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Holographic microscope for measuring
displacements of vibrating microbeams using
time-averaged, electro-optic holography
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Worcester Polytechnic Institute
Center for Holographic Studies and Laser

mmechaTronics
Mechanical Engineering Department
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E-mail: gcbrown@wpi.edu

Abstract. An optical microscope, utilizing the principles of time-
averaged hologram interferometry, is described for microelectrome-
chanical systems (MEMS) applications. MEMS are devices fabricated
via techniques such as microphotolithography to create miniature actua-
tors and sensors. Many of these sensors are currently deployed in auto-
motive applications which rely on, or depend on, the dynamic behavior of
the sensor, e.g., airbag sensors, ride monitoring suspensions sensors,
etc. Typical dimensions of current MEMS devices are measured in mi-
crometers, a small fraction of the diameter of a human hair, and the
current trend is to further decrease the size of MEMS devices to submi-
crometer dimensions. However, the smaller MEMS become, the more
challenging it is to measure with accuracy the dynamic characteristics of
these devices. An electro-optic holographic microscope (EOHM) for the
purpose of studying the dynamic behavior of MEMS type devices is de-
scribed. Additionally, by performing phase measurements within an
EOHM image, object displacements are determined as illustrated by rep-
resentative examples. With the EOHM, devices with surface sizes rang-
ing from approximately 353400 to 5318 mm are studied while undergo-
ing resonant vibrations at frequencies as high as 2 MHz. © 1998 Society of
Photo-Optical Instrumentation Engineers. [S0091-3286(98)00505-4]

Subject terms: microelectromechanical systems; electro-optic holographic micro-
scope; microscopic holography; electro-optic holography; microsensors; hybrid
methods; automotive applications.
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1 Introduction

With the advent of microelectromechanical systems
~MEMS!, new test methods are being developed to handle
the unique challenges that these microdevices pose to cur-
rent test methods. This paper describes the development of
an electro-optic holographic microscope~EOHM!, an opti-
cal instrument that is capable of~1! imaging MEMS de-
vices and~2! the interferometric determination of mode
shapes using time-averaged holography. Current studies of
vibrating cantilever microbeams using the EOHM indicate
that this system can resolve objects with nominal dimen-
sions as small as 5318mm. The scope of this paper en-
compasses a description of the microscope and techniques
and presentation of preliminary results and their relation-
ship to future results.

In certain devices, the trend of electronic and mechani-
cal design and manufacturing studies requires decreasingly
smaller and smaller external packaging, which in turn, has
called for even smaller internal components. Many of these
components are miniature replicas of much larger ones,
only designed to operate on a much smaller scale. Replicas
of gears, motors, and sensors are being manufactured with
nominal dimensions measured in micrometers. These repli-
cas are known as microelectromechanical devices
~MEMD!, and combining the functions of two or more de-
vices creates a system, or an MEMS.

MEMS are a specific collection of MEMD. These de-
vices are micrometer-sized mechanisms typically manufac-
tured using very large scale integration~VLSI! techniques
adopted from the microelectronics industry and are used in
sensor and actuator applications. This process enables not
only the fabrication of the MEMS mechanical structure, but
also enables its direct integration with microelectronics,
thus providing the essential electrical conduit to the real
world for operating power and control. Engine blocks
equipped with integrated sensors for monitoring pressure,
temperature, and flow conditions from within; suspension
systems outfitted with embedded vibration control sensors
for improved handling and ride control; and tires con-
structed with molded-in pressure and temperature sensors
are just a few examples of MEMS applied in the automo-
tive industry. Now, imagine coupling these microsensors
and controllers to certain materials whose properties of
stiffness, shape, and color are alterable via temperature or
photoelectric effects; for example; MEMS will, quite pro-
foundly, change the way we currently engineer and use our
automotive products.

Several techniques are used to manufacture MEMS de-
vices; most are based on the photolithographic process. Ba-
sically, each begins with a block of base material, typically
^100& silicon, to which material is added or etched away
using premade mask patterns laid over the base material.
Added material can be almost anything from more silicon,
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to various metals such as aluminum or gold, and even poly-
imides. Then these different layers of material can be
etched away or built up to create various devices such as
atomic force microscope~AFM! sensors. AFM sensors are
readily available and, for this paper, are convenient and
effective objects for demonstrating the EOHM.

The AFM probe tip is one example of a MEMS type
sensor used to characterize material surfaces. This is ac-
complished by tracking a resonating sensor just nanometers
above the material surface and recording changes in its
resonant behavior. The resonant changes in the sensor oc-
cur due to changes in van der Waals forces on the surface
of the material as a function of height, e.g., surface rough-
ness. By recording the AFM’s response, surface measure-
ments are obtained.

As with all tools or devices manufactured on scales of
any size, these microdevices must be tested to validate their
performance. Techniques such as laser vibrometry have
been developed that enable determination of amplitude at
resonance, and they work quite well while providing point-
wise mapping of the object. Yet, pointwise mapping is time
consuming and requires a ‘‘steady state’’ condition during
the entire period of data acquisition, which can be quite
long. However, holographic interferometry is not only non-
invasive but is a whole-field imaging technique and pro-
vides results in near real time. This, we believe, is an ad-
vantage over pointwise scanning techniques.

It is essential that computer analysis be integrated with
experimental work. First, experimental techniques can be
both expensive and time consuming, and second, and per-
haps most important, redesign or optimization of compo-
nentry is not practical through experiment alone. The finite
element method~FEM! has proven to be an effective analy-
sis tool when given reliable data from experiment. Material
properties, loading conditions, boundary conditions, and
geometry validated through experiment are used as input
for the FEM analysis. Once the experimental data are inte-
grated into the FEM, a designer can begin optimizing the
model for the desired quantity, e.g., mode shape or resonant
frequency.

In this paper, we utilize the EOHM to investigate the
dynamic characteristics of AFM probe tips and develop an
FEM model based on the experimental data. With the
EOHM presented in this paper, MEMS devices with nomi-
nal dimensions of 450 to 20mm were studied.

2 Analytical Considerations

2.1 Description of the Objects Studied

In this paper, two 2.7-mm-thick silicon cantilever micro-
beams were studied. The microbeams have a nearly con-
stant trapezoidal cross section; one such microbeam is pic-
tured in Fig. 1~a!, with dimensions shown in Fig. 1~b!.
Dimensions were measured using Nikon MM-11 Measure-
scope and Measuregraph software with 0.5-mm accuracy.
Thickness measurements were made in the scanning elec-
tron microscope~SEM!.

2.2 Determination of Resonant Frequency and
Mode Shape

In this analysis, we assume that the microbeam’s material is
homogeneous, isotropic, and that it obeys Hooke’s law.

The microbeam is also assumed to be straight, of uniform
cross section, and undergoing small transverse deflections.
Considering these assumptions and using Euler beam
theory, we can obtain an equation relating resonant fre-
quency to the microbeam’s material properties and geom-
etry as1

vn5
~bn!2

L2 S EI

rAD 1/2

, ~1!

wherevn is then’th resonant frequency~in bending!; E is
the elastic modulus of the material;I is the area moment of
inertia; r is the material density;A is the cross-sectional
area;L is the length; andbn is a parameter determined by
the boundary conditions for then’th mode of vibration, and
for the first eight bending modes has the values1 1.87510,
4.69409, 7.855, 10.996, 14.137, 17.279, 20.420, and
23.562, respectively.

Additionally, the equation that describes the mode shape
at resonance is of the form1

zn~y!5FcoshS bn

L
yD2cosS bn

L
yD G

1Fsin hS bn

L
yD2sinS bn

L
yD G , ~2!

wherez(y) is the out of plane deflection of the microbeam,
andy is the position along the microbeam’s length.

3 Computational Considerations—FEM

The FEM is quite suited for solving problems of a dynamic
nature that are governed by the equation

M$ü%1C$u̇%1K$u%5$F~ t !%, ~3!

Fig. 1 Trapezoidal cross section microbeam: (a) SEM micrograph
and (b) characteristic dimensions. Here, L5450 mm, 225 mm; w
525.3 mm; and microbeam thickness t52.7 mm.
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whereM is the total mass matrix of the structure;C is the
structural damping matrix;K is the stiffness matrix;$ü%,
$u̇%, and$u% are the nodal accelerations, velocities, and dis-
placements, respectively; and$F(t)% is the vector of ap-
plied time-varying forces.

One of the most prominent and frequently performed
types of dynamic analysis deals with the prediction of natu-
ral frequencies and corresponding mode shapes of un-
damped structures under free vibrations; this is the so-
called eigenvalue problem. For the modal analysis, or
eigenvalue problem, Eq.~3! reduces to

M$ü%1K$u%50, ~4!

which indicates that there is no damping andC50.
If a sinusoidal vibration is assumed, then we can write

u5A cos~vt !, ~5!

and

ü52Av2 cos~vt !52v2u, ~6!

where A is the amplitude of vibration,v is the angular
frequency of the vibration, andt is time. Substituting Eqs.
~5! and ~6! into Eq. ~4!, we obtain

~K2v2M!$u%50, ~7!

wherev2 and $u% are unknowns;v2 represents the eigen-
value; and$u% is the normalized eigenvector, which de-
scribes the corresponding mode shape.

Reliable and accurate application of the FEM requires
validation of the model used to represent the object under
study. Model validity is influenced primarily by the geom-
etry of the object, its material properties, the applied load-
ing conditions, and the constraint conditions imposed on
the object. Finite element models of the microbeams were
meshed using eight-noded shell elements with six degrees
of freedom at each node~i.e., three translations and three
rotations!. The FEM meshed geometry for the microbeam
used in this study is shown in Fig. 2.

4 Experimental Investigation

In general, experimental verification of resonant frequen-
cies requires real-time, whole-field analysis of the vibrating
objects being studied, and ‘‘conventional’’ electro-optic
holography~EOH! satisfies both of these requirements. In
studying MEMS behavior,2 however, there is the additional
requirement of imaging very small objects, microbeams,
for example. The EOH system must be able to image ob-
jects having typical dimensions ranging from 450 to 10
mm. Following is a description of the EOHM system to
image microbeams of this size.

4.1 Description of the EOHM

The schematic of the EOHM system described in this paper
is shown in Fig. 3. In this system, the laser output is di-

Fig. 2 Finite element model of the trapezoidal cross section micro-
beam: eight-noded shell elements.

Fig. 3 Optical configuration of the EOHM system used in this study: INT, interferometer; BS, beam-
splitter; M1 and M2, mirrors; PS1 and PS2, phase stepper/mirror assemblies; SE1, spatial filter
beamexpander assembly; FC1, fiber optic coupler; FO, fiber optic link; PZT, electromechanical exciter;
LDM, long distance microscope lens; and CCD, imaging camera.
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vided into two beams via beamsplitter~BS!. One of these
beams is directed by mirrorM1 through the beamexpander
~SE1! to uniformly illuminate the object; that is the object
beam. The other beam, the reference beam, is directed to
the reference port of the interferometer~INT! by means of
a mirror affixed to the phase steppers PS1 and PS2, and is
coupled via fiber optic coupler FC1 into an optical fiber
~FO!. Phase steppers PS1 and PS2 can be driven piezoelec-
trically to introduce phase steps between consecutive
frames. The reference and object beams are then collected
and combined by the interferometer and then directed to-
ward the CCD imaging camera. The detected image is then
sent to the image processor, and finally to the viewing
monitor.

This EOHM is unique because of the long-working-
distance microscope~LDM ! incorporated into the interfer-
ometer. This microscope has three major components:~1!
primary objective lens,~2! internal focusing system~in-
cluding a 2.13 zoom module!, and~3! ocular lens.

The microscope lens used in this experiment is an Infin-
ity K2 long-distance microscope lens. The K2 consists of a
two-stage objective system, a microscope tube, and an ocu-
lar. The objective system has as its components an inter-
changeable fixed-focus front objective lens, a variable fo-
cus rear objective lens, and the 2.13 zoom module. The
ocular is interchangeable as well, typically either 103 or
203. This microscope has a working distance variable
from 2 to 6 in., and a numerical aperture~NA! of 0.190.
The theoretical resolution of the lens alone is 1.75mm, and
the smallest resolvable object observed with the EOHM is
the 5-318-mm microbeam shown in Fig. 4. Using a 53
primary objective lens, a working distance of 4 in.~102
mm!, a 203 ocular, a 0.5-in. array CCD camera, and a
13-in. video monitor, the total system magnification ap-
proaches 10003.

Typical microscope objectives have short working dis-
tances. With its extraordinarily long working distance, the
EOHM provides ample space between the microscope and
test objects. This, in turn, enables the microscope to image
objects contained within an ‘‘isolation’’ chamber. Alterna-
tively, the primary objective could be detached and placed
inside of the isolation chamber, while the main body of the
lens remains outside of the chamber, viewing the object
through an optical window. The current laboratory setup of
the EOHM prototype is shown in Fig. 5.

4.2 Time-Averaged Hologram Interferometry

Displacement measurements of sinusoidally vibrating ob-
jects using the EOHM method are made by considering

time-averaged hologram interferometry.1–6 In EOHM, the
CCD element essentially measures the 2-D intensity distri-
butions, or irradiance profiles, of the overlapping object and
reference fields on a frame-by-frame basis. Processing of
interferometric data requires measurement of the spatial
distribution of irradiances of each frame.

In time-averaged hologram interferometry, a single ho-
lographic recording of an object undergoing a cyclic vibra-
tion is made. With the exposure time long in comparison to
one period of the vibration cycle, the hologram effectively
records an ensemble of images corresponding to the time
average of all positions of the object while it is vibrating.
During the reconstruction of such a hologram, the interfer-
ence occurs between the entire ensemble of images, with
the images recorded near zero velocity~i.e., maximum dis-
placement! contributing most strongly to the reconstruc-
tion. The interference fringes observed during the recon-
struction of the time-averaged holograms are of unequal
brightness. In fact, they are modulated by the square of the
zero-order Bessel function of the first kind. Quantitative
interpretation of the Bessel fringes is discussed in Refs. 7–
12 and yields displacements of objects to within a small
fraction of a micrometer.

In general, for a sinusoidally vibrating object the irradi-
anceI seen at the CCD is

I 5I a~x,y!1I m~x,y!J0
2@ uV t~x,y!2Bu#, ~8!

where I a represents the unmodulated average background
irradiance;I m is the maximum irradiance of the modulated
light field; J0 represents the zero-order Bessel function of
the first kind;V t is the time-varying fringe-locus function,
which contains phase information of the object displace-
ments;B is the bias modulation imposed on the light beam
during recording of the hologram; andx and y represent
spatial coordinates. In Eq.~8!, I a , I m , andV t are unknown
quantities. When the vibration is sinusoidal, the fringe
modulation function is described by the square of the zero-
order Bessel function of the first kind. To obtain quantita-
tive information on object displacements, Eq.~8! can be

Fig. 4 Photograph of the 5-318-mm beam.

Fig. 5 Laboratory setup of the EOHM prototype.
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solved using three frames of irradiance distributions, each
with a different bias modulation. Because of the nature of
the Bessel function, Eq.~8! cannot be readily solved for
V t . However, recognizing the similarity of (J0)2 to the
cos2 function, we can obtain an approximate solution for
the time varying fringe-locus function as follows:

V tapprox
5

1

2
tan21H F12cos 2B

sin 2B G I 32I 2

2I 12I 22I 3
J , ~9!

whereI 1 , I 2 , andI 3 are irradiances corresponding to each
of the three frames, respectively. Equation~9! gives the
wrapped, or modulo 2p phase, distribution on the studied
object. This solution is based on representation of the three
irradiances, corresponding to the bias modulation, as

I i5I a8~x,y!1I m8 ~x,y!cos @2V t~x,y!22Bi #, i 51,2,3
~10!

where

I a8~x,y!5I a~x,y!1
I m~x,y!

2
, I m8 ~x,y!5

I m~x,y!

2
, ~11!

i represents the sequential frame order, and theBi are the
values corresponding to zero, positive, and negative bias
modulations, respectively. The actual solution of the fringe-
locus function can then be obtained by passing the approxi-
mate solution through a preconstructed look-up table
~LUT!.

For the EOHM setup, bias modulation is introduced via
a phase-shifting mirror mounted in the reference arm of the
interferometer. Both the phase and magnitude of the ap-
plied bias must be determined and one method is as
follows.4 First, the bias signal is adjusted so that it is in
phase with the vibration of the object, this enables the bias
term in Eq. ~8! to be a simple additive term within the
argument of the Bessel function, as shown in Eq.~8!. Sec-
ond, and without changing phase, the magnitude of the bias
is set in such a way that the square of the Bessel function in
Eq. ~8! equals 0 when the object is stationary~object exci-
tation off, V t50!. This occurs when, while observing the
real-time EOHM image displayed on the monitor, the im-
age becomes black. At this point,B52.4048, the first zero
of the Bessel function. We take this value as the positive
bias, and obtain the negative bias by shifting the phase of
the positive bias by 180 deg.

4.3 Effect of Speckle Noise

Speckle noise is typically not a problem with the EOHM
configuration. Speckle is a phenomenon associated with the
viewing of monochromatic light that is diffusely reflected
from the surface of an object and, in part, depends on the
wavelength of light used, type of illumination~direct or
diffuse!, NA of the optical viewing system, and the surface
roughness of the object. The sized of a speckle formed by
an optical system can be described by the following rela-
tionship:

d}
lNA

SRD
. ~12!

Equation ~12! shows that speckle size is proportional to
wavelengthl and NA, and is inversely proportional to the
surface roughness~SR! and diffusivity D of the illuminat-
ing light field. For the EOHM,l, D, and NA are constant
parameters and speckle size is essentially determined by SR
of the object. In the case of the MEMS devices studied in
this paper, SR is of the order of nanometers and the speck-
les formed are so large that the object is essentially specu-
lar.

4.4 Experimental Method

Experimental mode shapes of AFM probe tips were inves-
tigated using the EOHM. Basically, the EOHM provides
near real-time whole-field visualization of interferometric
fringe patterns describing resonant mode shapes. The ob-
jects studied for fringe pattern analysis were 450- and 255-
mm, Si AFM tips. All geometry dimensions were measured
in an AMR 1610 SEM with integrated video processing
software, and the material densities and Poisson ratios were
obtained from the manufacturer as listed in Table 1.

Excitation of the silicon AFM tips was achieved by
rigidly affixing them to a Steavely 15 MHz piezo-
electric transducer~PZT! exciter assembly positioned
within the EOHM. The PZT exciter was connected to
a Wavetek model 650 waveform synthesizer and operated
to induce sinusoidal vibrations in the attached AFM
probe tip.

5 Results and Discussion

Use of the FEM is essential to predict vibration character-
istics of MEMS components being developed. FEM en-
ables us to accurately model a component without the need
for extended testing of expensive prototype models. How-
ever, results produced by the FEM depend largely on the
input information relating to the boundary conditions of the
object; loads acting on the object; and the object’s material
properties, geometry, and discretization.

Finite element ~FE! analysis was performed using
COSMOS\M software. The models were constructed from
eight-noded shell elements with six degrees of freedom at
each node. The natural frequencies and mode shapes were
then determined by eigenvalue calculations.

For the AFM tips studied, the analytical and FE-
predicted mode shapes and frequencies compared to within
3% of the experimental results from the EOHM. The ana-
lytical and FE mode shapes and EOHM recorded fringe
patterns are shown in Figs. 6 and 7 for the 450- and

Table 1 Material properties of the AFM probe tips used in this
study.

Material
Density
(g/mm3) Poisson Ratio

Elastic Modulus
(GPa)

Si 2.33 0.24 140614
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225-mm AFM tips, respectively. Figures 6~a! to 6~f! show
the first through sixth bending modes, while Fig. 6~g!
shows the eighth bending mode; data for the seventh bend-
ing mode are not shown. Maximum displacement ampli-
tudes are about 400 nm, or 75% of the wavelength of laser
light used.

Undamped, natural modes of vibration are orthogonal
and symmetric. Referring to Fig. 6~e!, we see from
the EOHM fringe pattern that the fifth bending mode at
632 kHz is nonsymmetric. Although the exact cause of
this asymmetry is not certain, damping, whether structural
or air resistance related, is suspected to be more significant
in this particular mode. Nevertheless, its effect is seen
immediately in the distorted fringe pattern of the interfero-
gram.

Figures 7~a! and 7~b! show the FE mode shapes and the
EOHM fringe patterns for the first and second bending
modes, respectively, for the 225-mm AFM tip. Maximum

amplitudes of displacement for the EOHM images shown
are about 1.7 and 1.5 microns for the first and second
modes, respectively.

6 Conclusions

We have demonstrated the use of an EOHM to determine
resonant frequencies and mode shapes of vibrating AFM
probe tips by employing the time-averaged holographic
method. Additionally, we have demonstrated the ability of
the EOHM to identify modes of the vibrating AFM tips.
We have also demonstrated that the EOHM can image
MEMS type devices as small as 5318 mm. We further
demonstrated the use of the EOHM to identify irregularities
of AFM tip geometry by observing differences between the
experimentally obtained data and the FE-calculated mode
shape of the fifth bending mode.

Fig. 6 Analytical and FE mode shapes, EOHM fringe patterns, and representative experimental dis-
placements for the 450-mm AFM tips: (a) first bending at 11 kHz, (b) second bending at 63 kHz, (c)
third bending at 193 kHz, (d) fourth bending at 381 kHz, (e) fifth bending at 632 kHz, (f) sixth bending
at 947 kHz, and (g) eighth bending at 1.8 MHz. Continued on next page.
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Fig. 7 Analytical and FE mode shapes, EOHM fringe patterns, and representative experimental dis-
placements for the 225-mm AFM tips: (a) first bending at 157 kHz and (b) second bending at 970 kHz.

Fig. 6 Continued.
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