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Abstract
Part 2 of this two-part paper presents the experimental assessment of a
micromachined capacitive incremental position sensor for nanopositioning
of microactuator systems with a displacement range of 100 µm or more.
Incremental sensing in combination with quadrature detection reduces the
requirements for dynamic range for the sensor. Two related concepts for the
position sensor are presented. In the incremental capacitance measurement
mode (ICCM), the periodic change in capacitance between two periodic
geometries S1 and S2 is measured to determine the relative displacement
between S1 and S2 with a gap distance of ∼1 µm. In the constant
capacitance measurement mode (CCMM), the distance between S1 and S2
is controlled to keep the mutual capacitance constant. Integration of the
concepts with conventional comb-drive microactuators in a two-mask
surface-micromachining process has been demonstrated. The changes in
capacitance are measured using a synchronous detection technique with
custom-made electronics. For quasi-static displacements over a range of
32 µm, an estimate for the displacement reproducibility is ∼25 nm for
ICMM and ∼10 nm for CCMM, which includes hysteresis, drift and noise
and errors in the actuation voltages. CCMM also shows a better
performance in terms of nonlinearity and this confirms the conclusions
based on the analysis and simulation results presented in part 1. The
measurement method and implementation are demonstrated in quasi-static
and dynamic experiments and can serve as an important tool to characterize
the performance of the capacitive sensor, microsystem and setup. The
feasibility of nanometer precision over a long displacement range is
demonstrated and this proves the high potential of the two capacitive
incremental position sensing concepts.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

This is part 2 of a two-part paper and presents a
capacitive incremental position sensor for nanopositioning
of microactuator systems. To enable position control with
nanometer accuracy over 100 µm displacement (or more),
a position sensor that has a very high ratio of displacement

range over resolution is required. In part 1, the analysis and

finite-element (FE) simulations for this sensor are described

[1]. This part 2 describes the fabrication, measurement method

and experiments for the micromachined capacitive incremental

position sensor. The capacitive sensor is based on two related

concepts.

0960-1317/06/060125+10$30.00 © 2006 IOP Publishing Ltd Printed in the UK S125

http://dx.doi.org/10.1088/0960-1317/16/6/S19
mailto:a.a.Kuijpers@utwente.nl
http://stacks.iop.org/JMM/16/S125


A A Kuijpers et al

Figure 1. The capacitive incremental position sensor in concept.

• ICMM. In the incremental capacitance measurement
mode, the periodic change in capacitance is measured to
determine the relative displacement between two periodic
geometries on, respectively, the slider and sense structures
with a minimal gap distance, e.g. ∼1 µm, see figure 1.

• CCMM. In the constant capacitance measurement mode,
the sense structures are continuously adjusted in the
y-direction by additional sense actuators to keep the
capacitance between the two periodic geometries constant
as the slider moves in the x-direction. The control voltage
Uc for the sense actuators becomes a measure for the slider
displacement, see figure 1.

Both concepts are based on the measurement of small
changes in capacitance between two periodic geometries as a
function of their relative displacement, and the sensor signal
will be periodic. A combination of discrete measurement
(i.e. counting the number of periods) and analog measurement
keeps the demands for the dynamic sensing range modest, see
part 1.

Earlier we have reported on quasi-static experiments,
which indicated a better performance for CCMM than for
ICMM [2]. In this paper, we present an analysis on new
quasi-static measurement data in terms of signal-to-noise
ratio (SNR), nonlinearity and hysteresis, and we present
experiments to demonstrate the dynamic performance of the
device under test as a possible characterization tool. These
new results lead to insights and conclusions on the difference
in performance and potential for ICMM and CCMM as
long-range position sensing principles for nanopositioning of
microsystems.

2. Microfabrication of the capacitive incremental
position sensor

The fabrication of the test devices with an integrated
incremental capacitive position sensor is relatively easy by
adding a second mask for definition of metal electrode contact
pads to the one-mask surface-micromachining technology as
described by Legtenberg [3, 4].

The basis of the surface-micromachined structures is a
conducting silicon (Si) wafer (4 inch) with a 3 µm thick
sacrificial silicon oxide layer and a 5 µm thick poly-silicon
(poly-Si) layer on the top, see figure 2. The poly-Si layer is
made conductive by doping the layer with boron (p-type).

First, photolithography in combination with lift-off is
performed to develop chrome/platinum electrode pads for
good electrical contact of the contact pads with the poly-silicon
device.

The second photolithography step is to define the poly-
silicon structures. After this step, the structure is patterned

Figure 2. SEM photo of a surface-micromachined 5 µm thick
poly-Si device after wet release etching of the 3 µm thick sacrificial
oxide layer (SiO2). The slider is slightly pulled down because it gets
charged by the SEM. In this example, the sense structures have a
rectangular and the slider a triangular periodic geometry with
16 µm period.

by plasma etching of the poly-Si layer and finally this layer
is released by wet chemical etching of the sacrificial SiO2

layer. The moveable parts of the device are suspended by
flexure beams, which are at one end fixed to the substrate by
anchor pads. The SEM photo in figure 2 shows that all poly-Si
structure parts that should be fully suspended and moveable
have an open structure. The (B)HF isotropically etches the
SiO2 layer underneath all poly-Si parts. However, due to
the open structure, the release time for all moveable parts is
much shorter than for the parts that should remain fixed to
the substrate and therefore do not have this open structure. A
freeze-drying process is used after release etching to dry the
released device and avoid stiction of the moving parts to other
parts or to the substrate [3]. The chip with the device is broken
off from the wafer and is ready to be connected and used for
experiments.

2.1. Considerations for layer thickness, conduction and
sensor capacitance

The conductance of the substrate and poly-silicon needs to
be high to have the in-coupling of noise sources (EMI)
and induced currents and voltages as low as possible. The
resistivity of the highly boron-doped wafer and the poly-Si
layer is ρs ≈ 0.001–0.002 � cm (copper 16 n� m).

Ideally, there would not be any substrate underneath the
sensor capacitance unless, if possible, some form of guarding
[5] could be used. The structure height would be at least
ten times more than the gap width of the sensor capacitances
with the gap width as small as possible. For this fabrication
process and design however, as a standard procedure for the
MESA+ Laboratory, the thickness of the poly-layer is limited
to 5 µm. For thicker poly-layers, a uniform distribution of
boron needs further process development and an undesired
build-up of stress (gradient) is likely to occur. Furthermore, a
substrate and an oxide layer are necessary as a carrier of the
device and for anchoring the suspended slider beam and sense
structures.

The capacitances from contact or electrode plates and
sense structures to the substrate should be as small as possible,
i.e. capacitance C10 in figure 3. The sensor capacitance
C12 should be as large as possible. The slider beam is
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Figure 3. A cross view of the gap between a sense structure and a
slider beam and a lumped element model to depict the influence of
structure height h, gap size g, oxide thickness dox and substrate
resistivity R.

connected to the input of a charge amplifier, described in
more detail in section 3. The slider beam will become a
virtual ground, i.e. same potential as GND. If the substrate
is properly grounded and highly conductive, there will be no
voltage across capacitance C20 in figure 3 and thus C20 is
effectively eliminated.

A smaller thickness of the oxide layer means a larger
capacitance C10 and an increase of the influence of the substrate
on the electrostatic field and charge distribution between and
on the two ‘plates’ formed by the slider and the sense structure.
Thus, a thinner oxide layer will negatively affect the sensor
capacitance C12 as described by Baxter [5]. Baxter describes
an example where the capacitance between two cylinders is
reduced by the proximity of a ground plane.

Therefore, the thickness of the oxide layer of dox = 3 µm
is taken relatively large, larger than the minimum obtainable
gap size between the sense structure and the slider beam with
standard lithography (i.e. about 2 µm). Through thermal
oxidation for 30 h at 1150 ◦C, this sacrificial layer is formed
on both sides of the wafer. Any occurrence of stress or a stress
gradient in the layer is balanced on both sides of the wafer and
will have little effect on subsequent processes.

The contact pads are patterned with chrome/platinum
for high conducting contacts through probe needles or
wire bonding. The chrome layer of 20–50 nm is a
necessary intermediate adhesion layer for the platinum layer of
100–150 nm. Both materials, chrome and platinum, are BHF
resistant. The presence of a native oxide layer at the surface
of the poly-Si is excluded by a BHF etching step to give better
adhesion of the chrome and to exclude Schottky-diode effects.

2.2. Limitations by standard photolithography

For quadrature detection, two periodic signals with a phase
shift of a quarter period Px/4 are required. The smallest gap
size and width of fingers is around w = 2 µm, see figure 4, for
the current standard available photolithography. If quadrature
detection needs to be facilitated by the design, the minimum
period size for a pattern combination as indicated in figure 4
(left) is around Px = 8 µm for a limited finger width of w =
2 µm, i.e. Px > 4w. By implementing a horizontal offset in
the design of the sense structure relative to the slider pattern, a
gap size g smaller than 2 µm is possible which results in larger
capacitance changes. For smaller period sizes Px � 4w, this
solution is not possible anymore and furthermore the change
in capacitance versus displacement may reduce to zero for a
gap size g ∼ w, i.e. �C(x) → 0 as described earlier in [6].

Figure 4. Left: illustration of limited period size for a limited
resolvable gap distance and feature size of w = 2 µm, especially if
quadrature detection is also employed in the design. Right:
a realized device with a horizontal offset between the periodic
geometry on the sense structure and the slider geometry. The
minimum gap distance between the geometries can be smaller than
the design rule for the minimum gap using standard
photolithography.

3. Capacitance measurement: synchronous
detection

The measurement method is based on synchronous detection
using a so-called charge amplifier and a synchronous detector
or demodulator.

A signal (sine) with amplitude Us and frequency
fs (e.g. 1 MHz) is applied at the sense capacitance Cs and
the resulting current is converted to a voltage by the charge
amplifier. The synchronous detector mixes the output voltage
of the charge amplifier with the same frequency (sync).
Filtering the result with a low-pass (LP) filter gives a dc output
voltage Uout, which is proportional to the sense capacitance
Csens and the change in capacitance �Csens and therefore
changes with the displacement (x) of the slider. As an example,
this is illustrated by equations (1) and (2). Both the capacitance
and the slider displacement (x) are changing as a sine and this
results in a FM modulated signal:

C(x(t)) = Cb + Ca sin(kxx(t))

= Cb + Ca sin(kxx̂ sin(ωactt)), (1)

Uout = αC(x(t)) + u0. (2)

Cb is a bias capacitance, kx = 2π/Px, Px is the period size,
ωact is the actuation frequency, α is arbitrary and u0 denotes an
offset voltage of the electronics.

With the use of a fixed reference capacitance Cref and
a second voltage source producing a voltage (e.g. Us2), with
180◦ phase shift to Us it is possible to eliminate parasitic
changes in Csens and Cref due to changes in relative humidity,
temperature and pressure. However, this possibility has
not been implemented during the experiments performed in
this work, because of the increase in complexity of the
experimental setup.

The first objective here is to demonstrate the feasibility
of the two concepts, ICMM and CCMM, and assess the
(difference in) performance by keeping the environmental
conditions of the setup as constant as possible.
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Figure 5. Diagram of capacitance measurement using synchronous
detection with a charge amplifier and a synchronous detector.

3.1. Introduction and design of the micromachined capacitive
position sensor

Figure 6 depicts an example of a design for a microsystem with
two electrostatic comb-drive actuators (comb A and comb B)
driving a slider beam. The two comb drives are connected
through connections st A and st B by two series resistances to
limit the current in the case of side-pull-in of the comb actuator
or one of its fingers [3].

As discussed for figure 5, the sinusoidal signal Us

(fs (Hz)) is applied to the sense capacitances Cs1a and Cs1b

via contacts SA1 a and SA1 b in parallel. The resulting current
through the sense capacitances and the conducting flexure
beams of comb A (or comb B) is converted by the charge
amplifier to a voltage. The slider beam will be at virtual ground
potential for sufficiently high loop gain of the charge amplifier.
This prevents electrostatic pull-down of the slider to the
substrate because the voltage difference between the slider and
the substrate is negligible with proper conduction of the flexure
beams.

Figure 6. A microsystem with two electrostatic drive actuators (comb drives A and B) and an integrated periodic capacitive position sensor
with additional sense actuators. Indicated are the names of the main parts, the connections and signals and a lumped model of the four sense
capacitances (inset).

The change in capacitances Cs1a and Cs1b for a
displacement (x) of the slider as illustrated by (1) will have the
same phase. Applying a signal voltage Us to these capacitances
will cause small electrostatic forces to be exerted on the slider
and sense structures. The advantage of this design symmetry
is that these electrostatic forces are properly balanced.

Only one pair of sense structures is connected in parallel
during the experiments presented here. A second pair of
capacitances Cs2a and Cs2b, with a spatial phase shift of a
quarter period Px/4 with respect to capacitances Cs1a and Cs1b,
allows further assessment of the quadrature position detection
technique (as discussed in part 1).

As an alternative to synchronous detection with custom-
made electronics, an HP impedance analyzer (HP4194A)
was also used to determine the change in impedance (i.e.
change in capacitance) [7]. This method may in fact be
more accurate than the measurement method presented in this
paper, because it uses 2 K probes and a four-point terminal
technique [8] and can in part compensate for additional
unknown parasitic capacitances. However, only the capacitive
impedance between one sense structure and the slider can be
determined. Thus, the electrostatic force acting on the sense
structure and the slider due to the applied signal voltage Us of
the analyzer will not be symmetrically balanced by an equal
force acting on the other side of the slider. Furthermore, the
implementation of the CCMM concept is also impossible with
this measurement technique.

3.2. Charge amplifier implementation

The current through the sensor capacitances Cs1a and Cs1b is
converted by the charge amplifier to a voltage and applied
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Figure 7. With two HP generators, the phase difference between the
input signal and the sync signal of the synchronous detector is made
zero to maximize the output voltage.

to the synchronous detector. The higher the frequency,
the lower the capacitive impedance as can be seen from
equation (3):

Z = 1

j2πf Csens
. (3)

Higher frequencies give a larger current and therefore a
higher signal-to-noise ratio (SNR). In practice, the applied
frequency is limited to around 10 MHz due to the influence of
cabling, grounding, shielding, etc. The experiments presented
in this work use a frequency of fs = 1 MHz. Practical details
can be found in [9].

3.3. Synchronous detector implementation

The current implementation of the synchronous detector is
done by synchronous switching with frequency fs to rectify
the input signal. The low-pass filter averages the rectified
signal of the switching unit to a dc output voltage Uout which
is a measure for the sensor capacitance.

The issue of charge injection by the capacitances of the
solid-state CMOS switches, as reported by Baxter [5], is
neglected for this implementation but needs to be considered
for future optimization. An extra HP arbitrary waveform
generator (AWG) is used as shown in figure 7. The phase
of the sync signal of the second generator is adjusted with
respect to the first generator to maximize the output voltage of
the synchronous detector [9]. The output of the synchronous
detector is measured by a multimeter (HP34401A) with a
bandwidth set to BW ∼ 5 Hz.

Figure 8. Left: the designation of different geometries used in the measurements. Right: an example of a realized device showing a sine
versus rectangular geometry with a period of Px = 10 µm, i.e. SinP10.

4. Quasi-static experiments for ICMM and CCMM

4.1. Different periodic geometries

This section presents the measurement results for different
periodic geometries as given in figure 8. The first objective of
these experiments is to prove that the concept of a periodically
changing capacitance can be realized and to demonstrate the
influence of different geometries on the shape of the output
function in relation to the displacement of the slider. The
measured curves for the different geometries are compared
with the curves obtained through 2D-FE simulations as
presented in part 1 of this paper. In figure 8, the different
geometries and their naming are given. And as an example,
a photograph is given of a realized device with a sine–
rectangular geometry combination on the slider and sense
structures with a period of 10 µm (SinP10). The photograph
in figure 8 (right) shows that the plasma etching rounds fingers
and other features.

For the assessment of the feasibility, operation and
performance of the two concepts, ICMM and CCMM, for
an incremental capacitive position sensor, two basic actuation
approaches are followed.

4.2. Quasi-static actuation

To measure the (periodic change in) capacitance as a function
of N equidistant positions up to xmax = α{(Uact)max}2, the
voltage needs to be incremented conformably (4).

Uact[n] =
[√

n
{(Uact)max}2

N

]
, n = 0, . . . , N. (4)

The maximum actuation voltage (Uact)max is found
empirically from side-pull-in measurements [4]. This
actuation voltage is applied successively to each comb drive,
respectively, using two different voltage supplies.

4.3. Quasi-static experiments for different geometries in
ICMM without active gap adjustment

Figure 9 shows the measured difference or change in Uout (i.e.
change in capacitance), for different geometries. For larger
period sizes of the geometries, the amplitude �Uout increases
because of the following two effects.
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Figure 9. For each geometry, the measured change in output voltage
(i.e. capacitance) versus displacement for one period. The curves
indicated with ∗ are mirrored around the half-period, i.e. x =
Px/2-axis.

Table 1. The different geometries included in the measurements and
the design parameters.

Period Design gap Number of
Name (µm) distance (µm) periods

Rect–RectP8 (RectP8) 8 2 77
Rect–RectP12 (RectP12) 12 1.5 51
Sin–RectP10 (SinP10) 10 1.5 52
Sin–RectP16 (SinP16) 16 1 39
Trian–RectP16 (1 × TrianP16) 16 1 31
Trian–TrianP16 (2 × TrianP16) 16 0.5 33

• The gap size between the structures can be designed
smaller, without violating the rule for a minimum gap
size (for x = 0) of 2 µm in the photolithography. This
results in a larger maximum capacitance Cs between the
geometries.

• For a relative displacement of half a period x = Px/2,
the mutual distance between the peaks (fingers) of
two opposing geometries is larger for a larger period.
Therefore, the charge density on the sidewalls to the
effective capacitance Cs between the geometries is less
for a larger period. The capacitance function will have a
minimum, which decreases for increasing period.

These two effects result in a larger change in capacitance
�Cs for larger periods and this corresponds very well with the
earlier performed simulations [6].

Because the gap distance for the combination Trian–
TrianP16 is gd = 0.5 µm as given in table 1, this geometry
shows the largest maximum change in capacitance. Similarly,
because the gap distance for the combination RectP8 is
gd = 2 µm in combination with the smallest period size of
8 µm, this geometry shows the smallest maximum change in
capacitance. A maximum change in output voltage Uout ∼
2 mV per 4 µm is measured. After calibration using fixed
capacitances, this amounts to �Cmax ∼ 2 fF per 4 µm [9].
These measurement results have been compared in part 1 of

Figure 10. The mean output voltage (top) and the standard deviation
(bottom) of five cycles for three different sense-actuator voltages.

this paper with 2D-FE simulations and show good qualitative
and quantitative correspondence [1]. However, it is noted
that the sensitivity for this geometry combination of Su =
0.5 µV nm−1 will not be sufficient to detect position with
nanometer accuracy. A smaller gap size and an improvement
in the electronics are necessary to increase the sensitivity.

4.4. Quasi-static experiments for ICMM with active
gap adjustment

The following experiments are done with a device with a sine
versus rectangular geometry on, respectively, the slider and
the sense structure with a period size of Px = 10 µm (SinP10),
figure 8 (right). Curve a in figure 10 is for a reduced gap
between sense structures and slider by applying 14 V (dc) to
the sense actuators in the forward mode. Curve b is with an
initial gap (0 V dc) and curve c is with 14 V (dc) applied in the
backward mode to increase the gap between sense structures
and slider.

From figure 10, it is clear that decreasing the gap indeed
increases the output Uout and thus the periodic capacitance
changes increase. For a reduced gap in curve a, the maximum
change in �Uout = 11.8 mV over 5 µm (period size Px =
10 µm) displacement corresponds to an average change of
2.4 µV per nanometer change in displacement. This figure is
around a factor of 4.5× larger than �Uout given in figure 9.
The displacement axis can be calculated on the basis of the
periodicity of the output voltage Uout and the period size of
10 µm for this geometry.

The standard deviation for curve a in figure 10 of
57 µV can be seen as a position uncertainty. In ratio
with the maximum change in output voltage �Uout per
half-period, the position uncertainty |�x|max = 57 (µV)/
(11.8 (mV)/5 (µm)) = 24 nm and for curve b |�x|max =
79 nm. Figure 10 indicates that the SNR does improve
significantly when the gap between sense structures and the
slider is decreased.

However, the results in figure 10 do not take into account
the possibility of a difference (hysteresis) between the up-
sweep and the down-sweep, i.e. simply put, going from most
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Figure 11. The difference in voltage Ehyst between up-sweep and
down-sweep averaged over five cycles. Bottom: standard deviation
‘Std’ for up-sweep and down-sweep.

left = Xmin to most right = Xmax instead of right to left.
For clarity, the mean measured output voltage (Uout)mean after
five cycles for up-sweep and down-sweep has been shifted
vertically in figure 11.

The voltage difference (Ehyst) between mean up-sweep
and mean down-sweep is used to calculate the maximum, the
average and the standard deviation of the position uncertainty
(imprecision) due to hysteresis, changes in temperature and
relative humidity, drift, noise and errors in generated actuation
voltages. A longer integration time for the multimeter also
means a longer cycle time. This means that the probability
increases that the difference (Ehyst) between up-sweep and
down-sweep increases due to drift or changes in temperature.
In other words, if the systematic component in Ehyst is not
time dependent, the difference Ehyst may increase with longer
measurement time due to a stochastic component. Future
implementation will use a reference capacitance, which can
very well reduce these errors.

The ratio of absolute value of Ehyst (i.e. |Ehyst|) and the
maximum change in output voltage �Uout per half-period
displacement is used to calculate the following error estimates:

|Ehyst|max h = 79 µV → |�x|max h = 34 nm,

|Ehyst|mean h = 29 µV → |�x|mean h = 12 nm,

|Ehyst|std h = 19 µV → |�x|std h = 8 nm.

The difference Ehyst in figure 11 (middle) clearly exhibits
a periodic hysteresis. This may be caused by electrostatic
forces between the two geometries on the sense structure and
the slider. Further study is necessary for the cause of this
effect.

The standard deviation for the five up-sweeps and five
down-sweeps is given in figure 11 (bottom). The average
of the standard deviation for the up-sweep and down-sweep
is calculated and in the same way related to a position
uncertainty:

mean(Ustd up) = 33 µV → |�x|std up = 14 nm,

mean(Ustd down) = 29 µV → |�x|std down = 12 nm.

Figure 12. Overview of the operation for the constant capacitance
measurement mode.

A further study for the correlation of the standard
deviation of Ustd up of the up-sweep with (Uout)mean for the
up-sweep could tell if the standard deviation is changing with
position.

We can conclude that, as expected, the possibility of
decreasing the gap between the sense structure and the
slider through extra sense actuators increases the capacitance
variation as a function of displacement. A decrease in
maximum standard deviation due to a larger capacitance is
demonstrated. The estimated displacement reproducibility is
|�x|mean h + |�x|std up ∼ 25 nm. This includes a.o. the errors
in the actuation voltages.

For real accuracy determination, a characterization facility
or setup should be used, for example a laser interferometer
setup or image analysis setup [10–12]. However, nanometer
accuracy appears to be feasible.

4.5. Quasi-static experiments for CCMM

This section gives the assessment of the closed-loop constant
capacitance measurement mode (CCMM) through quasi-static
experiments.

4.5.1. Operation of CCMM. The drive actuators are actuated
with the actuation method as discussed in section 4.2, i.e. the
slider is linearly moving from position to position in stepwise
order over N positions. At each position, the measured output
voltage Uout is compared with a set-point value Uset, see
figure 12. The controller regulates the control voltage for
the sense actuator to adjust the gap distance between sense
structures and the slider as long as there is a difference between
Uout and the set point. The larger the set-point value, the more
closely the sense structures will follow the slider pattern and
thus larger capacitance and signal-to-noise ratio (SNR) are
expected. By measuring the periodic control voltage for the
sense actuators, the slider displacement can be measured with
increased accuracy.

4.5.2. Experimental implementation of CCMM. As a
first proof-of-principle, the feedback control consisting of a
proportional, integrating and differentiating (PID) control is
implemented with PC software (HP Vee instrument driver).
The error em is the difference between the measured output
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Figure 13. The control voltage of the sense actuators for the
constant capacitance measurement mode. The mean displacement
uncertainty is <8 nm over a total displacement range of ∼32 µm.

voltage Um and the set point Uset, and it is used to calculate the
control voltage for the sense actuators, given by equation (5).

U 2
c = Kp(Um − Uset) + Ki

(∫
Um − Uset

)
+ Kd d/dt(Um − Uset). (5)

It is actually the position yss of the sense structures (or the gap
between sense structures and the slider) that is controlled and
it is proportional to the control voltage squared.

For the implementation in HP Vee, the control criterion
has been that a new slider position is taken only if the error
|em| has been below the error limit Elimit for four successive
measurements:

x[i] → x[i + 1] if |e[i]|, |e[i − 1]|, |e[i − 2]|,
|e[i − 3]| < Elimit. (6)

Therefore, all measurements of Uout = Um[j ] at slider
position x[i] are used by the PID control to calculate a new
voltage Uc[j ]. If the condition in (6) is obtained, the last
control value Uc is recorded for position x[i]:

Uc[i] = Uc[j ], j = 0, 1, 2, . . . , i = 0, 1, . . . , N. (7)

The control voltage Uc has been limited to 28 V
corresponding to a displacement of ∼4 µm. It was found
that a higher voltage would cause side-pull-in of one of the
fingers of the comb-drive sense actuators for the device at
hand.

4.5.3. Experimental results for CCMM. The control voltage
Uc versus the slider displacement is given in figure 13. This
is for one complete cycle with a total displacement range of
∼32 µm and a set-point voltage of Uout = 0.255 V which is
10 mV more than for the measured maximum amplitude of
Uout in figure 10 for ICMM with 14 V (dc) forward (curve
a) applied to the sense actuators. Furthermore, the increase
in Uout by 10 mV is as much as the total change in output
voltage |�Uout|pk–pk for curve a in figure 10. Clearly, this

should mean an improvement for the SNR or the position
uncertainty.

The absolute difference
∣∣EUc

∣∣ is defined as the absolute
difference in control voltage between up-sweep (xmin → xmax)
and down-sweep (xmax → xmin). It is calculated as

∣∣EUc

∣∣ =
|Uc up(x(i)) − Uc down(x(i))| and on average amounts to an
estimated absolute position uncertainty |�x|mean = 7.5 nm
for the result in figure 13. The whole measurement took
∼5 h for one cycle (xmin → xmax, xmax → xmin). During
this time, a change in capacitance due to changing humidity
and temperature is likely to occur without the possibility
of eliminating this effect with a reference capacitance. An
average hysteresis in displacement measurement of ∼8 nm is
therefore very remarkable.

For this experiment, the error limit has been Elimit =
50 µV. Further study is needed to derive a model or a relation
between the error limit Elimit and the control voltage Uc or the
position uncertainty |�x|. The long measurement time for 1
cycle is a result of the implementation of the controller and the
condition in (6) of four successive measurements. It should
not be confused with the integration time of the multimeter
per measurement.

4.6. Nonlinearity study for quasi-static results for ICMM
and CCMM

The nonlinearity due to higher order harmonics is determined
with the same FFT analysis technique as described in part 1
of this paper. For curve a in figure 10, the ratio between the
residual function r(x) due to higher order terms and the first-
order component f (x)ω0=0.2π is r(xn)/f (x)(ω0) = 25% for
ICMM. The same approach is followed for the CCMM result
of figure 13. The amplitude of the residual signal rn(x) is 6%
of the amplitude of the first harmonic in the function of U 2

c ,
i.e. the yss displacement of the sense structures.

The conclusion is that the CCMM concept can be a really
significant improvement in position accuracy and repeatability
on the ICMM concept. Further assessment will focus on real-
time applications and actual nanopositioning.

5. Dynamic experiments for ICMM

This section gives the assessment of the capacitive incremental
position sensor for a pull–pull operation of the test device at
higher frequencies to demonstrate the dynamical mechanical
behavior for both the device and the setup.

5.1. Dynamic actuation

For the dynamic actuation and measurement approach,
custom-made actuation electronics are used to enable
differential or so-called pull–pull actuation (called push–
pull by Bao [13]). The current implementation enables the
assessment of the performance of the device under test at
frequencies ranging from dc to ∼10 kHz. This range is
sufficient because the test device has a first-order resonance
frequency of fres ∼ 2 kHz (theoretical).

With pull–pull actuation, a combination of a bias voltage
Ubias and a differential voltage Udiff is applied to each drive
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Figure 14. With the periodic capacitive position sensor, the
dynamic response around position x = 0 is measured using the HP
gain–phase analyzer for two actuation amplitudes.

actuator, i.e.

Uact A = Ubias + Udiff, Uact B = Ubias − Udiff .

The resulting force (FR) and slider displacement (x) are
proportional to

x = FR

keff
∝ (Ubias + Udif)

2 − (Ubias − Udif)
2 = 4UbiasUdif .

(8)

Operation at frequencies up to 10 kHz has consequences for
the LP filter of the synchronous detector. The RC combination
of the LP filter of the synchronous detector is adjusted from
50 Hz to 100 kHz to decrease the phase-lag influence by the
filter. The output of the synchronous detector is connected
to either an oscilloscope or the signal input of the HP4194A
gain–phase analyzer.

5.2. Small displacement dynamic frequency response

In figure 14, the dynamic frequency response is measured
around slider position x = 0 with the HP gain–phase analyzer
using the periodic capacitive position sensor (Cs2a and Cs2b).
The bandwidth was set to BW ∼ 1 Hz. Two oscillation
(actuation) levels Ud = 0.5 V and Ud = 1.2 V, respectively, with
bias voltage Ubias = 12 V have been applied to the comb-drive
drive actuators with the pull–pull electronics. The resonance
frequency is found to be fres = 1.7 kHz.

For both actuation voltages and frequencies higher than
∼6 kHz, a strong increase in gain and phase is seen, due
to a cross-talk effect, probably between sensor input and the
charge-amplifier input. The higher amplitude of 1.2 V and an
increase in averaging do not decrease this effect. Therefore, it
is not related to ordinary white noise [9].

5.3. Large displacement dynamic response

Figure 15 shows the output signal Uout of the synchronous
detector measured by the oscilloscope with 256× averaging.

Figure 15. The actuation frequency fact = 1.4 kHz close to
resonance fres ∼ 1.7 kHz. The total range of displacement is
∼45 µm.

The actuation frequency of fact = 1.4 kHz with Udiff = 10
Vpk(sine) and Ubias = 12 V still gives a well-detectable output
signal Uout and demonstrates the FM modulation of (1). The
range of motion is estimated by counting the periods/peaks
to Xpk–pk ∼ 45 µm. The maximum velocity of the slider for
the measurement in figure 15 can be calculated to be vmax ∼
(Xpk–pk/2)ω ∼ 20 cm s−1.

The result shows that the experiment setup including
the device and electronics is able to measure the periodic
changing capacitance over larger distances for higher actuation
frequencies as well. Such a measurement result is still a long
way from actual real-time (absolute) position detection and
positioning. For quadrature detection, another measurement
signal is required with a quarter-period shift relative to the
signal in figure 15. A characterization setup is needed to
characterize the measured output voltage/capacitance with
the displacement measured with another sensing technique
with known accuracy or precision, e.g. image analysis, laser
interferometry, etc. However, also for these characterization
systems to determine the position accuracy with these
velocities will be far from straightforward.

6. Discussions/conclusions

In this second part of our paper, the design, fabrication
and experimental assessment of a micromachined capacitive
incremental position sensor is presented. The target
specification for the sensor is to measure with nanometer
accuracy (nm) over a long displacement range of Xmax = 100
µm or more. This requires a dynamic sensing range of at
least 105. Incremental sensing in combination with quadrature
detection reduces the requirements on the dynamic range of
the sensor.

Integration with conventional comb-drive microactuators
in a two-mask surface-micromachining process has been
demonstrated. The capacitive sensing principle offers
possibilities for monolithic CMOS compatible integration and
a wide range of electronic interfacing possibilities.
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Two related concepts for a novel capacitive incremental
position sensor are devised and presented.

• ICMM. In the incremental capacitance measurement
mode, the slider displacement is detected by measuring
the periodic change in capacitance for a relative
displacement between two opposing periodic geometries
on the slider and sense-structures, respectively, with a gap
distance of ∼1 µm.

• CCMM. In the constant capacitance measurement mode,
the sense structures are continuously adjusted in the
y-direction by additional sense actuators to keep the
capacitance between the two periodic geometries constant
as the slider moves in the x-direction. The control voltage
Uc for the sense actuators becomes a measure for the slider
displacement.

Strong aspects of the design are the following.

• The movable sense structures can reduce the gap between
the slider and sense structures to below the limit for
standard available lithography, i.e. ∼2 µm, and thus
increase the SNR.

• The electrostatic forces on the slider are balanced on both
sides due to the symmetry of the design.

For various periodic geometry combinations, the periodic
change in capacitance versus displacement of the slider has
been demonstrated. The smallest maximum change in output
voltage |Uout|max ∼ 2 mV per 4 µm is measured, which amounts
to �Cmax ∼ 2 fF per 4 µm. Improvements in electronics and
a gap size smaller than 2 µm are necessary to increase the
sensitivity and to enable position detection with nanometer
accuracy.

For a sine–rectangular geometry with 10 µm period, an
increase in SNR is demonstrated due to an active reduction of
the gap distance between the slider and the sense structure.

For quasi-static displacements, an estimate for the
displacement reproducibility is for ICMM ∼25 nm and
for CCMM ∼10 nm, which includes hysteresis, drift and
noise and errors in the generated actuation voltages. The
nonlinearity due to higher order harmonics is determined and
CCMM shows a 5× improvement over ICMM. Thus, the
better performance for CCMM justifies the more complicated
implementation. Both concepts demonstrate that nanometer
accuracy is feasible.

The performance of the capacitive sensor, microsystem
and setup is demonstrated in a dynamic mechanical frequency
response up to 10 kHz for small displacements and for a
displacement range of 45 µm at 1.4 kHz. This shows that
the measurement method and implementation can serve as an
important characterization tool.

The changes in capacitance are measured using
a synchronous detection technique with custom-made
electronics. Future improvements are the use of a reference
capacitance to electronically eliminate the effect of changes in
humidity and temperature and the use of wirebond connections
to enclose the device in a Faraday cage.

Further assessment will focus on real-time
applications and actual nanopositioning, which requires the
implementation of quadrature detection and of
characterization tools such as, e.g., a stroboscopic white light
interferometer and vibrometer and image analysis. Another

improvement is expected from a novel bulk-micromachining
process [9, 14–16]. This process enables an increase in
structure height with associated SNR improvements.
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