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Microelectromechanical systems (MEMS) are fabri-

cated using batch techniques that are similar to those

used to fabricate microelectronic devices. Unlike

electronics, however, simple methods for testing and

characterizing internal failure modes of microme-

chanical devices do not exist.

The major goal of this project is to develop inexpen-

sive and reliable tools for in situ visualization of the

motions of internal structures in MEMS by combining

light microscopy, video imaging, and machine vision.

Images of microelectromechanical systems are mag-

nified with a microscope and projected onto a CCD

camera. Stroboscopic illumination is used to take

temporal sequences of images at multiple planes of

focus. Recorded images are then viewed at playback

speeds chosen to facilitate human interpretation of

the motions. Quantitative estimates of motions are

also obtained directly from the recorded images

using algorithms originally conceived for robot vision.

1.2 Motion Analysis Tool

Previously, we have analyzed a variety of MEMS and

developed a variety of motion analysis tools, each

specialized for a particular type of structure. This

year, we have developed a simple, general purpose,

analysis tool called dots that can be used for a wide

variety of different types of machines. The idea is

illustrated in Figure 1. The user initiates the analysis

by specifying a particular point on a machine. The

analysis tool then extracts a cube of data surround-

ing that point for each time step in the data set. The

cube is indicated by the red square painted on the

left part of the machine shown in the top left panel of

Figure 1. Four planes of a section are also indicated

in pseudo-perspective projection. The user can view

motions of all images as the software cycles through

each measured point in time. Motion analysis of that

region provides estimates of the 3-D translations of

that part of the machine, and those estimates are

shown as plots with dots indicating the time corre-

sponding to the image currently being displayed.
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Figure 1.   Motion analysis using dots.

The user then selects families of points, as illustrated

in the upper right panel of Figure 1. Since the user

must identify the points, it is left to the user to make

reasonable decisions (the software does not need to

be at all clever). Motions in each region are esti-

mated from the pixels enclosed by the regions and

results are shown as dots, as illustrated in the lower

left panel of Figure 1. To the extent that the algo-

rithms are working, the dots should appear to be

painted on the structure as the structure moves.

Thus an experimenter is provided with an easily

interpreted way to assure that the motion analysis is

working properly. 

Motions of the collection of dots can be viewed to

visualize motion. The lower right panel of Figure 1

shows two views: a plan view on top and a perpen-

dicular view beneath. Animating motions of dots is

computationally simple, and viewing these anima-

tions provides powerful cues for 3-D visualization.

Furthermore, motions of the dots can be exagger-

ated to magnify small motions. For example, out-of-

plane motions were exaggerated by a factor of

roughly 40 to make the lower right panel of Figure 1.

Finally, lines and planes can be fitted to the dots that

lie on rigid structures to quantify rigid body motion.

The plots in the lower right panel of Figure 1 shows

3-D rotations computed by fitting planes to the mea-

sured points.

Analysis by dots has a number of important features.

First, it is both simple to implement and robust to

measurement noise. Although we have developed

direct 6-degree-of-freedom algorithms, our 3-D trans-

lation algorithms remain far more robust to measure-

ment noise than are the 6-degree-of-freedom

algorithms. Second, intermediate results during the
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processing of dots can be readily visualized and

thereby easily checked. For example, if the dots do

not appear to move with the structure, then there is

something wrong. Also, if dots on a rigid body do not

move as a rigid body, then there is something wrong.

Finally, dots can be used to analyze motions of a

wide variety of systems.

1.3 Interferometric Computer 
Microvision

A major goal of our work is to develop methods for

high resolution motion measurements of MEMS in all

three directions of motion. We have previously

reported nanometer in-plane resolution by analyzing

images from a video microscope with a gradient

method. However, out-of-plane resolution was more

than a factor of five worse than in-plane resolution.

To improve out-of-plane resolution, we have devel-

oped an interferometric video system that combines

the subpixel in-plane resolution of computer microvi-

sion (CMV) with the superior out-of-plane resolution

of interferometry. We call this new system interfero-

metric computer microvision (ICMV).

The interferometric system is illustrated in Figure 2.

Although light from the LED has a short coherence

length (tens of µm), by careful alignment of the opti-

cal train, high-contrast interference fringes could be

generated over the entire test structure (Figure 3).

Light from the LED was flashed to stroboscopically

“freeze” the MEMS motion. Then, for every stimulus

condition (i.e., amplitude and phase of electrical stim-

ulus plus stroboscopic phase), a sequence of inter-

ferograms was collected for different axial positions

of the reference mirror. Every pixel in the sequence

collects an intensity that varies approximately sinuso-

idally with the optical phase of the reference mirror.

The amplitude of that sinusoidal variation is propor-

tional to the intensity in a brightfield image suitable

for in-plane analysis using computer microvision. The

phase of the sinusoidal intensity variation encodes

the relative out-of-plane position of the surface at the

target (i.e., the microfabricated accelerometer). By

estimating both the amplitude and phase of the inten-

sities of each pixel observed in a sequence of posi-

tions of the reference mirror, we extract sufficient

information for full 3-D-motion estimation.

Figure 2.   Interference microscope. Light pulses from an 
LED reflect off the beam splitter and illuminate the target, 
which is then imaged by the CCD camera. Light from the 
LED also passes through the beam splitter, reflects off a 
reference mirror (positioned axially by a piezo-electric 
actuator) and beam splitter, reaches the camera, and 
interferes with light from the target. A shutter is used to 
block light in the reference path to obtain brightfield 
images.

Results obtained with the interferometric (ICMV) sys-

tem are compared to results using brightfield micros-

copy (CMV) in Figure 4. Because out-of-plane

resolution using CMV is strongly dependent on

numerical aperture (NA), CMV measurements were

done with two objectives: a 20×  objective of the same

type used for the ICMV measurements and a higher

NA (0.6) 50×  objective. Generally, there is good

agreement between the two systems for low frequen-

cies, where the out-of-plane motions were relatively

large. However, the variability differed significantly:

standard deviations were 2.4, 16, and 5 nm for

ICMV, CMV 20× , and CMV 50× , respectively. Noise

floors were also determined by repeated measure-

ments with the stimulus off. The largest noise floor,

23 nm, resulted for CMV 20× . Using the higher NA

50×  objective reduced the noise floor by more than a

factor of 5, to 4.6 nm. The noise floor for ICMV, 0.67

nm, was nearly seven times smaller than that for

CMV 50× , and more than 30 times smaller than that

for CMV 20× , which used the same 20×  objective as

the ICMV measurements.
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Figure 3.   Brightfield (left) and interference (right) image of the microfabricated accelerometer. The prominent bands in the 
interference image indicate that the structure is tilted by its asymmetrical electrical drive. A 3-D brightfield image is obtained 
by stacking a sequence of brightfield images from multiple planes of focus (2 µm spacing). The left stack of images 
illustrates a 3-D brightfield image of a single anti-stiction dimple enclosed in a 20×20 pixel analysis region (black rectangle). 
A 3-D interferogram is obtained by stacking a sequence of interference images for different axial positions of the reference 
mirror separated by 46 nm (see Figure 2). The right stack of images illustrates a 3-D interferogram of the same dimple.

Figure 4.   Comparison of out-of-plane motions measured with interferometric and brightfield computer microvision. 
Magnitudes and phases of out-of-plane motions of a microfabricated accelerometer (analysis region shown in Figure 3) are 
shown as a function of the frequency of sinusoidal excitation of the upper comb (5V p-p plus 50V DC). The left panel shows 
results obtained using interference images taken with a 20×  objective. A second order resonance curve was fit to this data 
(amplitude at DC: 61 nm; resonant frequency: 31.6 kHz; quality of tuning: 1.2) and is shown as a solid line in all three panels 
for reference. Circles indicate results from brightfield images using the same 20×  objective (center) and a high NA (0.6) 50×  
objective (right). Dashed lines indicate the noise floor determined by analyzing images taken when the stimulus was off.
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Interferometric computer microvision combines the

subpixel in-plane resolution of computer microvision

with the extraordinary out-of-plane sensitivity of an

interference method to achieve nanometer sensitivity

in three orthogonal dimensions. 

The resulting system has a number of advantages

over brightfield computer microvision:

1. Numerical Aperture

Out-of-plane resolution in brightfield computer 

microvision strongly depends on numerical 

aperture: high out-of-plane resolution can only 

be achieved with high numerical aperture 

objectives. Out-of-plane resolution of interfero-

metric computer microvision derives from inter-

ference and is much less sensitive to the 

numerical aperture of the objective. Conse-

quently, less expensive objectives with lower 

numerical aperture can be used.

2. Field of View

Generally, high numerical aperture can only be 

achieved for objectives with high magnifica-

tions. The higher the magnification, the smaller 

the field of view, given the same camera. Since 

ICMV allows the use of lower numerical aper-

tures than CMV, it also affords greater fields of 

view for comparable out-of-plane sensitivity. 

Greater field of view will become increasingly 

important as the complexity and size of MEMS 

increase.

3. Long Working-Distance

Generally, high numerical aperture can only be 

achieved for objectives with short working-dis-

tances. Since ICMV allows the use of lower 

numerical apertures than CMV, it can achieve 

the same out-of-plane sensitivities using objec-

tives with longer working-distances. Increasing 

working-distance simplifies the integration of 

the measurement system with other experi-

mental apparatus such as electrical probes 

and vacuum systems.

4. Size of Data Set

Out-of-plane measurements with ICMV are 

intrinsically less noisy than those from CMV. 

Furthermore, lower magnification is required 

for ICMV. Taken together, these factors sug-

gest more than an order of magnitude reduc-

tion in the amount of data required for 3-D 

motion measurements using ICMV instead of 

CMV.

Disadvantages

Although ICMV has many advantages over CMV,

there are also disadvantages. For example, precise

adjustment of the two optical paths is difficult. Fur-

thermore, the high out-of-plane sensitivity makes the

system very sensitive to unintended motions, such

as those caused by table vibrations and drift in the

piezo-electric actuator. We are currently working on

improving the design of the apparatus to reduce

these disadvantages.
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1.4 MEMS Workstation
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MEMS have the potential to revolutionize the design

and production of sensors and actuators. However,

the ultimate introduction of MEMS into major military

and commercial systems depends critically on the

speed with which MEMS can be designed and deliv-

ered into the field. The paucity of test equipment now

available is an obstacle to the dissemination of

MEMS for increasing the nation's defense and com-

mercial competitiveness.

We call computer microvision the combination of light

microscopy, video imaging, and machine vision. We

are developing a series of MEMS stations to collect

image data on various MEMS devices. The series of

measurement stations will have a modular structure

to enable the deployment of cost-effective measure-

ment stations for the task at hand. A relatively more

expensive MEMS station will have expanded specifi-

cations. Our ultimate goal is to develop computer

microvision as a useful tool for the design and manu-

facture of MEMS—a tool that will enable the mea-

surement of dynamical properties of the materials

used to fabricate the MEMS device, as well as to

characterize MEMS components used in larger sys-

tems.

Work has begun to construct a MEMS station con-

sisting of a PC, camera, probe station (including a

microscope), stimulus generator, and strobe pulse

generator. This system will provide pictures in order

to analyze a candidate MEMS device. Considerable

work has been done on the development of a strobe

pulse generator to trigger a flash tube which illumi-

nates the image to be captured. A novel technique

for the generation of these pulses via a software

algorithm has been proposed and will be evaluated

and compared to the traditional approach using a

phase-locked loop.

1.4.1 Server Architecture for MEMS 

Characterization 

Project Staff

Jared Cottrell, Professor Donald E. Troxel, Michael

B. McIlrath

Designers of MEMS need good tools to test the

devices they fabricate. They need to be able to char-

acterize a device's mechanical as well as electrical

properties. Unfortunately, current tools provide no

automated methods of analyzing the motion of a

MEMS device. This research defines and imple-

ments the server half of a remote MEMS character-

ization system. It spells out the details of the

system's network protocol for communicating

between client and server. Finally, it describes how

to deploy the server with other system components in

a research environment.

Thesis

Cottrell, J.D. Server Architecture for MEMS Charac-

terization. M. Eng. thesis. Dept. of Electrical

Engineering and Computer Science, MIT, Sep-

tember 1998.

1.4.2 Image-Sampling Rate Controller: 

Generating Strobe Pulses in MEMS 

Station

Project Staff

Ramon Rodriguez, Professor Donald E. Troxel

In an effort to support the analysis and development

of microelectromechanical systems, the Research

Laboratory of Electronics at MIT is building a work-

station dedicated to testing and troubleshooting

MEMS, the MEMS station. When the camera con-

trolled by the MEMS station takes pictures of MEMS

under stimulus, specialized hardware in the worksta-

tion generates a sequence of pulses that determine

the camera's sampling rate. Phase-locked-loop (PLL)

frequency multipliers provide a solution for the gener-

ation of strobe pulses in the MEMS station. The PLL

communicates with the workstation using the com-

puter's serial port. The PLL solution allows users to

control the frequency multiplication factor, as well as

the trigger point of the first pulse with respect to an

excitation signal. This PLL solution supports sam-

pling rate frequencies from 1 Hz to 14.1 MHz.


