
  

 
Abstract— Integrated high accuracy long-range position 

sensing will be of paramount importance for high potential 
applications like future probe memories [1, 2] and probe-
microscopy scanners provided that nm position accuracy 
can be obtained over 10’s of µm displacement range. In 
this work design, fabrication and measurements of an 
integrated incremental capacitive long-range position 
sensor for microactuators are presented. The sensor 
consists of two periodic geometries (period ≈ 8-16 µm) on a 
slider (connected to a microactuator) and one on a sense-
structure (fixed) with gap-distance of ~ 1 µm. A relative 
displacement between the two results in a periodic change 
in capacitance. In normal operation (i.e. the Incremental 
Capacitance Measurement Mode (ICMM)) the change in 
capacitance vs. slider displacement is measured directly 
using a charge amplifier and synchronous detection at 1 
MHz. Adjusting the minimal gap-distance by additional 
sense-actuators increases the capacitance and the S-N 
Ratio. In a second mode of operation, Constant 
Capacitance Measurement Mode (CCMM), the gap 
between sense-structures and slider is actively controlled to 
keep the sensor-capacitance at a pre-set value for all 
positions of the slider. Thus, the control signal (i.e. the 
voltage for the sense-actuator) becomes a measure for the 
position of the slider. Our results indicate that the position 
measurement accuracy is increased to ~10 nm in CCM 
operation compared to 46 nm in normal operation [3]. 
Further results (using normal operation) show that the 
realized capacitive sensor can be used in ICMM for 
frequencies above the resonance frequency (fres~1.6KHz) of 
the device and therefore also characterizes the important 
dynamic properties of the test-vehicle. 
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I. INTRODUCTION 
Accurate positioning over a large range of 

displacement is of paramount importance for many 
applications of micro-systems. Microactuators for 
example have a high potential in future probe memory 
applications [1,4], scanning probe microscopy [5], 
medical analysis [6] and cell manipulation (e.g. DNA 
scanning [7]), optical mirror manipulation, 
microtooling and robotics (e.g. microgripper) etc, 
provided that nm position accuracy can be obtained over 
10’s of µm displacement range. In many cases position 

sensing and closed-loop control is required to obtain such 
accuracies and improve the systems’ dynamic 
performance. In order to make such systems both 
economically viable as well as compact, on-chip position 
sensing appears to be a requirement. 

Capacitive displacement transducers using phase read-
out with mm-scale electrode plates are known to be able 
to achieve nm-accuracy or better with large dynamic 
range [2,8,9]. For micro-scaled MEMS devices a capaci-
tive position sensor becomes a challenge because of 
small sensor capacitances with relative large influence of 
parasitics and noise-sources (e.g. kT/C). 

The capacitive sensing principle offers relative easy 
integration of sensor and electrostatic microactuator 
through micromachining technology. Furthermore, this 
sensing principle offers possibilities for monolithic 
CMOS compatible integration and a wide range of 
electronic interfacing possibilities [2, 10] 

In this work the concept, fabrication and 
measurements for an incremental capacitive long-range 
position sensor for microactuators are presented. 
Integration of the position sensor with a micromachined 
electrostatic microactuator facilitates nano-position 
control. The aim is to develop a position sensor with nm-
range accuracy over a displacement range of 50 - 100 
micrometers. To achieve this while keeping the demands 
on the dynamic sensing range of the sensor modest, a 
combination of discrete (counting) and analog meas-
urement techniques is investigated. 

II. MEASUREMENT CONCEPT 
The micromachined capacitive incremental position 

sensor consists of two opposing periodic geometries 
(period ≈ 8-16µm) on a slider (connected to a 
microactuator) and one on a sense-structure with minimal 
gap-distance of ~ 1 µm. A relative displacement between 
the two, results in a periodic change in capacitance, Fig. 
1. In Incremental Capacitive Measurement Mode 
(ICMM) the change in capacitance vs. slider 
displacement is measured directly. 

Measurements for a capacitive incremental 
position sensor for microactuators 
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Fig. 1: Concept of the capacitive long-range incremental 
position sensor. 
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Fig. 2: Micromachined long-range capacitive position 
sensor with a sine vs rectangular finger geometry and 
period size of 10 µm. Minimum gap g≈1.5 µm. Two pairs 
of sense-structures are shifted a quarter period to make 
a quadrature detection technique possible. 

Additional sense-actuators (comb-drives) are used to 
reduce the design-gap between slider and sense-
structure, only once before the actual measurement 
operation starts, thus, increasing the capacitance Cs(x) 
and capacitance variation ∆Cs(x) (i.e. Cs(x) = Cmean + 
∆Cs(x)) and the signal-to-noise ratio SNR. 

In a second mode of operation, Constant 
Capacitance Measurement Mode (CCMM), the gap 
between sense-structure and slider is actively 
controlled to keep the sensor-capacitance at a pre-set 
value for all positions of the slider. Thus, the y-
position of the sense-structure or the control signal (i.e. 
the voltage for the sense-actuator Uc) becomes a 
measure for the position of the slider.  

By counting the number of periods and measuring 
the change in capacitance ∆Cs(x) or voltage ∆Uc(x) 
within one period, in principle a (infinitely) long-range 
position measurement is obtained with high resolution 
and high accuracy i.e. an incremental position sensor.  

The preferred shape for ∆Cs(x) or ∆Uc(x) would be 
either pure sine or triangular to apply a quadrature 
detection technique [2]. Previously, various geometry 
combinations were examined through 2D-FE 
simulations for both CIMM and CCMM with respect 
to performance i.e. large capacitance changes.  Further 
optimization is necessary to find the ideal geometry 

combination producing sine- or triangular output 
functions. Also the accuracy of the micromachining 
process to make these geometries needs to be 
scrutinized as well. In this paper we describe the 
improved measurement results for both modes of 
operation. 

III. EXPERIMENTAL ASSESSMENT 
This section describes quasi-static measurement results 

for CIMM and CCMM and dynamic measurement 
results for CIMM using a similar device as depicted in 
Fig. 2. The aim with these experiments is to demonstrate 
the performance of these modes of operation at low- and 
high frequency actuation. 

The device is made through surface-micromachining 
as described by Legtenberg [11]. It contains a poly-
silicon structural layer with a height limited to 5 µm, 
which is deposited on top of a sacrificial Silicon-oxide 
(SiO2) layer with a thickness limited to 3 µm.   

A. Quasi-static Measurements CIMM 
The change in capacitance vs. slider displacement is 

measured directly using a charge amplifier and synchro-
nous detection at 1 MHz [3].  In earlier work we reported 
results using an impedance analyzer [12]. 

 The output voltage of the synchronous detector Uout is 
linearly changing with the capacitance Cs(x,y) in Fig. 1 and 
measured with an HP34401A Multimeter [3]. 

The slider is driven in x-direction by two electrostatic 
comb-drive actuators over a range spanning from x = xmin 
to xmax [12, 3]. 

Fig. 3 gives a measured mean output voltage and 
standard deviation for 5 cycles of displacement and 3 
different gap-sizes. Each cycle starts and ends in x=0 
position and ranges from xmin to xmax.  

The sense-actuators can either reduce or increase the 
gap-size relative to the initial design gap-distance g ~ 1.5 
µm. Applying 14Vdc in forward mode reduces the gap 
resulting in changes of the synchronous detection signal 
∆Uout of 11.8 mV per half period of 5 µm i.e. a average 
sensitivity of Sx = ∆Uout/(Px/2) = 2.4 mV nm-1. The same 
voltage in reverse mode (14VdcRev) pulls the sense-
structures away from the slider thus increasing the gap and 
reducing ∆Cs(x). 

Fig. 3 (bottom) shows a decrease in standard deviation 
(std) for 5 cycles for a larger ∆Cs(x). The maximum 
standard deviation std(Uout) for curve a) in Fig. 3 means a 
position uncertainty of |∆x|max = {std(Uout)}max / Sx = 24 
nm. For the initial gap-size (curve b) 0Vdc) |∆x|max = 79 
nm, and for curve c) 14VdcRev, |∆x|max = 533 nm. 
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Fig. 3: (top) Measured mean output voltage ∆Uout(x) (i.e. 
∆C(x)) for 5 displacement cycles and 3 different sense-
actuator voltages i.e. gap-sizes. (bottom) standard 
deviation std(Uout). 

Fig. 4:The difference (Ehyst) in mean(Uout) between up-
sweep and dwon-sweep, and the standard deviation for 
up-sweep and down sweep 

It is assumed that the standard deviation is related to 
noise or disturbance. Therefore, these results clearly 
demonstrate that the SNR decreases for smaller gap-
sizes. 

The previous calculation does not take into account 
the possibility for a difference (hysteresis) between the 
up-sweep and the down-sweep i.e. simply put, going 
from x = xmin to x = xmax instead of the opposite 
direction. To visualize this, the up- and down sweep of 
(Uout(x))mean for curve a) in Fig. 3 have been shifted 
vertically in Fig. 4 (Top). This difference can be 
defined as an estimation of the reproducibility which 
includes hysteresis, drift and noise [8]. Fig. 4 (middle) 
shows the difference between up- and down sweep is 
dominated by a periodic hysteresis E_hyst. This effect is 
probably caused by an attractive electrostatic force 
between slider and sense-structures. 

 
Fig. 5: Control voltage Uc for CCMM 

The absolute value |(Ehyst(x))| relative to the average 
sensitivity Sx = 2.4 mV nm-1 is used to estimate the 
maximum and average position reproducibility and the 
standard deviation: 
|∆x|max_h = 34 nm, |∆x|mean_h = 12 nm, |∆x|std_h = 8 nm. 
 

Further analysis and experiments using video 
analysis are necessary to explain this effect.  

Fig. 4 (bottom) gives the standard deviation for the 
up-sweep and down sweep i.e. Ustd_up and Ustd_dwn. This 
relates to a position uncertainty and can be defined as 
an estimate for the repeatability: 

|∆x|std_up = 14 nm, |∆x|std_dwn =12 nm 
 

B. Quasi-static Measurements CCMM 
In this constant capacitance measurement mode the 

measured ouput voltage Uout of the synchronous 
detector is held at a chosen setpoint value Uset by 
applying a proportional control to the sense-actuators. 
Uc(x(n)) = Kp⋅(E(x(n)) = Kp⋅(Uout(x(n)) − Uset). The 
resulting control voltage for all x-positions in one 
cycle is given in Fig. 5. The absolute difference in Uc 
between up- and down sweep is related to a mean 
position accuracy |∆x|mean = 7.5 nm and a standard 
deviation |∆x|std = 6 nm [3]. One complete cycle took 5 
hours, therefore this implementation for CCMM is far 
from real-time operation. However, the position 
uncertainty is lower than for CIMM, even after 5 hours 
and without compensation for changes in the 
environmental conditions by means of an additional 
reference capacitance [2, 3]. Clearly, this demonstrates 
the potential of this concept due to a larger capacitance 
and thus a larger SNR. 

C. Dynamic Measurements CIMM 
This section presents the result of a dynamic 

measurement for the same device, actuated in pull-pull 
at higher actuation frequencies up to 10 KHz.  
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Fig. 6: Mechanical frequency response measured in CIM 
mode for an amplitude ∆x ~ 1 µm around x=0. 

 
Fig. 7: Response measured in CIMM at fact = 1.4 KHz. 
The total range of displacement is ~ 45 µm. 

The frequency response in Fig. 6 is measured with a 
gain- phase analyser (HP4194A) for a small 
displacement ampli-tude ∆x ~ 1 µm around x=0. The 
resonant frequency is about fr ~ 1.7 KHz with a Q-
factor of 5. Above f~ 6 KHz the response is affected 
by cross-talk. Increasing the actuation amplitude from 
0.5 V to 1.2 V flattens the resonant peak due to 
damping but does not reduce the cross-talk. 

Fig. 7 gives a large signal response at an actuation 
frequency fact = 1.4 KHz showing again the perio-dic 
output voltage Uout and thus the periodic change in 
capa-citance. Counting the periods gives an estimate of 
the total displacement range of ~ 45 µm. This means 
the maximum velocity amounts to ~ 20 cm/sec. 

These results are obtained after averaging the 
voltage Uout more than 8 times and thus the results are 
far from real-time accurate position sensing and 
positioning. Further analysis and characterization is 
necessary and anticipated in the near future to 
determine the actual precision or position accuracy 
[13]. 

IV. CONCLUSIONS 
Measurement results are presented for two related 

concepts for a capacitive incremental position sensor. 
The quasi-static results for both concepts demonstrate 
a position uncertainty of about 10 nm. Therefore, it 
appears that nm-accuracy over a range of 100 µm or 
more is feasible. An expected larger SNR for the 
CCMM concept is demonstrated by a lower postion 
uncertainty than for the CIMM concept. The dynamic 
results for CIMM demonstrate the potential of this 
concept at frequencies up to 10 KHz. Further 
characterization i.e through video analysis is necessary 
to determine position accuracy and implement 
quadrature detection and nano-positioning. 
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