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Abstract— This letter outlines a simultaneous actuation and
displacement sensing technique applied to a microelectromechanical system (MEMS) electrostatic drive. Using the same electrostatic drive for both actuation and sensing allows more die
space to be dedicated to the electrostatic drive, increasing the
effective transduction efficiency of both functions and simplifying the mechanical design. Displacement sensing is performed
with capacitive measurement implemented by incorporating
the drive into an LC oscillator. This provides the mapping
from displacement-to-capacitance to frequency-to-voltage. The
technique was applied to a MEMS nanopositioner and the
sensor exhibited no dynamics over the bandwidth of the device.
The sensitivity of the sensor was 0.7551 V√ µm−1 and had a
displacement noise floor of 0.00836 nmrms / Hz.
[2014-0002]
Index Terms— Microelectromechanical systems (MEMS),
displacement measurement, nanopositioning, self-sensing
electrostatic actuators.

I. I NTRODUCTION
Microelectromechanical systems (MEMS) are mechatronic devices produced using microfabrication techniques
in much the same manner as integrated circuits [1].
MEMS derive their benefits from miniaturization, batch
production and precision fabrication.
Nanopositioning is a fundamental aspect of nanotechnology. Applications of nanopositioning include microscopy, data
storage and microfabrication [2]. The electrostatic drive is
a common MEMS technology used to actuate a MEMS
device [3]. It exploits the electrostatic force generated between
electrodes with opposite charges. It is compatible with many
MEMS microfabrication process as it only requires conductive
material. Additionally, it consumes no DC power and provides
a very fast response. Compared to other MEMS actuation
technologies electrostatic actuation produces small forces.
To compensate for this, electrostatic drives consume significant
die space and operate at high voltages.
Sensing on the nanoscale can be performed with a number
of mechanisms [4], [5]. Technologies include electrothermal
sensors, piezoresistive sensors and laser Doppler vibrometers.
Electrostatic drives have a capacitive structure and measuring
the capacitance can provide a displacement measurement [3].
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Fig. 1. A scanning electron microscope image of the nanopositioner upon
which the self-sensing techniques as applied. Electrostatic comb drives can
be seen to the top and right of the image.

Electrostatic sensors require significant die space due to their
relatively weak transduction efficiency.
The disadvantages of electrostatic sensing can be reduced
by using the same drive for both actuation and sensing.
This effectively increases the transduction efficiency for both
systems by allowing one drive to use more die space. This also
simplifies the mechanical design. Self-sensing electrostatic
drives have been implemented using impedance measurement
[6] and scattering parameter measurement [7] methods. These
techniques separate the two functions of sensing and actuation
by frequency. The actuation is performed with a low frequency
signal and the sensing is performed with a high frequency
signal. The self-sensing electrostatic drive outlined in [6]
reported a resolution of 0.54 nm on a 1 kHz device.
This letter outlines the preliminary results obtained from a
self-sensing electrostatic drive performing simultaneous actuation and displacement sensing. The technique is applied to
the nanopositioner shown in fig. 1 [8]. It has a bandwidth
of 1.3 kHz. Displacement measurement is performed by measuring the capacitance of the drive, for which many methods
exist [9]. The method introduced in this letter incorporates
the drive into an LC oscillator. As the capacitance of the
drive changes with displacement, the frequency of the LC
oscillator will change. The technique has the additional benefit
of being a one-terminal method allowing it to be applied to a
set of electrostatic drives with a common ground. Section II
will outline the implementation of the technique. Section III
will report the experimental sensing performance including the
sensitivity, nonlinearity, bandwidth and noise performance.
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Fig. 2. The schematic of the technique. To the left is the actuation input. The amplifier has a gain of 5 and adds a bias of 25 V. An inductor isolates it from
the high frequency sensing system. Next is the nanopositioner incorporated into the resonator of an LC oscillator. Changes in the displacement change the
resonance frequency of the LC oscillator. The output is buffered to prevent external loading. A PLL demodulates the frequency signal to a voltage.

Fig. 3. The oscillator spectrums at the extents of motion with Va set to
a 3 Vpp sine wave. With a voltage of −1.5 V the oscillator frequency is
52.757 MHz. With a voltage of 1.5 V the oscillator frequency is 52.338 MHz.

II. S ENSOR O PERATION
Figure 2 contains the schematic of the simultaneous actuation and sensing technique. The input voltage Va is amplified
by 5 and is biased by 25 V before it’s applied to the electrostatic comb drive. The amplifier’s bandwidth is 7.5 kHz and it
saturates at 48 V.
Equation (1) shows the capacitance of the comb drive is a
function of displacement x. h is the height of the electrodes,
g is the gap between the electrodes, x 0 is the initial electrode
overlap, ε is the permittivity of the dielectric and n is the
number of overlapping faces in the comb drive. The parameters
of the comb drive used in this letter are: h = 25 µm, g = 2 µm,
x 0 = 5 µm, n = 3122 and ε is the permittivity of free space.
nεh(x 0 + x)
C=
g

(1)

From Equation (1), the displacement is sensed by measuring
the capacitance. This is performed by incorporating the drive
into an LC oscillator to create a mapping from capacitance
to frequency, as described in Equation (2). The capacitance
Ct ot is a combination of the capacitance of the electrostatic
drive, additional capacitance in the oscillator and parasitic
capacitances. Using an LCR meter, the rest capacitance of the
comb drive was measured at 8.79 pF.
f =

2π

1
√
LCt ot

(2)

The low frequency actuation signal is combined with the high
frequency oscillator sensor signal on the electrostatic drive. An
inductor isolates the actuation system from the high frequency

Fig. 4. The sensitivity of the sensor. The system was actuated with Va set
to a 8 Vpp 1 Hz sine wave. The displacement was measured using a laser
Doppler vibrometer. The linear fit has a gradient of 0.7551 V μm−1 . The
offset of the data in the x-axis is caused by the zero point calibration of the
vibrometer.

Fig. 5. The nonlinearity of the sensor. Over a displacement of 14.06 μm
the sensor maximum deviation from the linear fit was 5.4% of the measured
range.

sensing signals and a capacitor isolates the oscillator from the
low frequency actuation signal.
The frequency signal is converted to a voltage using a PLL.
The PLL is implemented with a HF2LI lock-in amplifier from
Zurich Instruments.
III. S ENSOR C HARACTERISTICS
Initial measurements were made to show the sensor functioning correctly. The system was actuated with Va set to
a 3Vpp 1 Hz sine wave. The oscillator was connected to
a spectrum analyzer and a frequency peak was observed
moving back and forth around 52.55 MHz. Figure 3 shows
the spectrums of the oscillator output at the extents of the
motion.
To characterize the large signal behavior of the sensor, the
nanopositioner was actuated with Va set to a 8 Vpp 1 Hz sine
wave for several cycles while the displacement was measured
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Figure 7 shows the power spectral density at the output
√ of
the sensor. The √
noise floor is approximately −104 dBrms / Hz
or 6.31 μVrms / Hz. Considering the sensitivity
√ of the sensor,
the displacement noise floor is 8.36 pmrms / Hz.
The nanopositioner used in this letter also has the electrothermal sensors outlined in [5].
√ The resolution of this
technique compares well 0.04 nm/ Hz.
IV. C ONCLUSION

Fig. 6.
The frequency response of the sensor nanopositioner. Plotted
are the sensor output (red) and the displacement measurement (blue). The
displacement measurement was made using a laser Doppler vibrometer.
The sensor gain of 0.7551 V μm−1 has been removed to overlay it with
displacement. The resonance frequency is 845 Hz, the quality factor is 130
and the low frequency gain is −113.6 dB mV−1 . The discrepancy in the
magnitude response at higher frequencies but not in the phase response
suggests a nonlinear effect as a result of the larger excitation that was used
in the sensor measurements. Using the phase response, the sensing circuit
does not add any additional dynamics to the nanopositioning system up to
the highest measured frequency of 1.5 kHz.

Fig. 7. The √
power spectral density
√ of the sensor. The noise floor is at
−104 dBVrms / Hz or 6.31 μV√
rms / Hz. This corresponds to a displacement
noise floor of 0.008 36 nmrms / Hz.

using a laser Doppler vibrometer. A displacement of 14.06 µm
was attained. Figure 4 plots the sensor output with respect to
displacement. A linear model was fitted giving a sensitivity
of 0.7551 V µm−1 . Figure 5 shows the error between the data
and the linear model providing a measure of the nonlinearity.
The maximum deviation was 5.4 % of the measured range.
The frequency response using the vibrometer and sensor
are shown in fig. 6. It shows the sensing circuit adds no
additional dynamics to the nanopositioning system up to the
highest measured frequency of 1.5 kHz.

This letter has outlined a simultaneous actuation and displacement sensing technique. This self-sensing drive allows
MEMS designers to dedicate more space to the one drive
and, as a one-terminal technique, allows the method to
be applied to a set of drives connected to a common
−1 and the
ground. The sensor sensitivity
√ is 0.7551 V µm
noise floor is 0.00836 nm/ Hz. Further refinement of the
technique is required to improve the linearity and resolution. To make the system viable for integration into MEMS
systems, the PLL needs to be replaced by an embedded
solution.
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