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Abstract— (The abstract is not the same as an introduction—it is a
snapshot of the *entire* paper) Nonintrusive measurement of small
out-of-plane motions of microscale structures is critical to the
development of microelectromechanical systems (MEMS). This
paper presents a low-cost deflection measurement system for
MEMS structures based on a fiber optic displacement sensor. The
system is demonstrated in the characterization of a microwave
switch. The deflection system had a demonstrated sensitivity of
290 ± 32 V/nm over a deflection range of 100 m. The
calibration and linearity of the system is described, and the static
and dynamic performance is compared to more elaborate
systems.

I. INTRODUCTION
(The intro does not need to be as long as this example. It
does need to describe the reason that the work was undertaken
and how the work fits into the “big picture.” So for a CS2420
lab report, you would want to describe what you are doing,
why it is useful, and, to the extent you consider helpful or other
wise warranted, describe alternatives Give background here. If
you do use web or other sources, be sure to cite your sources
This example makes heavy use of sources. It is unlikely you
will have need for as many or any at all in your labs.)
Microelectromechanical systems (MEMS) are being widely
explored for a variety of applications, including microwave and
RF communications [1-4], optical networking [5-7], and
acoustic [8] and mechanical sensors [9]. These systems all
contain small plates, bridges or cantilevers in the size scale of
tens to hundreds of micrometers, with out-of-plane motion on
the scale of tens of nanometers to micrometers. Since it is the
vertical motion that is usually critical to device operation,
accurate measurement of these small movements is essential to
characterize device behavior. Thus, an immediate need for any
MEMS researcher is the ability to quantify small out-of-plane
deflections that are often not apparent by eye with a
conventional optical microscope.
Out-of plane deflection in MEMS has been measured by a
variety of techniques, including capacitive sensing [10-12],
piezoresistive sensing [13] and optical methods. While
extremely high sensitivity has been demonstated with
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capacitive sensing, microfabricated capacitive sensors often
require on-chip electronics due to the small capacitance
changes involved [11]. This work has focused on optical
deflection detection methods, because it requires no
modification to the device under test.
A variety of custom systems have been developed to meet
this need, relying on interferometry [14-17] or on changes in
deflection angle [18, 19]. Such systems require a significant
amount of development time. Alternatively, there are a variety
of commercial deflection detection systems that have been
developed for microsystems metrology; however these
commercial systems are often prohibitively expensive for a
small research group. This paper details how an inexpensive
fiber-optic displacement sensor can be quickly adapted to
measure out-of-plane deflection in microsystems.
The
performance and capabilities of this simple system are then
compared to more elaborate commercial systems especially
designed for MEMS characterization.
Calibration is achieved by taking advantage of the “pull-in”
effect. The pull-in voltage for a given structure is repeatable
and predictable [20, 21], although dielectric charging can result
in drift of the pull-in voltage over the operation lifetime of the
device [22-24]. The pull-in effect been investigated for the
realization of a DC voltage reference [25], rms-to-dc converter
[26], and material property test [27]. In this system, the pull-in
effect provides a deflection reference for in situ calibration.
Since we are using pull-in only to calibrate the deflection
sensitivity of the device, charging-induced drift of the pull-in
voltage is not a concern in this method.
II. EXPERIMENTAL METHOD
(This section should describe the system, hardware and
software including code snippets. Your entire code should be in
the appendix. Screenshots of any simulation if applicable.) The
complete system is shown in Fig. 1. The microscopic
deflection measurement system used a fiber optic displacement
sensor based on a simple reflection principle. The sensor head
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was a fiber optic bundle with a mixture of transmitting and
receiving fibers. Deflection was measured as a change in the
proportion of reflected light captured by the bundle. A Philtec
model D6 deflection sensor was chosen because it had the
smallest sensor head of those available. This particular sensor
used a 670 nm laser diode as its source.
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Figure 1. Block diagram of deflection measurement system (Figures
should be centered, labeled and captioned and should appear near to where
they are referenced in the text. The text in the figures should be legible).

In addition to the sensor unit, the system also included a
long-working distance microscope, a stage for mounting the
device, and a micromanipulator for controlling the fiber optic
head. The system also required DC power, a function
generator to excite the test device, and a voltmeter and lock-in
amplifier to monitor the output. A PC equipped with
LabVIEW® was used to log data. The only requirement of the
device under test is that it must be optically accessible.

operation ranges for the sensor. In near-field operation the
sensor head was suspended about 75 m above the object, and
in far-field operation the sensor head was suspended about 400
m above the object. The sensor had a nominal sensitivity of
52.5 V/nm in the near field and 6.8 V/nm in the far field at
frequencies up to 20 kHz. In practice, the sensitivity varied
almost two orders of magnitude, depending on the device
surface, the orientation of the fiber, and the setting of the fiber
optic signal amplifier. Useful data could be obtained even at
low sensitivities. The bundle diameter for the fiber optics
sensor was 150 m, which exceeds the dimension of many
MEMS devices. However, this work shows that it could still be
used with devices with size scales on the order of 100 m.
The deflection detection system was developed for
monitoring the out-of-plane motion of a MEMS microwave
switch. The active arm of the switch was an electroplated gold
bridge, formed by surface micromachining and suspended
about 2 m above the substrate. The bridges were 220 m
long, 1.5 m thick and 100 m in width (Fig. 3). The
stationary electrode, also made of gold, was insulated from the
upper electrode during pull-in by a thin layer of silicon nitride.

Figure 3. A scanning electron photomicrograph of the planar microwave
switch used with the measurement system.

Figure 2. Plot of voltage output versus sensor position for the Philtec fiber
optic displacement sensor

The signal output as a function of position is illustrated in
Fig. 2. The position was referenced to the point of maximum
signal so that the sensor could be positioned without bringing it
into contact with the device under test. There are two linear
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Since the sensitivity of the sensor was highly dependent on
position and orientation, it was calibrated in operation position.
First, the sensor head was approximately positioned over the
bridge, turned on and allowed to stabilize for about ten
minutes. The height of the sensor head was adjusted until a
peak value was observed, and the sensor amplifier gain was
adjusted to obtain a 5 V maximum signal. Then the sensor
head was brought into the far-field position. Far-field
operation was preferred over near-field because alignment was
less critical and there was a broader linear range. A 1 kHz
sinusoidal signal was applied to the device and the output
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monitored. Fine adjustments were then made to the position of
the sensor in the horizontal plane to maximize the signal. Once
aligned, the overall output voltage versus separation curve,
such as is shown in Fig. 2, was found by leaving the bridge
stationary and using the z-axis micrometer on the
micromanipulator to adjust vertical position.
Using the large-signal calibration curve, the sensor head
was then brought into the far-field operation position above the
device. Then a series of DC voltages were applied to the
bridge while the output signal was monitored. The output
signal change that corresponded to pull-in was detected and
used with the known initial gap dimension to determine the
sensitivity of the device in operation position. The calibration
was therefore referenced to the deflection at the center of the
beam, and not to average deflection. This calibration also
assumed that the frequency response of fiber optic sensor was
flat over the range of operation. Applying a large sinusoidal
voltage to measure the pull-in signal at the desired operation
frequency would result in a more accurate calibration, requiring
only that the signal be linear. However, it was difficult in
practice to create sinusoidal voltages of sufficient magnitude to
initiate pull-in in these MEMS devices. Because of the highly
planar nature of MEMS structures, the slight change in beam
curvature over the range of device operation should not
significantly affect the linearity of the measurement.
III. RESULTS
(This section should describe the results including any
debugging efforts and results.) Pull-in was easily measured
with this system, as it is illustrated in Fig. 4. This response was
also used to calibrate the system, and indicates a sensitivity of
290 ± 32 V/nm of peak deflection. The frequency response of
the system when excited at a fraction of the pull-in voltage is
shown in Fig. 5. As expected, the response was flat up to about
6000 Hz. There were several sources of error in this system.
The main error is the DC drift of the fiber optic detector signal
caused by changes in temperature and lighting conditions. The
uncertainty in the measurement of the initial gap height were
another error source affecting the calibration.
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Figure 4. Fiber-optic signal as a function of applied DC voltage for sensor
in operation position.

F
igure 5. Frequency scan with input amplitude at 16.67 V

For comparison, the structure was also studied on a
Polytec PI Microscanning Vibrometer (MSV). This is a
powerful tool that enables a variety of measurements, including
mode
visualization
and
high-resolution
deflection
measurement. Using the MSV, the deflection at the center of
the beam was measured against applied voltage at an excitation
frequency of 2 kHz, which results in a deflection signal at 4
kHz due to the dependence of deflection on the square of the
applied voltage. The same experiment was conducted on the
fiber optic system. The results, shown in Fig. 6, compare
favorably in the range of 1-7 V, indicating that the fiber-opticbased system can be used for quantitative deflection
measurement. The MSV system was limited to about 7 V rms
in applied voltage magnitude. The substitution of an additional
function generator would extend the range of the MSV.
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and to obtain frequency response data over a somewhat limited
range (fiber optic sensor units are available up to 200 kHz).
The technique is unobtrusive, and only places the constraint of
requiring the device to be optically accessible. While the
system lacks the broad bandwidth, lateral resolution and mode
visualization capabilities of commercial systems, the low-cost,
quick set-up time and flexibility of this fiber optic system make
it a potentially valuable tool for a small research group.
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Figure 6. Comparison between the voltage-deflection characteristic of the
fiber optic system and the MSV at 4 kHz. Use error bars! Try to make
realistic estimates of your system’s error.

In order to verify our system over a larger deflection range,
the calibrated pull-in characteristic obtained with the fiber-optic
system was compared to that obtained using a Wyko NT1100
Optical Profiler. The results are shown in Fig. 7. The two
systems agree within the resolution of the Wyko, which is
about 0.2 m.

Figure 7. Comparison of voltage-deflection characteristic obtained with
fiber optic system and that measured with the optical profilometer (both
measurements conducted at DC). Note the error bars!!!

IV. CONCLUSION
(Now back to our example—always have a conclusion
where you sum up what you did with the work. It should not
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for a system whose behavior is reasonably well understood,
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