 5. Capacitance as function of the applied voltage V. For Y axis, Vy: > 0V, while for X axis, Vy =0V. Each data point is the mean value of 50 samples per V¢ step of 1V.
The lines are fits using Eq. (9). The inset to the left is the deviation of Yp from the fit. The inset to the right is a zoom in to Xp data.
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Fig. 6. Lateral displacement as a function of the capacitance.

zero baseline can be also caused by a poor output balance error
at the differential amplifier output, mismatched components after
differential output and capacitive coupling (crosstalk) between the
nanopositioner common-node (sensing path) and the applied sens-
ing signal Vsep.

The value obtained at the lock-in output can be converted to
a capacitance value using Eqgs. (5), (9) and (10). Fig. 5 shows the
mechanical response of the Y axis while X is again kept to 0V. In
this case, positive (P) and negative (N) values are plotted. Each
data point is the mean value of 50 samples (using the same TC
and filter slope mentioned above) per Vg step of 1V. The error
was calculated as the standard deviation on each voltage step. The
capacitance peak to peak error obtained was 35 aF or 2.5 aF/~Hz
capacitance equivalent noise density.

On the one hand, the inset on the bottom right side of Fig. 5
shows non variation in the signal detected on X while the applied
voltage varies on the opposite axis. This can be translated as non-
mechanical coupling between axes. On the other hand, the inset on
the top left side, is the deviation of Y axis mechanical response to
the actuation voltage respect to the fitted function using Eq. (9). The
measured deviation is less than 2% over 60V which is equivalent to

about 90 nm. The deviation observed can be attributed to second
order effects not considered in the approximation of Eq. (9).

The desired relation of the nanopositioner is lateral dis-
placement vs capacitance. This correlation can be calibrated by
measuring the deflection optically and plotting the results vs the
measured capacitance. The results are depicted in Fig. 6. As can
be seen, levitation produces a non linear relationship between lat-
eral displacement and capacitance variation on the comb drive,
but as the actuation voltage increases, levitation vanishes and this
relationship becomes linear with a slope of 0.55 nm/aF. The abso-
lute measurement error to determine lateral displacement is given
by calibration certainty of the optical measurement (+40 nm). The
error associated to the linear fit is about 60 nm. While the noise
detected at the output of the lock-in is about 20 nm peak to peak
(+£10nm) or 1.1 nm/+/Hz.

From Eq. (4) it can be seen that the current i(t) sensed at the
output of the capacitive bridge can be increased by increasing the
sensing voltage amplitude Vse, or frequency fsen. In our case, Vsep
cannot further be increased (3Vyy;s is the maximum voltage allowed
at the input of the differential amplifier), but fsen can be incre-
mented over a factor 10 since the bandwidth of the circuit is about
2 MHz. Increasing i(t) will result in a better signal to noise relation-
ship, reducing the noise at the lock-in amplifier output.

5.3. Lateral displacement mechanical resonance

The measured bandwidth of the PCB prototype is about
1.97 MHz (from 30 kHz to 2 MHz) and the measured step response
is 25 s settling time with 15% overshoot. In order to compare the
PCB prototype step response with nanopositioner mechanical step
response, the lateral displacement mechanical resonance of one
axis of the nanopositioner was measured. The results can be seen
in Fig. 7.

The nanopositioner was connected to the circuit prototype and
hooked up as shown in Fig. 2(c). The sensing voltage applied to
the axis was Vgen=3Vims, at a frequency fsen of 150 kHz generated
internally by the lock-in. Instead of a pure DC actuation voltage,
Vaet was configured with 40V bias voltage and 1.5V;s sine wave
amplitude, and its frequency was sweep from 1 to 6 kHz in 20Hz
steps. The lock-in amplifier was configured in Tandem Mode. This
mode perform two demodulations in series. The output filter of the
first demodulator is configured with a low time constant (10 ws)
in order to filter the excitation signal of 150 kHz without affecting
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Fig. 7. Magnitude and phase vs frequency of the electrically measured lateral displacement mechanical resonance.
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the low frequency signal amplitude. The second demodulator is
locked-in to the V. sine wave signal and configured with a 50 ms
time constant output filter.

The mechanical resonance frequency obtained is 3.704 kHz
measured at standard conditions of pressure and temperature. Sim-
ilar results have been reached by using a high speed camera to
optically measure the mechanical response of a single comb drive
to a impulse signal.

By converting the mechanical resonance frequency obtained to
a time scale, the device settling time is about 270 s, which means
that the circuit prototype settling time is 10 times faster than the
nanopositioner mechanical response. The relative speed of the self-
sensing and the mechanical response means that this method is
suited for active feedback control. This can minimize the settling
time [22]. Alternatively an accurate device characterization will
also allow for efficient feed forward drive technique o be imple-
mented [23].

6. Comparison with other capacitive position sensors

The capacitive sensitivity achieved with our setup (2.5 aF/vHz)
can be compared with other references. In Ref. [7] a 14 aF minimum
standard deviation is reported for a bandwidth of 0.5 Hz using the
same read out configuration (trans-impedance amplifier followed
by a lock-in amplifier), while Ref. [10] obtained a 10 aF resolution
(after 10000 samples average). A different approach for nanopo-
sitioning sensing is proposed in Ref. [13]: they use an LC circuit to
detect changes in frequency as the comb drive capacitance changes,
but not sensitivity is reported. Results of using commercial capaci-
tance sensors are also reported in Refs. [24,11], 30 aF/+/Hz (using a
AD7746 chip) and 4 aF/+/Hz (using a MS3110 chip) respectively.

While all these approaches lead to similar results as our imple-
mentation, Ref. [10] does not allow simultaneous actuation and
detection (one comb drive is used for actuation and the other
one for detection), and using commercial capacitance sensors
or the approach proposed by [13] does not permit to sense
multiple degree of freedom from a single sensor. Our method
uniquely combines: (a) simultaneous actuation and detection, (b)
low noise (2.5aF/+Hz or 1.1 nm/vHz) and (c) the possibility of
multi-electrode sensing from a single read-out circuit.

7. Conclusions

It has been shown that, with our MEMS nanopositioner design, it
is possible to use the nanopositioner itself to obtain information of
its own displacement and take advantage of its geometrical struc-
ture to implement a balanced excitation capacitive bridge. It has
been demonstrated that the two axes displacement can be sensed
independently from the same common node and sensing circuit.
This configuration can be extended to N-axes excited at different
frequencies. Optical and electrical characterization of the nanopo-
sitioner response to the actuation voltage have been carried out.
Comb drive self-sense actuation and detection method have been
combined with FDM techniques to implement the nanopositioner
sense and drive system. The electrical measurement results have
been discussed and compared to previous publications. The capac-
itance error obtained is 35 aF peak to peak or 2.5aF/+/Hz, for a
sensing voltage Vsen=3Vims and fsen = 150kHz. This result can be
improved by increasing the sensing frequency up to 2 MHz which
is the upper bandwidth limit of the circuit implemented.

Appendix A. Capacitive relation to in and out of plane
forces

In this section, an analytic model of the comb drive capacitance
variation as a function of V¢ will be developed.

The total electrostatic force Fr over the mobile fingers in a comb
drive is:

Fp = chga; Ve = (acf acz) ) (11)

-2 or 0z

The force in the r and z directions can be calculated as [19,18]:

1dC

Fer = 5 g Vace = @Vaer, (12)
1dC Zm —Z

FEZ:E?ZVgCt:ﬂngct'

where

dc dc Zm—Z

= =2a, -— =2 13

dr dz p Zm (13)
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The comb drive capacitance Cis given by the line integral of the
gradient VC:

C= /W(dr, dz)=/<8cd?, 8Cd2>
< s\ or 0z

ac ac
——dz.
s or s 0z
with S the curve that describes the comb drive displacement from
the initial overlap between fingers to r and z values of lateral and
vertical displacement respectively.
Combining (13) with (14):

(14)

2
:AC:C—CozzaHzﬂ(zmz—z), (15)
Zm 2

with Cy the comb drive capacitance at zero actuation voltage (initial
overlap between fingers) and AC the change of capacitance due to
the comb drive displacement.

The electrostatic forces are balanced by the mechanical spring
forces Fy as described by Hooke’s law:

FMr = 7kr1’, FMZ = 7’(22. (16)

with k; and k, the comb drives spring constant in r and z directions
respectively.

From (12) and (16), the lateral and vertical displacements can
be determined as:

1 dC , a5

r= TkrE act = Evact = 8/rvazctv (17)
2
7= %Vad _ (Slvgct
- - S,
T gl Vi 1+ 22V

with &} the lateral displacement electromechanical coupling for a
comb drive with a grounded plane underneath the fingers, z;; the
asymptotic value of levitation, 8, the vertical displacement elec-
tromechanical coupling.

By analyzing the force in lateral displacement direction over a
mobile finger while this levitates, it can be shown that lateral dis-
placement increases with levitation (see Fig. 8). This relationship
can be then expressed as:

r=8.(1+60Z)V2Z,, (18)

with @ [m~1] a factor that represents the influence of z’ over the
lateral displacement, where z' is the vertical displacement as a
function of lateral displacement [18]:

8 (1+ %) V2,

- . (19)
87 d
122 (14 f5) Vau

By combining (15), (18) and (19), the total capacitance can be
written as:

2
AC = 2ar + 2P (zmz’ - Z) . (20)

Zm 2

This equation is recursive since 1’ and z' are dependent of each
other. A very good approximation can be obtained (with a deviation
smaller than 2%) by replacing r’ and z’ with r and z respectively after
the first iteration:

AC =2a8,(1+62)VZ, + 5—5 :
m

Zmd,(1 + %)Vc%ct %Z(] + é Vgct

8z r\2 B r 2 ' (21)
1+E(1+5)Vact 1+ﬁ(1+5)vm
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