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ABSTRACT

Moiré topography is a valuable technique for studying the shape and deformation of delicate biological
structures such as the tympanic membrane. A projection moiré method is described that can produce both
shape and deformation fringes in real time, at a rate of 25 interferograms per second. The apparatus is based
on electronic subtraction of the projected grating line image of the object and a reference grating line image
stored in digital memory. The image field and fringe plane distance can be adjusted to the object dimensions.
Using a fringe plane distance of 82 um, a precision of 5 um over a measuring depth of 0.4 mm is demon-
strated by measurements on a spherical calibration object. The application to in vitro shape and deformation
measurements of the gerbil tympanic membrane is demonstrated. © 1997 Society of Photo-Optical Instrumentation Engineers.
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1 INTRODUCTION

Various optical measurement techniques have
proven to be valuable tools in the study of vibra-
tion, shape, and deformation of delicate biological
structures such as the tympanic membrane. Inter-
ferometric techniques allow one to obtain fringes of
equal height, equal displacement amplitude, or
equal vibration amplitude on a diffusely reflecting
object without touching its surface. From these
fringes full-field measurements of object shape, de-
formation, and vibration amplitude can be made.
Time-averaged holographic interferometry has
been used to investigate the vibration patterns of
the tympanic membrane in vitro both in cat' and in
human® material. Electronic speckle pattern inter-
ferometry have made it possible to study the vibra-
tions of the human tympanic membrane in vivo.’
An overview of the applications of holography and
related techniques in otologic research was pre-
sented by von Bally.* More recently, in vivo high-
accuracy measurements were presented of ampli-
tude and phase of the cat vibrating tympanic
membrane, using a heterodyning interferometer.’
These techniques even allow one to follow the mo-
tion of points on the tympanic membrane in three
dimensions.® Laser Doppler interferometers have
also proven to be valuable tools for measuring the
motion of the vibrating eardrum,” and with its re-
cent commercialization in an easy-to-use computer-
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controlled apparatus, the technique is becoming a
widespread research tool that is even being used in
the clinic (e.g., Refs. 8 through 10). Moiré topogra-
phy is a powerful technique for measuring the
shape of the eardrum,'! and investigating its defor-
mations caused by static middle ear pressures.'*'?

In research in otology, the understanding of the
effect of middle ear pressure upon the eardrum is
important both from a clinical point of view and for
fundamental studies of middle ear mechanics. We
have measured in vitro the deformation of the ear-
drum under static pressure in preparations of
healthy human temporal bones,'? and in prepara-
tions of Mongolian gerbils with healthy”® and
diseased'* middle ears. For the measurement of
these (relatively large) deformations, we have
found moiré topography to be the technique of
choice because no coherent light is needed and the
sensitivity of the setup can be easily controlled by
using different gratings and/or different setup ge-
ometries. The best results are obtained for surfaces
with strong homogeneous diffuse reflections. Re-
flective characteristics may be improved, if neces-
sary, by application of a coating such as white paint
to the object surface.

In shadow moiré topography, a point light source
casts the shadow of a transmission grating onto the
surface of the object."® The setup for shadow
moiré topography is essentially very simple, but
has the major drawback that the object needs to be
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Fig. 1 Schematic diagram of the optical setup. The projector (P)
casts light on the transmission grid (G). This grid is projected by a
lens (L1) onto the surface of the object (O). The grid lines, modu-
lated by the object surface shape, are imaged onto the camera
target (C) by a second lens (L,). The distances D, L, and L’ and
the grid period determine the setup fringe plane distance.

positioned very close to the grating because the
depth of field of the shadow is very limited. In pro-
jection moiré topography,'”'® the image of a grating
is projected onto the object surface from a distance.
This technique requires the use of a more elaborate
optical setup, but has the advantage that the object
can be freely positioned in space. For research in
otology, this is a major advantage, even for in vitro
studies, because it is difficult to remove enough
bone to get immediate access to the tympanic mem-
brane.

In classical projection moiré topography, a
transmission ruling is imaged on the surface of the
object. The projected grid lines are modulated by
the object’s shape. This deformed ruling is then im-
aged by a second lens onto another identical ruling.
The interference between the deformed and nonde-
formed grid lines produces moiré fringes, which
can be interpreted as contours of equal object sur-
face height. Deformation measurements have to be
done by obtaining moiré topograms of the object in
an original and a deformed state, followed by re-
construction of the object shape from these topo-
grams and finally calculating the difference be-
tween these two shape measurements.

In this paper we describe an optoelectronic pro-
jection moire system that does not use a second rul-
ing for demodulation, and that allows one to obtain
in real time contours of equal height as well as con-
tours of equal deformation. The apparatus was de-
veloped for in vitro shape and deformation studies
of the tympanic membrane.

17,18

2 THEORY OF FRINGE FORMATION

Let us consider the projection setup represented
schematically in Figure 1. The light of projector P is
passed through the grid G and projected by lens
L, onto the surface of the object. The projected grid
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lines are modulated by the object shape and are
imaged by a second lens L, onto the camera C. The
focal points of the projection and imaging system
coincide at the origin of an orthogonal coordinate
system. The z axis of the coordinate system is cho-
sen along the viewing direction, and the x axis in
the plane formed by the projection and imaging
axes.

For a sinusoidal transmission ruling with grid
lines parallel to the y axis, the modulation function
T is given by:

T=1I, , 1)

L
E ESIII?X

where I is the intensity of the incoming light (the
projector), p is the period of the grid, and x' is the
x axis coordinate of the point on the grid where the
light emerges. The y axis coordinate does not ap-
pear in the equation since the grid lines are posi-
tioned parallel to the y axis so that for a given value
of x' the modulation is identical for all values of

! The light reaching a point on the surface of the
object with coordinates (x,y,z) is coming from a
point on the grid with coordinates (x',y"). In Fig-
ure 1 we can define two similar triangles: one with
orthogonal sides of length x'—x and L+L'—z,
and another with orthogonal sides of length D —x
and L—z. From these two similar triangles we see
that the position x’ on the grid is determined by:

x'—x _D—x )
L+L'—z L-z )

or

X'=(D_x)L(L_zL _Z)+x, 3)

where D is the distance along the x axis between
the projection lens and the viewing direction, L is
the distance along the z axis between the grid and
Ly, and L' is the distance between the object and
L.

When we substitute Eq. (3) into Eq. (1), we see
that the camera will observe a light distribution [
on the object given by:

@)

In an ordinary projection moiré setup, this light dis-
tribution is demodulated by multiplying it by the
transmission function of a second ruling. In prac-
tice, this multiplication is obtained by passing the
light through a second ruling positioned in the fo-
cal plane of L,. In our setup, there is no second

+x

it (27 (D—x)(L+L"—z)
=1y E"‘ESH’I L—2
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grid, and the light distribution given by Eq. (4) is
projected directly by L, onto the camera sensor,
without demodulation.

After recording the intensity distribution given
by Eq. (4), a second intensity distribution is re-
corded for an object with a different shape (which
may be the original object after it has undergone a
deformation). On the point with coordinates (x,y)
this object has a height that we will denote as z', so
the recorded intensity distribution will be once
again given by Eq. (4), but with z’ substituted for
zZ.

To obtain the moiré interference, these two inten-
sity distributions are subtracted from one another,
which yields the difference I;:

IO[ ) (277 (D—x)(L+L'—z2)
I;=—= |sinj—
p
x” (5)

2 L—z
. rZW[(D—X)(L-FL,—Z,)

—sin +
B 27 [(D—x)(L+L'—2z2)

I,=1, cos ? 2(L=2)

+x

or:

'3 L—z'
(D—x)(L+L"—z")

2L-z) °
|27 [(D=x)(L+L'—2)
X s1 |— 2(L—2)
(D=x)(L+L'—z")
- Z(L_Zr) ] (6)

If we take the setup dimensions D and L as being
large compared with the values of x and z for all
points on the object, Eq. (6) simplifies to:

L] 2 N |27 D(z' —z) .
a=1Iy cos p x+ ¢ sin oL , ()

where
2w D(L+L’)+D(z—z’) g

Equation (7) contains the product of a cosine factor,
with the same frequency as the projected ruling,
and a sine factor, which is only dependent on the
difference in surface height (z'—z) between the
two objects. In the image, the cosine factor is seen
as high spatial frequency grid lines, referred to as
grid noise. The sine factor can be regarded as an
amplitude modulation of the cosine factor and it
describes contours of equal height displacement.
The term ¢ in the cosine argument can be regarded
as a phase offset, although it is not constant over
the entire image: the first term in Eq. (8) is constant
over the whole image, and accounts for the shift of
the grid lines as a whole when the setup geometry

178 JOURNAL OF BIOMEDICAL OPTICS * APRIL 1997 ¢ VoL. 2 No. 2

is altered, but the second term in (8) shows that ¢ is
also dependent on the difference z—z' which in
turn depends on x. The phase ¢ therefore varies
slightly over the image. One could also interpret
this varying phase as a (slight) spatial modulation
of the cosine frequency. Because L is much larger
than D, the effect of changing z—z' on the cosine
frequency is small.

2.1 SHAPE MEASUREMENT

If we use as a second object a flat plate positioned
in the origin and perpendicular to the viewing di-
rection, so that z’ equals 0 for all values of (x,y),

Eq. (7) reduces to:
2 Dz
sin( ) 9)
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In Eq. (9), the sine factor describes contours of equal
surface height, so from I; we can determine the
shape of the object.

2.2 DEFORMATION MEASUREMENT

If we do not replace the object by a flat plate, but
leave it in place and make it undergo some kind of
deformation, then Eq. (7) describes fringes of equal
displacement along the z axis, so I; can be used to
measure the deformation of the object along the z
axis.

2.3 FRINGE CHARACTERISTICS

The fringes described by Egs. (7) and (9) are not
dark and bright fringes as we are used to seeing in
topography. In zones where the sine argument is 0,
the observed intensity becomes 0 (seen as black
contours), but elsewhere high spatial frequency
dark and bright grid lines (grid noise) will be seen.
The height or displacement difference between two
subsequent black contours is determined by the ar-
gument of the sine factor, and is thus given by:

_rL
==

The distance \ is called the fringe plane distance, be-
cause in shape measurements the fringes can be
thought of as the intersection of the object with a set
of equidistant planes separated by the distance A
along the z axis.

Because of the term D(z’ —z)/L in the cosine ar-
gument of Eq. (8), the lines in the striped contours
do not have exactly the same spatial frequency as
the original grid. The exact frequency of the stripes
seen in the bright contours is, however, irrelevant
to the interpretation of the moiré topogram.

A (10)

2.4 FRINGE ENHANCEMENT

In practice, the two intensity distributions of the
two different objects may not have the same ampli-
tude, owing to differences in object reflectivity. If



this is the case, the difference in intensity will not
vary around 0, but around some offset value. This
offset can be removed by applying a high-pass filter
to the subtracted image, which only passes the
high-frequency cosine function, but not a dc offset.

Negative intensities can of course not be visual-
ized, so half of the cosine signal in Eq. (7) is lost.
Only the positive parts of the cosine are seen as
light, whereas the negative parts are seen as 0 in-
tensity. The mean amplitude in the brightest zone
of the fringe (sine argument equal to 1 or —1) there-
fore equals the rms value of a half-wave rectified
cosine, namely 0.35.

The signal could be made all positive by adding
an offset (as will be done in the image presented in
Figure 4 in the results section), but then the zones
where the sine is 0 would be seen as gray, and the
zones where the sine becomes maximum would be
seen as high-frequency grid lines but with the same
mean intensity as the gray zones. Fringes are then
visualized as zones of high and low grid line con-
trast, and will be difficult to see if very fine rulings
are used.

Instead of adding an offset, we can also make the
signal all positive by taking its absolute value,
which can be done in practice by performing a full-
wave rectification of the video signal. Mathemati-
cally, the difference intensity distribution I can be
written as:

e o 2™ et o] 27 PG 72 12
1=1p) cos ” (x+¢) |sin 2 ,
(11)
or:
=] 4
=1 §+§cos7(x+go)
1 1 [2#D(z'—2)]]]"?
X §+Esm—T (12)

The second factor of the square root in Eq. (12) once
again describes a slow modulation, which depends
on the surface height. The first factor describes the
grid noise, which now varies between 0 and 1. In
zones where the sine equals —1, the observed in-
tensity is 0. In zones where the sine becomes equal
to 1, the mean amplitude now equals that of a full-
wave rectified cosine, namely 0.7, so the contrast of
the fringes is doubled compared with Eq. (7). More-
over, Eq. (12) shows that the spatial frequency of
the grid noise seen in a bright fringe now equals
2/p, which is double the spatial frequency of the
ruling. This frequency doubling due to the rectifica-
tion process makes the grid noise less disturbing
and further enhances fringe visibility.

The derivation given above only holds for the
case of an ideal setup. A rigorous mathematical
analysis of a practical setup is far more complex,
and falls beyond the scope of the present paper. A
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practical setup uses for instance square wave grids
instead of sinusoidal grids, so the exact derivation
should take the higher harmonics into account. Ow-
ing to its limited field angle, the projection lens has
to be positioned at right angles to the projection
direction rather than parallel to the imaging plane,
which will cause a slight change in magnification of
the grid lines over the image field, and this will
result in a slight curvature of the fringe planes. The
use of finite apertures limits the depth of field of
both the projection and the imaging system, so that
in practice fringe contrast diminishes with object
depth.

The use of square wave grids instead of sinu-
soidal grids can be incorporated in the mathemati-
cal treatment by using the Fourier series which de-
scribes the square grid as a sum of sine grids. The
outcome of the derivation is essentially the same as
for the single sine grating, but all equations become
much more lengthy. The incorporation into the
mathematical description of the effects of finite ap-
ertures and Keystone distortions is far more com-
plex. Even this description is not fully accurate be-
cause, for instance, the transfer characteristics of the
lens will affect the harmonic content of the pro-
jected grids and will therefore further (strongly)
complicate a complete mathematical model of the
fringe formation process. The outcome of a rigorous
and complex mathematical treatment could help to
calculate quantitative estimates of measuring accu-
racy and precision on theoretical grounds. The sim-
plified derivation, however, suffices for under-
standing the fringe formation process. The actual
measuring performance of the practical setup will
be shown experimentally in the next sections. Such
an experimental approach incorporates all physical
characteristics and limitations of the setup and
yields quantitative estimates of measuring preci-
sion for a real-life setup in an easy way.

3 APPARATUS
3.1 OPTICAL SETUP

The optical setup is essentially the same as for any
other projection moiré setup, and is schematically
represented in Figure 1. The frame grabber, digital
subtraction electronics, and signal processing elec-
tronics were all designed and built in our electron-
ics workshop. The light of a 100-W halogen lamp
projector is passed through a 300-lines per 25.4 mm
transmission grid (G) and is projected by a 100-mm
focal length photographic lens (L;) onto the surface
of the object (O). A second identical lens (L,) im-
ages the deformed grid lines onto a CCD camera
(Sony AVE-D7CE) (C). In contrast to a normal pro-
jection moiré setup, there is no second grid in the
focal plane of the imaging lens: the projected grid
lines are not optically demodulated, but are directly
recorded by the camera.
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The projection and imaging optics are mounted
on optical rails that can pivot in the x-y plane
around the focal point. In this way, the angle be-
tween projection and imaging direction, and hence
the fringe plane distance or sensitivity of the setup,
can be easily changed while the object is in place
and remains in focus for both the imaging and the
projection systems. The camera and imaging lens
are mounted on a translation rail and the imaging
lens is coupled to the camera with a bellows, so that
the field of view of the CCD camera can be adjusted
to the object size. In our experiments, the grid-to-
object distance and the camera-to-object distance is
on the order of 40 cm, and the angle between pro-
jection and imaging direction is about 35 deg.

3.2 ELECTRONIC IMAGE PROCESSING

The image-processing electronics are represented
schematically in Figure 2. The camera signal is digi-
tized by an analog-to-digital converter (A /D) with
a resolution of 8 bits, at a rate of 25 images per
second. One complete frame (two interlaced
frames) of digitized video data is stored in a 512 by
512-pixel memory matrix. The memory of this
frame store consists of 250 kB of inexpensive stan-
dard computer dynamic random access memory.
When the frame store is set to free run mode, the
previous video frame is cleared and replaced by the
next video frame coming from the camera. When
the frame store is set to hold mode, the last incom-
ing video frame is stored and remains in the
memory until the frame store is again released.

The data in the frame store are continuously read
at a speed of 25 image frames per second. These
data go into the subtraction unit, which can be set
to either direct or subtraction mode. In direct mode,
the frame store data are simply passed on to the
output of the unit. In subtraction mode, the digi-
tized real-time image data coming from the camera
are subtracted from the data coming from the frame
store. This subtraction process is also performed in
real time, at a rate of 25 images per second, using a
commercially available subtraction chip (model
74181). The data at the output of the subtraction
unit are converted back to an analog video signal
by a digital-to-analog converter (D/A).

If the subtraction unit is set to direct mode, a
monitor connected to point A displays the stored
image when the frame store is set to hold. The same
monitor can be used to look at the direct image by
switching the frame store to free run. Monitoring
the direct camera image is necessary when posi-
tioning and focusing an object in the setup. If an
image is captured in the frame store, and the sub-
traction mode is chosen, the monitor at point A will
show the image described by Eq. (7). We will show
such an image in the results section.

The difference signal coming from the subtraction
unit contains the difference between the reference
image and direct camera image. The signal is fed
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Fig. 2 Block diagram of the image-processing electronics. The in-
coming video signal is digitized by an 8-bit analog-to-digital con-
verter. The digitized image can be stored in a 512 by 512 pixel
frame store. In the subtraction unit, the difference is taken between
the stored image and the incoming video signal, at a rate of 25
images per second. A digitalto-analog unit converts the difference
data back to an analog video signal. High-pass filtering and full-
wave rectification of the analog video signal allow realtime en-
hancement of fringe visibility, as explained in the text.

through a high-pass filter to remove offset, and full-
wave rectified by a bridge rectifier to take the abso-
lute value. Because the camera image is read in a
horizontal direction, one line after the other, this
processing of the video time signal is equivalent to
filtering and rectifying the image data along the x
axis. By performing the high-pass filtering and rec-
tification on the analog video signal, no compli-
cated and fast digital signal processor is needed to
obtain the processed image in real time. The moiré
fringes described by Eq. (12) are finally displayed



on a monitor connected to point B, at a rate of 25
new interferograms per second.

4 MEASUREMENT RESULTS

4.1 ADJUSTMENT AND CALIBRATION

For studies on objects of different sizes, such as
tympanic membranes of different species, we use
different magnification factors. The field of view
can be adjusted to the object size by using different
lens-to-object distances. By using different rulings
or a different projection-to-observation angle, the
fringe plane distance can easily be adapted.

To accurately measure the shape or deformation
of an object from the moiré fringe pattern, the
fringe plane distance A has to be known precisely.
Because it is impractical to pinpoint the distances
L and D with high accuracy, the fringe plane dis-
tance is obtained by direct calibration, rather than
by calculating it from the geometrical parameters.
To perform the calibration measurement, an object
is mounted on a calibrated translation table with
the translation axis of the stage parallel to the view-
ing direction. The grid line image on the object is
stored in the frame store, and the processed sub-
traction image is monitored. When the object is
moved backward along the z axis using the trans-
lation stage, the processed image turns alternately
bright and dark each time as the displacement
grows with one fringe plane distance. First, the ob-
ject is positioned so that it turns completely dark.
Then the object is translated over one or more
fringe plane distances until it is again dark. The
local minimum in the intensity is easily judged by
eye on the monitor image. The localization of this
minimum is repeatable within a few micrometers.
The fringe plane distance is calculated from the
translation distance, read from the micrometer
screw on the translation stage, and divided by the
number of fringe planes encountered in the transla-
tion. To obtain high accuracy, we perform the cali-
bration by measuring the translation distance for
ten fringe orders. As we explained in the previous
section, the fringe plane distance varies slightly
with object height. Calculating N from the distance
of ten fringe planes gives an average fringe plane
distance within this depth measuring range.

For the measurements presented in this section,
the fringe plane distance was set at 0.082 mm. This
setting was also used for our studies on gerbil tym-
panic membranes.'*!'* With projection and lens ap-
ertures of f/16, the setup gives good fringe contrast
over a depth range of about 25 fringe orders or 2
mm. The field of view for the processed image was
3.5 mm horizontally and 2.9 mm vertically. This is
somewhat smaller than the actual camera image,
because the frame store does not capture the video
image over its full width.

MOIRE PROJECTOR FOR EARDRUM STUDIES

(b)

Fig. 3 (a) Direct image of the grid lines projected onto a flat sur-
face positioned parallel to the x-y plane. The projected lines are
straight and equidistant. (b) Direct image of the grid lines projected
onto the surface of a sphere. The grid lines bend due to the surface
shape and the angle between the projection and the direction of
observation.

4.2 MEASURING RESOLUTION

To demonstrate the measuring resolution, we show
results obtained on a small sphere. The test object is
a steel bearing ball with a spherical surface preci-
sion better than 1 um. The diameter of the ball is
6.750£0.005 mm. Because diffuse reflection is
needed in projection moiré topography, the surface
of the ball was coated with white Chinese ink. Scan-
ning electron microscopy on samples of this coating
has taught us that the layer thickness is uniform
and less than 10 um, so it will only cause very small
artifacts on the surface shape.

Figure 3(a) shows the direct image of the grid
projected onto a flat surface positioned in the x-y
plane: the projected grid lines are straight and equi-
distant. Figure 3(b) shows the direct image of the
grid projected onto the surface of the sphere. We
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Fig. 4 Image displayed by a monitor connected to point A of
Figure 2. To obtain this image, the grid line image of Figure 3(b)
was stored in the frame store and was subsequently subtracted
from the image of the grid lines projected on a flat plate, shown in
Figure 3(a). The gray and striped circular bands are contours of
equal height of the sphere surface.

see the projected grid lines bending due to the
spherical surface shape. At the right-hand side, the
image is darker due to shadow effects caused by
the strong curvature of the ball surface and the
large angle between illumination and observation
direction. The moiré fringes are generated by sub-
tracting the two images in Figure 3. The image
shown in Figure 3(b) is captured in the frame store
and then the sphere is replaced by the flat plate
positioned parallel to the x-y plane. Figure 4 shows
a photograph of the image displayed by a monitor
connected to point A in Figure 2, when the setup is
switched to subtraction mode. We recognize circu-
lar bands in this image which are alternating gray
and striped. These bands are the fringes described
by Eq. (9). The electronics of the display monitor
automatically generate an offset so that the video
signal becomes completely positive. In this way, the
negative intensity minima of the grid stripes
[[s=—1y in Eq. (9)] are put at O level (black) and as
a consequence the dark fringes [sine factor in Eq. (9)
equal to 0] become gray. Although it is perfectly
possible to follow the fringes, their visibility is not
very good, especially in the zones where the fringes
are close to one another. Figure 5 shows the result
after high-pass filtering and half-wave rectification
of the signal, as displayed on a monitor connected
to point B shown in the electronics scheme pre-
sented in Figure 2. In this image we have clear
bright and dark fringes, described by Eq. (12).
When we compare the grid lines in Figures 4 and 5,
we see that their frequency has doubled in the last
image, as predicted by Eq. (12). Because the fringes
are obtained in real time, any motion of the sphere
can be followed at a rate of 25 interferograms per
second. At the right-hand side of the image, fringe
quality is somewhat lower due to the weaker illu-
mination in this zone caused by the shadow effect.
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Fig. 5 Image displayed after high-pass filtering and rectification of
the image shown in Figure 4. Now we see clear bright and dark
bands, which are contours of equal height of the sphere’s surface.
The height difference between each dark (and each bright) contour
is 0.082 mm.

Instead of recording a flat plate as a reference im-
age, we could record any other shape (such as the
steel ball itself in some deformed state) and obtain
fringes that directly give contours of equal height
difference between the two shapes. We demon-
strate this application in the next section.

The fringes seen in Figures 4 and 5 are contours
of equal height difference between the spherical
surface and the flat surface positioned parallel to
the x-y plane, and thus are contours of the spherical
surface of equal height. We captured this image in a
PC-based frame store (Data Translation 2151), and
transferred the result to a matrix in Matlab (a
matrix-based computation software package devel-
oped by The Math Works Inc.) for further analysis.
Using this software package, we determined the
(x,y) coordinates of a number of points in the dark-
ness center of the fringes and attributed a relative
z value to each point as the fringe plane distance
times the order of the fringe. Then we fitted a best
sphere through this set of three-dimensional data
points. The diameter of the best-fitting sphere was
6.96 mm (with a fitting tolerance of 1/1000), which
deviates less than 3% from the actual diameter of
the steel ball.

Figure 6 shows the location of the fringe darkness
centers along a horizontal section through the cen-
ter of the sphere (indicated as circles), together with
the best circle fitted through these points (indicated
as a solid line). The aspect ratio of the figure has
been strongly exaggerated so that the very small
differences between the fitted best circle and the
data points can be seen. At the right-hand side of
the figure, an experimental data point is missing
because the exact fringe location could not be deter-
mined due to the strong shading in that zone. The
standard deviation of the difference between the
data points and the z values of the fitted circle is
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Fig. 6 Height of the sphere surface, measured by determining the
order and the location of the fringe darkness centers along a hori-
zontal line through the center of Figure 5. Data points are indicated
with open circles. The solid line represents the best circle fitted
through the data points. The aspect ratio of the figure is strongly
exaggerated to reveal the very small deviations of the experimental
data from the fitted curve.

3 wm, which we can take as an estimate for the
measuring precision of the setup. The maximum
difference between the data points and the fitted
circle is less than 5 um. The total depth range of the
measurement was 0.41 mm, so the maximum devia-
tion of the data points is 1.2% of the depth measur-
ing range. Measurements on a sphere of 3 mm di-
ameter yield values of similar accuracy and
precision.

5 APPLICATION EXAMPLE

We developed this moiré interferometer initially for
in vitro studies of the tympanic membrane. Its high
sensitivity allows accurate measurement of the
shape and the deformation of eardrums under
small static pressures.

Figure 7 shows the shape of the moiré interfero-
gram obtained with our apparatus on an in vitro
preparation of the tympanic membrane of a Mon-
golian gerbil.”*!* The middle ear has been removed
so that the membrane can be seen from the middle
ear side. The ear canal was filled with white Chi-
nese ink to improve light reflectance. This approach
is possible because the gerbil eardrum is nearly
completely transparent. The fringes seen in Figure 7
represent contours of equal surface height, and
demonstrate the conical shape of the tympanic
membrane. They are the result of taking the differ-
ence between the grid image obtained on a flat
plate and the grid image obtained on the eardrum.

MOIRE PROJECTOR FOR EARDRUM STUDIES

Fig. 7 Moiré interferogram obtained with our apparatus on a dis-
sected gerbil tympanic membrane. To obtain the interferogram, the
difference was taken between the grid line image on a flat plate
and the grid line image on the membrane. The fringes represent
contours of equal height, and demonstrate the conical shape of the
membrane. The fringe plane distance, and hence the height differ-
ence per fringe order, is 0.082 mm.

The fringe plane distance, and thus the height dif-
ference between successive fringe orders, was 0.082
mm.

Static pressures can be applied to the eardrum
through fluid ink in the ear canal. Figure 8 shows
the moiré interferogram of such a pressure-induced
deformation. For this measurement, the difference
was taken between the projected grid line image for
the tympanic membrane in a resting state and the
image obtained for the tympanic membrane under
an overpressure of 0.2 kPa. Now the fringes repre-
sent contours of equal displacement. The fringe
plane distance was the same as in the measurement
presented in Figure 7, so the displacement increases
with 0.082-mm steps per contour order. The fringe

Fig. 8 Moiré interferogram obtained with our apparatus on the
same membrane as in Figure 6, but now with the difference taken
between the grid line image on the membrane in its resting position
and the grid line image on the membrane deformed by a static
pressure of 2 kPa. The fringes now represent contours of equal
displacement, again with a step of 0.082 mm per fringe order.
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pattern shows the characteristic two-lobed shape,
which was also obtained by time-averaged hologra-
phy measurements on eardrums vibrating at low
frequencies.?

The spot on the right-hand side of the image is
caused by specular reflections that saturate the im-
aging system. The shape measurement, shown in
Figure 7, and the deformation measurement, repre-
sented in Figure 8, were obtained on the same
membrane, in exactly the same position. Both fig-
ures are photographs of the display monitor, show-
ing the result that is obtained in real time without
any additional image enhancement.

6 DISCUSSION

In the practical setup, second-order effects of
changing magnification and changing fringe plane
distance with object depth limit the actual measur-
ing precision. The measurements on the calibrated
sphere, however, show that at a depth range of 0.4
mm the experimental data deviate less than 5 um
from the actual surface height. This depth range
suffices for the study of gerbil tympanic mem-
branes, so shape and displacements can be mea-
sured with high accuracy. For objects having a
larger depth range, absolute measuring accuracy
will be less, but relative to the measuring depth,
accuracy will remain quite constant. Owing to the
use of finite apertures (rather than theoretical point
apertures), the number of usable fringe planes is
limited to about 25, so that the maximum depth
measuring range is about 2 mm. For objects of other
sizes, the optical setup geometry can be altered so
that the fringe plane distance, and hence the depth
measuring range, increases.

We have performed shadow moiré measure-
ments on the tympanic membrane of human ca-
daver temporal bones,' but found it difficult to re-
move enough bone so that the tympanic membrane
can be brought close enough to the grid. For studies
on animal material such as cats or Mongolian ger-
bils, it is even more difficult to drill or cut away the
bone, which partially covers the eardrum, because
the bone is very thin and brittle and the tympanic
membrane is extremely delicate. Using a projection
setup overcomes these problems. In contrast to our
work on shadow moiré topography, we can now
mount the dissected animal bulla in free space. This
also allows the application of a stream of water
vapor-saturated air to the membrane to avoid de-
hydration of the specimen.

For research in otology, a real-time optoelectronic
moiré device offers other interesting possibilities.
Because interferograms are obtained in real time, it
is possible to obtain a large number of measure-
ments in a short time, so one can study the re-
sponse of the membrane to pressure with a large
number of small pressure steps. A short measure-
ment time is necessary because the dissected
middle ear and the eardrum tend to dehydrate and
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to stiffen quickly, even when water vapor is ap-
plied. This setup also allows us to study the time
course of a deformation such as viscoelastic-
induced creep following a sudden pressure step.

A major advantage of the apparatus lies in the
fact that both shape and deformation measure-
ments can be performed in immediate succession,
without altering the optical setup and without
touching the specimen. The demonstration applica-
tion showed how, by a simple reset of the frame
store, the setup allows one to obtain both shape and
displacement fringes on the object sitting in the
same position. We use the shape measurement to
determine the exact position of the tympanic mem-
brane in the coordinate system. The border of the
tympanic membrane (annulus) lies in a plane.
While positioning the specimen in the setup, we ob-
serve the real-time shape of the moiré fringes and
mount the specimen so that concentric fringes can
be seen. We then know that the tympanic mem-
brane annulus plane lies perfectly parallel with the
x-y plane.

By storing a new reference image, deformation
can be followed starting from any reference state. In
studies of viscoelastic behavior, for instance, the
reference image can be stored immediately after ap-
plying the pressure step. Displacement fringes will
then appear if the pressure step is followed by
viscoelastic creep.

Because the apparatus uses standard video sig-
nals, it is also possible to perform image subtraction
and processing on images that have been recorded
on videotape. In our experiments we often use this
postprocessing capability. During a measurement,
the direct image of the camera is constantly re-
corded on a VHS video recorder. If it turns out af-
terward that more information is needed, the video
recorder signal is fed to the input of the frame store,
and any image on the tape can be chosen as the
new reference image to study deformations with
respect to that object shape.

7 CONCLUSIONS

We have described an optoelectronic moiré projec-
tion interferometer for real-time shape and defor-
mation measurements. Both shape and displace-
ment fringes are obtained without changing the
optical setup, and with the object remaining in ex-
actly the same position. The interferograms are ob-
tained in real time, at a rate of 25 images per sec-
ond. The device therefore allows us to follow
deformations that evolve in time, or to obtain a
large number of different interferograms in a short
measuring time.

Using a fringe plane distance of 82 um, a preci-
sion of better than 5 um was demonstrated in a
measuring field 3.5 by 2.9 by 0.41 mm. Measure-
ments on a calibrated spherical surface show an ab-
solute measuring accuracy of better than 3%. At
least 25 fringe orders can be clearly visualized, so



the maximum depth measuring range is about
2 mm.

The interferometer was especially designed for
shape and deformation studies of the tympanic
membrane. It allows the acquisition of valuable in-
formation on the mechanical behavior of the ear-
drum and the middle ear under static pressure,
both in healthy and diseased ears. By changing the
setup geometry, the image field can be adapted to
study objects of varying sizes.
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