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All science is either physics or stamp collecting.

– Ernest Rutherford (1871-1937) –
(winner of the Nobel Prize in 1908 in chemistry, not in physics)





Summary

This dissertation contains three main parts. Part one offers a general introduction to
the mechanics of hearing and positions the current work within the state-of-the-art.
The second part introduces a new method for optical tomography of macroscopic
biomedical objects, which makes it possible to measure the three-dimensional ge-
ometry of the middle ear ossicles and the soft tissues connecting and suspending
them. On top of high-resolution morphological models of the middle ear structures,
we applied the technique in other fields of research as well. The third part deals with
the development of a new optical profilometry technique which allows to measure
deformations of the eardrum and other membranes or objects. This measurement
method is initially developed to determine the elasticity parameters of the eardrum
in-situ. At the end, I state our future plans with the techniques.
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Summary

Part I. Background

The mammalian middle ear contains the eardrum and the three auditory ossicles,
and provides an impedance match between sound in air and pressure waves in the
fluid of the inner ear. Without this intermediate system, with its high efficiency
and dynamic range, we would be practically deaf. Physics-based modeling of this
extremely complex mechanical system is necessary to help our basic understanding
of the functioning of hearing. Highly realistic models will make it possible to predict
the outcome of surgical interventions and to optimize design of ossicle prostheses
and active middle ear implants.

To obtain such models and achieve realistic output from the modeling, basic input
data is still missing. In this thesis, we developed and used two new optical techniques
to obtain two essential sets of data: accurate three-dimensional morphology of the
middle ear structures, and elasticity parameters of the eardrum.

Chapter 1 accounts our contribution to and the current state of hearing research.

Chapter 2 presents an elaborate introduction to the (middle) ear. Some working
principles of the hearing mechanism are discussed and an overview of its anatomy
is given.

Chapter 3 lists the laboratory animal models used in this work.
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Part II. Optical tomography: OPFOS

Techniques to study and visualize intact biomedical objects in high-resolution and
in three dimensions have become very popular in the last two decades. Established
methods have been used to generate several 3-d models of middle ear morphology,
however, they each suffer from specific limitations.

In 1993, a new microscopic and tomographic technique emerged which, because of
its many advantages, is growing in popularity and in its applications. The method is
called orthogonal-plane fluorescence optical sectioning (opfos). The technique de-
livers microscopic images with histological information, and images both soft tissue
and bony structures at the same time and in nearly real-time. In the opfos method,
parallel optical sections through a macroscopic biomedical specimen are created by
means of a thin laser light plane or sheet. The omni-directional fluorescence within
the sheet is then recorded orthogonally. From these 2-d virtual cross sections, three-
dimensional models can be created using 3-d software.

The laser light plane must be able to pass unscattered and without refraction through
the macroscopic biological object. Hence, the specimen needs to be made translu-
cent (have the same refraction index throughout its entire volume). Furthermore, it
needs to be fluorescent. Consequently, an elaborate specimen preparation is required.
Advantages of the technique are its optical and non-destructive nature. It achieves
high-resolution both in-plane and along the longitudinal axis. No out-of-focus flu-
orescence and less bleaching is present than with similar techniques. Functional
staining is possible with the opfos technique. Image registration and alignment are
achieved automatically. Multiple recordings, and of different slicing directions, are
possible. The method is fast and capable of performing real-time virtual sectioning.
Finally, opfos images bone and soft tissue structures simultaneously.

Lateral resolution in opfos techniques is (only) determined by the numerical aper-
tures of the observation lens and the spatial resolution of the recording device. Axial
resolution, however, is determined by the laser light sheet thickness. These sheets
are created by focusing a broad laser bundle with a cylindrical lens to a hyperbola,
which in the focus vicinity can be approximated to a plane. The width in which this
approximation is valid, is called the confocal parameter. At the commencement of
our work, axial resolutions in light-sheet based fluorescence microscopy were about
14 to 35µm for macroscopic objects. Beam waists could be made smaller by using
a larger cylindrical lens aperture, thus making the axial resolution better but also the
confocal parameter much smaller, limiting the field of view to a millimeter or less.
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To obtain micrometer resolution in macroscopic specimens such as the middle ear,
we had to develop an improved technique which combines large field of view with
high resolution. To this end, 2-d images are no longer directly recorded but built by
(line-)scanning the object through the line of best focus, created by a large aperture
cylindrical lens. Using such a large aperture lens, a much smaller focus is obtained,
but indeed also the confocal parameter becomes small. This is no longer a problem
because only a 1-d pixel column is registered in this focus. Consequently, in high-
resolution opfos the sectioning thickness is no longer a compromise with image
width, and is in theory diffraction limited. It is demonstrated that image voxels are
generated with a slicing resolution better than 2µm, and down to 1 × 1µm within
the slicing plane.

Due to low X-ray absorption of soft tissue, µct generates poor quality images of
middle ear structures which do not contain calcium. Therefore, we combine high-
quality bone data from state-of-the-art µct tomographs with data from opfos which
is able to measure the soft tissue (and bone) in high resolution. We thus generate
complete 3-dmodels of all relevant and suspensory structures in gerbil middle ears.
Furthermore, the quality of both the bone and soft tissue in the model and the deter-
mination of the position, 3-d shape configuration and volume of certain middle ear
ligaments and muscles is unprecedented.

The applications of the new technique are not limited to middle ear research alone.
In a collaboration, we captured the morphology of the tiny utriculo-endolymphatic
valve in the inner ear, also called Bast’s valve, allowing to gain insight and postulate
some views on its operating principles. In another collaboration, opfos mapped
the three-dimensional shape of the sternohyoid muscle in seahorses and studied the
organogenesis of frog tadpoles.
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Chapter 1 positions the opfos method among its alternatives and discusses all
derived and improved versions in the light sheet based fluorescencemicroscopy field.
Furthermore, it illustrates our contribution to and in the early stage of the field.

Chapter 2 presents a theoretical description of opfos using vector diffraction
theory and Gaussian beam optics. The idea of opfos with line-scanning for high-
resolution and unlimited width is introduced. Finally, measurements and models of
ear structures are shown.

Chapter 3 describes the methodology and first results of how we aim to provide
a complete and high-resolution morphological model of all functional structures in
the gerbil middle ear with opfos.

Chapter 4 shows some of our other successful projects and applications possible
or ongoing with this technique. Measurements on the middle ear ossicular chain of
gerbils, on Bast’s valve in the inner ear of guinea pig, the brain of mice and birds,
and on the morphology of seahorses and tadpoles are discussed.

The chapters 2 and 3 are identical to their journal publications, as well as section 4.2.

- xxxiii -



Summary

Part III. Optical topography: moiré

Projection moiré profilometry (pmp) is our method of choice for obtaining quantita-
tive optical measurement on the topography and deformation of eardrum surfaces.

The method projects a structured light pattern or grid of straight lines onto the sur-
face of an object. Because of the object’s geometry, the grid lines deform and get
encoded or modulated with height information when observed under an angle with
the projection direction. When imaging the surface with deformed grid lines onto
a second identical grid, new contours become visible by the moiré effect. Moiré
fringes are generated when two grids are overlaid which slightly differ (globally or
locally) in grid frequency and/or in orientation.

These fringes represent contours of equal height, like in a topographic map. Thus,
height information is optically demodulated by means of the second (real) grid. Op-
tical demodulation is in our opinion the preferred method for uncompromised reso-
lution. The camera only needs to resolve and record the resulting interference fringes
(which are much bigger than the projected deformed grid lines) hence making bet-
ter use of the camera resolution. Furthermore, the combination with phase-shifting
algorithms is possible. Consequently, fringe gray scale values are used to calculate
object height, which containmuchmore detailed height information than the position
of the moiré fringes (used in fringe tracing).

Fringe interferogram recordings still contain grid noise. By simultaneous translation
of both grids during an exposure time, this undesired phenomenon is removed, thus
obtaining a clear moiré fringe image without use of spatial averaging or filtering.

To extract the height from gray scales, recording of several clear moiré images with
different fringe phases is needed, which is achieved by changing the relative distance
between the two grids. To perform height calculations from these phase-shifted to-
pogram recordings, it is assumed that object height variation is small in comparison
with the measurement setup dimensions. This approximation leads to systematic
errors in measurement accuracy. By mathematically describing fringe formation in
projection moiré (both with magnification 1 : 1 and a random magnificationM : 1),
we established the relation between setup geometry and upper limits of the system-
atic measurement errors. Hence, design specifications were determined that mini-
mize the approximation effects below the setup measurement resolution. Using an
iterative correction from one fringe order to the next, measurement accuracy is main-
tained over the entire object depth.
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Next, a new projection moiré profilometer setup is developed in which both grid pro-
jection and optical demodulation are realized with liquid crystal light modulators.
The computer-generated grids realized on thin film transistor liquid crystal matrices
allow phase-stepping but need discrete grid noise averaging. Classically, translation
of both grids (simultaneously in their own plane for grid noise removal and relatively
for fringe phase-shifts) is performed mechanically. By performing phase-shifting on
two liquid crystal light modulators matrices, there are no physically moving parts.
Spatial line pitch and phase steps can be readily adjusted to suit the requiredmeasure-
ment precision and object geometry. Topographic measurements with 15µm height
resolution on every pixel of the recording device are achieved on eardrum sized ob-
jects. The new method can be implemented using a low-cost consumer product lcd
projector and the different lcd panels can be addressed separately using color space.

In addition, we developed a new semi-continuous grid noise removal approach. By
preparing all images of the simultaneously shifted grids for both liquid crystal ma-
trices in advance and in different colors, and by loading them into the memory of a
standard computer graphics board, a custom-made gpu program (with C-graphics)
plays them fast, at a fixed frame rate and independent of the cpu. In this way, only
one short exposure time is required to remove all grid noise in a moiré topogram,
while in our previous discrete method 8 or 16 recordings were needed.

As a consequence of using liquid crystals, a gamma correction of the grid shape is
needed. The projection and optical demodulation grid on the liquid crystals panels
are not perfect sinusoidal as the crystals’ luminance behavior is not linear. Only
perfect sinusoidal grids create perfectly sinusoidal moiré fringes, which is assumed
in phase-shifting interferometry calculations. Any deviation of the pure sine shape
will generate systematic errors. Presently, these errors are avoided by fixing the sine
shape deviation of our grids near their source: the projector. An inverse gamma
is measured and applied to the image sent to the liquid crystal light modulators.
We suggest phase-stepping algorithmic correction as well, which might replace or
further compensate any inexactitude in the gamma correction.
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Chapter 1 discusses themoiré phenomenon etymologically and theoretically, and
outlines the pioneering works which formed the basis of moiré profilometry.

Chapter 2 gives a general overview of profilometric techniques and focuses on
structured light projection techniques. Fourier and (projection) moiré profilometry
are theoretically discussed.

Chapter 3 describes the fringe formation process in projection moiré with mag-
nification 1 : 1. On the basis of these equations, design specification are established
to remove systematic measurement errors.

Chapter 4 presents our projection moiré profilometry setup in which both grid
projection and optical demodulation are realized with liquid crystal light modulators.

Chapter 5 explains how the non-linearity in structured light projection, caused by
the liquid crystals, is countered. Gamma correction of the projector is implemented
and its result discussed. In the future, error-compensating phase-shifting algorithms
can be used, on which a literature study is given.

Chapter 6 explains how to create a moiré profilometer with liquid crystal light
modulators using a low-cost commercial lcd projector. Semi-continuous grid noise
removal is introduced by programming of standard computer graphics boards.

Chapter 7 illustrates with an application the usefulness and reason why we want
to develop an accurate (liquid crystal) moiré profilometer. The goal is to obtain
elasticity parameters of the eardrum.

The chapters 2, 3, 4, 6 and 7 are identical to their journal publications.
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Future work

As a general conclusion, my Ph.D. delivered two biomedical imaging instruments for
middle ear research. They have been stepwise developed towards new and practical
methods for optical tomography and topography.

The near opfos future brings a complete finalized middle and inner ear model of
gerbil, containing all ossicles, ligaments and muscles in high resolution and three
dimensions. The model data will be made freely available on a website for educa-
tional and research purposes. Especially finite-element modelers will benefit from
themore detailedmorphological knowledge. In a continued collaboration, our opfos
tomograph will produce more valuable morphology data on seahorses and tadpoles.

The short-term goal and application of the moiré profilometer is to aid in obtain-
ing elasticity parameters of the eardrum. Combined with the point indentation and
force measuring device that we created, our non-contacting high-resolution moiré
technique will measure the shape and deformation of the membrane. Soon, the non-
linear elasticity parameters of the eardrum will thus be obtained through inverse
modeling. Other membranes could be studies with this approach as well.

Apart from fundamental hearing research, we also want to expand the use of our
moiré setup into a clinical application, as a new diagnostic technique for early de-
tection of eardrum defects in human patients. This is impossible with our existing
apparatus as the eardrum lays deep in the head and can only be visualized through
the narrow ear canal. Hence, my future research direction is the miniaturization of
the moiré device and combining it with endoscopic projection and observation. A
collaboration with Dresden University might yield organic-led (oled) line grid gen-
eration, whichmight come in handy for theminiaturized eardrummoiré profilometer.
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Part I.

Middle ear research

1





I think animal testing is a terrible idea:
They get all nervous and give the wrong answers.

– Anonymous –





Chapter 1
The relevance of middle ear research

Abstract

The middle ear forms an essential part of the ear. Although it seems a simple mechanical
system, only consisting out of three small bones and the eardrum, its high efficiency to trans-
port and amplify sound is still not fully elucidated. Understanding its working principles
and behavior has been a quest for many, using different methods and approaches.
In this chapter, I briefly explain the relevance of middle ear research and how this disserta-
tion contributes to it.

5



Chapter 1: Relevance of middle ear research

1.1. Survey of the ear

The object under study is the hearing organ or ear, and is subdivided in three main
parts: the outer ear, the middle ear and the inner ear. The outer ear collects sounds
and guides it through the ear canal to the middle ear. The middle ear is a hollow
chamber in the temporal bone of the skull, filled with air but closed by the eardrum
and Eustachian tube. The Eustachian tube and the eardrummembrane, together with
the mucous tissue of the middle ear control the gas composition and pressurization
of the middle ear cavity. The mastoid bone is an extension of the air space of the
middle ear in humans. It consists of a maze of small interconnected gas pockets.
Suspended in the middle ear are three small bones which conduct sound vibrations
from the eardrum to the fluid-filled inner ear, where the vibrations are translated into
nerve pulses and carried by the auditory nerve to the brain for interpretation.

For a more detailed anatomical and physiological description, I refer you to the next
chapter 2. This chapter will continue by explaining the relevance and motivation
for contributing to hearing research. I will discuss the specific areas which need
improvement and I will highlight where our contributions are situated.

1.2. Hearing impairment

1.2.1. Prevalence

Hearing impairment is one of themost prevalent chronic disabilities inWestern coun-
tries. Hearing impairment or hearing loss means any degree and type of auditory
disorder, while deafness indicates an extreme inability to discriminate conversational
speech through the ear. Deaf people, then, are those who cannot use their hearing for
communication. People with a lesser degree of hearing impairment are called hard
of hearing. Usually, a person is considered deaf when sound must reach at least 90
decibels (10 times louder than normal speech) to be heard, and when even amplified
speech cannot be understood.

Hearing impairments can be found in all age groups, but loss of hearing acuity is part
of the natural aging process, cf. figure 1.2 and 1.3. The prevalence of hearing loss
is about 12% of all people aged between 45 and 64, 24% of those between 65 and
74, and about 39% has impairment when aged 75 and above [Schow and Nerbonne,
1980].
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1.2 Hearing impairment

Figure 1.1.: An estimated one tenth of the global population
has (real) hearing impairments.

A recent study from 2003 to 2004 showed that approximately 55 million people in
the us (31%) have high frequency hearing loss in one or both ears, especially people
aged between 20 and 40 [Agrawal et al., 2008]. About 29 million American adults
(16.1%) have speech frequency hearing loss in one or both ears. Men showed to
be 5.5 times more likely than women to have hearling loss, and black participants
in the study were 70 percent less likely to have hearing loss than white or mexican
American men. Statistics on hearing loss in Belgium or Europe are hard to come by.

Figure 1.2.: Age at which hearing loss begins (from nidcd [2002]).
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Chapter 1: Relevance of middle ear research

1.2.2. Types

Several types of hearing impairment are defined based on the region where its cause
originates.

Conductive hearing loss occurs when sound is not normally conducted through the
outer or middle ear (or both), including the ear canal, eardrum, or ossicles. A block-
age or other structural problem interferes with how sound gets transported through
the ear, making sound levels seem lower. This type of hearing loss is often classified
as mild and is most of the time not worse than a moderate impairment. The thres-
hold of hearing will not rise above 60 decibels from outer or middle ear problems
alone. Generally, with pure conductive hearing loss, the quality of hearing (speech
discrimination) is good as long as the sound is amplified loud enough to be easily
heard. Nevertheless, even such a mild disability can be perceived as a heavy burden
and cause discomfort in social interactions.

Sensorineural hearing loss involves damage to the inner ear or to the auditory path-
ways within the central nervous system, beginning with the cochlea and auditory
nerve and including the brain stem and cerebral cortex. The most common type is
caused by malfunctioning cochlea hair cells. The person has trouble hearing clearly,
understanding speech and interpreting various sounds. This type of hearing loss is
permanent and often severe.

Mixed hearing loss occurs when someone has both conductive and sensorineural
hearing problems.

One or both ears may be affected and the timing of occurrence can vary. Congenital
hearing loss is present at birth. Acquired hearing loss occurs later in life (during
childhood, the teen years, or in adulthood) and it can be sudden or progressive.

1.2.3. Causes

The most common cause of conductive hearing loss in young children and teenagers
is chronic otitis media (com), cf. figure 1.3. This is a medical term to describe a
variety of physical symptoms that result from long-term damage to the middle ear
by infection and inflammation. This includes the following:

• Persistent presence of a foreign object, impacted earwax or dirt, or fluid in the
middle ear.

• Severe retraction or perforation of the eardrum.
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1.2 Hearing impairment

Figure 1.3.: Etiology of hearing loss (from Surjan et al. [1973]).

• Erosion of the sound conducting bones and/or surrounding bone.

• Cholesteatoma or proliferation of a skin cyst. Essentially this means skin in the
wrong place: epidermal skin from the outer ear growing through the eardrum
and out of control in the middle ear.

Otitis media can occur when the air pressure in the middle ear cannot equalize prop-
erly. This can be caused by swelling or congestion of the Eustachian tube and the mu-
cous membrane of the middle ear. A negative pressure thus gradually develops and
causes chronic changes in the tissue of the middle ear. First, the mucous secretions
become thicker, and therefore less likely to drain. Then the membranes themselves
thicken and become inflamed (and even bacteria from the nose may start to develop
in the middle ear). The eardrum thus gets distorted, thinned and perforated. Now
a natural protective barrier is compromised, and the organ may become even more
infected. All of these changes cause hearing loss and in time erosion of the ossicles
and walls of middle and inner ear. In some cases, the erosion and infection can even
reach the brain, and cause death.

Other causes for conductive hearing loss include ruptures or holes in the eardrum,
partial or total destruction of one or all of the three little ear bones, scar tissue, fixa-
tion of the hearing bones which limits their proper movement, a head injury, sudden
change in air pressure, repeated infections, tumors and aging (presbyacusis).

Causes for sensorineural hearing loss are often more subtle. Some genetic (inher-
ited) disorders interfere with the proper development of the inner ear and the audi-
tory nerve. Complications during pregnancy or birth can be a cause. Some babies are
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Chapter 1: Relevance of middle ear research

born with hearing impairment due to infections or illnesses that the mother had while
she was pregnant, which can interfere with the development of the inner ear. Pre-
mature babies are also at higher risk for hearing impairment. Certain medications,
such as some antibiotics and chemotherapy drugs, can cause hearing loss. Other rea-
sons for sensorineural hearing loss are head injuries such as a skull fracture. Also
infections or illnesses such as repeated ear infections, mumps, measles, chickenpox
and brain tumors can damage the structures of the inner ear. Finally, sudden loud
noise or exposure to high noise levels (such as loud music) over time can inflict per-
manent damage to the tiny hairs in the cochlea, which then can’t transmit sounds as
effectively as they did before. Presbyacusis or diminished hearing because of age is
off course inevitable. Age and excessive noise are the two most common causes for
sensorineural hearing loss, and hearing loss in general, cf. figure 1.3.

1.2.4. Treatments

Treatment of hearing loss always depends upon the stage of the disease causing it.
Once the disease has progressed to the point of significant damage surgery becomes
necessary.

Many cases of conductive hearing loss can be corrected with medications or surgery.
The surgical procedures aim to eradicate the diseased tissue and remodel the middle
ear and mastoid bone to restore or preserve hearing, including

• Tympanoplasty or reconstructive surgery of the eardrum (tympanum).

• Ossciculoplasty or reconstructive surgery of the earbones (ossicles).

• Stapedectomy or removal of the stirrup bone (stapes).

• Mastoidectomy or removal of air cells in the mastoid bone,
which drain in the middle ear.

The first three operations imply the implantation of either tympanum grafts or of
prosthesis for the middle ear ossicles. The term prosthesis and implant are used
synonymously in middle ear surgery. One major challenge of middle ear surgery
lays in the small physical dimensions in which one has to perform the operation.
The ossicles are only of the size of millimeters and the middle ear cavity is at most
15 × 5 × 10mm in a human ear with limited access [Kania et al., 2005]. Another
difficulty with prostheses is that natural tissue with subtle material properties has to
be functionally replaced by a synthetic foreign body material, which even might get
rejected.
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1.3 Annals of middle ear research

95% of the remaining cases of conductive hearing loss can be helped with a hear-
ing aid. Hearing aids come in various forms that fit inside or behind the ear and
make sounds louder. They are adjusted by the audiologist so that the sound coming
in is amplified enough and compressed to the useful frequency range for the patient
to allow the person with a hearing impairment to hear it clearly. For instance, the
personal communication assistant (pca) of Lapperre amplifies and filters sound to
enable hearing and understanding of speech, even in noisy environments. Using
the double microphone configuration and Bluetooth, they also assist in sound lo-
calisation. Surgically implantable hearing aids are popular as well, for instance the
floating mass transducer or fmt in figure 1.4(a) [Soundbridge Vibrant], the fully
implantable hearing device or fihd in figure 1.4(b) [OTOlogics], and the bone an-
chored hearing aids or baha in figure 1.4(c) [Cochlear]. Sometimes, the hearing
loss is so severe that the most powerful hearing aids can’t amplify the sound enough.
In those cases, a cochlear implant (ci) may be recommended, cf. figure 1.4(d). Sur-
veys indicate that only 1 out of 5 people who could benefit from a hearing aid actually
wear one [nidcd, 2002]. So, a lot can still be done in growing awareness.

Sensorineural hearing loss may also be treated with hearing aids or, in severe cases,
a cochlear implant. Cochlear implants are surgically implanted devices that bypass
the damaged (middle and/or) inner ear. A small microphone behind the ear picks up
sound waves and sends them to a receiver that has been placed under the scalp. This
receiver then transmits electrical impulses directly to the auditory nerve, which are
perceived as sound and allow the person to hear. More than 70000 people around
the world have received cochlear implants and about one third of them are children.

1.3. Annals of middle ear research

The earlyGreeks already had some notion of the science of hearing. For instance they
thought of sound as movement of air. Hippokrates of Kos, an ancient Greek physi-
cian of the Age of Pericles (400 bc), is often referred to as the father of medicine.
According to Deichgräber [1935], he made the first known reference to the existence
of the eardrum by mentioning that the ear canal is blocked by a spider web. Gotthelf
[2002] found that the Greek philosopher Aristotle, a student of Plato and teacher of
Alexander the Great, gave the first accurate description of the hearing organ. Aris-
totle wrote that the interior structure of the ear consists of a spiral shell, which we
know as the cochlea, and that a passage exist between the ear and the mouth, nowa-
days called the Eustachian tube.
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(a) Vibrant fmt directly vibrates the incus middle ear bone, mimicking its
natural motion.

(b) OTOlogics fihd directly stimulates the malleus hearing bone, mimick-
ing its natural motion.

(c) Cochlear baha vibrates bone of
the surrounding skull.

(d) Cochlear implants are inserted in the coch-lea
to electrically stimulate the nerves.

Figure 1.4.: Commercially available hearing aids for surgical implantation.
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Medical science went through some dark ages as we had to wait until the sixteenth
century when new progress was made by Vesalius. In 1543, he anatomically de-
scribes the middle ear and discovers the hammer and anvil hearing bone. Ingrassia
completes this pictures with the discovery of the stirrup bone in 1546. Eustachio
[1564] finds and describes the tensor tympani muscle and the canal connecting the
middle ear with the pharynx (the previously mentioned Eustachian tube). Finally,
Varolius was the first to describe the stapedius muscle in 1591.

After these first anatomical discoveries, we had to wait more than 250 years before
research started on the function of these parts. Politzer lead the way in 1864 by
studying the movement of the bones and discovering a rotational axis in the hammer.
In 1874, Mach and Kessel made observations with a magnifying glass of the eardrum
under static-pressure deformations, and utilized stroboscopic illumination to study
the vibrating eardrum and hearing bones. The first theory of hearing was published
byHelmholtz [1868]. He proposed his curved-membrane theory in which the tension
of the eardrum fibers creates a lever system, thus constituting a partial impedance
transformer.

Since then, many researcher have dedicated their career to measuring shape and be-
havior of the ear. Some of these prominent people wereDahmann, von Bekesey, Lim,
Tonndorf and Khanna. Recent developments are focusing on vibrational measure-
ments with heterodyne interferometry [Decraemer et al., 1989; Dirckx et al., 2006],
and non-linear behavior of the middle ear and cochlea [Aerts et al., 2008]. Further-
more, many authors are attempting to construct mathematical models of the middle
ear. Electrical circuit models were introduced by Zwislocki [1962]. Finite-element
models of the eardrum first came about by work from Funnell and Laszlo [1978];
Funnell [1983]. More elaborate models of the external ear canal, tympanic mem-
brane, hearing bones and inner ear are being used today [Gan et al., 2002, 2004], but
often incomplete and/or in low resolution.

1.4. Lacunae in middle ear research

The ultimate goal of hearing and middle ear research (and science in general, for that
matter) is, or should be, to ease human suffering. Of all our senses, seeing and hear-
ing are the most refined and heavily relied on. Having hearing impairment or being
deaf effectively isolates someone socially. Of course, research is also performed just
to satisfy our human curiosity when we stumble upon an ingenious system.
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Figure 1.5.: Different models of partial ossicular replacement prosthesis (porp).
a,b) The top side touches the eardrum, while the bottom connects to the stirrup head.
c) The left side connects to the stirrup head, and the right connects to the anvil.
d) The top side connects to the anvil and the bottom goes through the stirrup footplate
directly into the inner ear fluid.

Whatever the reason, by investigating the true nature and working principles of the
hearing mechanisms, it becomes easier to detect and remedy certain disorders and
to develop better hearing aids and prosthesis. If we could find a way to simulate the
exact behavior of the hearing organ, we could predict the outcome of certain surgical
procedures or newly developed prostheses. For instance, the functionality of a pros-
thesis highly depends on its geometry, material, stiffness, clamping force, position
and method of insertion in the middle ear [Bance et al., 2004; Zahnert et al., 2003].
With computer simulations, one could virtually try out different approaches, shapes,
techniques and materials [Schimanski et al., 2007; Gan et al., 2009], opposed to
actually performing trial-and-error tests in human volunteers who need ear surgery
[Neudert et al., 2009]. The development of new implants could thus greatly bene-
fit from improved knowledge and correct simulation of the middle ear. The same
statement is valid for hearing aids and cochlear implants [Eiber et al., 2007]. If we
knew exactly what the ear does and how it works, we can develop new and dedicated
personal communication devices which better mimic the natural middle ear behavior
and their corresponding input towards the inner ear.

Computer calculating capacity has grown to a point where we should be able to sim-
ulate and model the behavior of the middle ear through physics-based quantitative
modeling. Finite-element computer modeling (fem) has become such an established
numerical technique to simulate middle ear mechanics using differential equations
[Ladak and Funnell, 1996; Sun et al., 2002; Koike et al., 2002; Ladak et al., 2006;
Elkhouri et al., 2006]. The technique itself was developed at Boeing by Turner et al.
[1956]. Four academicians, Argyris, Clough, Martin and Zienkiewicz are responsi-
ble for the technology transfer from the aerospace industry to a wider range of en-
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gineering applications. Finite-element calculations require three-dimensional com-
puter models built from a finite number of volume elements, for instance tetrahedrons
or hexahedrons, as input. However, finite element calculations are only useful if their
results are realistic and true-to-nature. Current models of biological systems do not
yet achieve high realism as we still lack refined information. The middle ear geome-
try that we input in the fem calculations needs to incorporate all and the exact shapes
of the ossicles and suspensory structures. Up till now, however, rather rudimentary,
incomplete or low-resolution models are used, due to limited capabilities of mea-
surement apparatus or limited computer power, cf. figure 1.6. Pioneering work in
this field made use of computer drawn geometrical shapes to represent the middle
ear hearing bones [Wada et al., 1992; Eiber et al., 1999; Koike et al., 2002]. Some
authors used low-resolution or highly simplified shapes for the ossicles frommedical
X-ray computed tomography [Rodt et al., 2002; Lee et al., 2006], or used dedicated
ct devices [Vogel, 1999; Decraemer et al., 2003; Elkhouri et al., 2006]. Other au-
thors used histological sectioning [Ladak and Funnell, 1996; Sun et al., 2002], or
mrm [Elkhouri et al., 2006]. The suspensory ligaments and tendons of ossicles are
sometimes omitted [Wada et al., 1992; Prendergast et al., 1999], or often incorpo-
rated as simple geometrical objects such as cylinders or cones [Prendergast et al.,
1999; Beer et al., 1999; Koike et al., 2002; Sun et al., 2002; Lee et al., 2006].

Apart from accurate and complete input models, we also need precise mechanic and
elastic parameters of the middle ear components to be incorporated in the virtual
computer models. To this day, many material properties are not yet known at physi-
ologically relevant conditions, so rough estimates are being used in stead [Elkhouri
et al., 2006; Decraemer and Funnell, 2008].

With this work, we aimed to contribute to the field of middle ear mechanics, by pro-
viding the necessary input for finite-element modeling. Exact morphological data is
needed on the shape, location and dimensions of all middle and inner ear structures.
Where do the suspensory ligaments attach to the hearing bones? What is the volume,
shape and orientation of the muscles, ligaments, bones, fluid-filled cochlea? Do the
hearing bones possess hollow internal structures and/or blood vessels? How are the
joints shaped and held together? Using one of the newly developed techniques in
this dissertation, namely optical tomography, we obtain real-time, high-resolution,
three-dimensional anatomical information of both the bony and soft tissue parts of
the ear. We will thus deliver a highly detailed standard model (of the laboratory an-
imal gerbil) which comprises of all suspending and relevant structures on top of the
three hearing bones. Two beneficial consequences of our three-dimensional imag-
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Figure 1.6.: Many current finite-element models are incomplete and/or incorporate
rudimentary shapes. a) crude shaped cat model (from Funnell et al. [2005]),
b) and f) low resolution human model with rough ligaments (from Wada et al. [1992]),
c) low resolution human model without ligaments or muscles (from Lord et al. [1999]),
d) low resolution gerbil model with manually drawn ligaments and without muscles
(from Elkhouri et al. [2006]),
e) and g) low resolution human model with disproportionate and crude ligaments and
muscles (from Cheng and Gan [2008] and Gan et al. [2004]).
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Figure 1.7.: This interconnected network represents the interaction between the meth-
ods and goals in (middle) ear research.

ing approach are clear. First, all structures in every of our models originate from the
same sample, while models by other authors are often a combination of data from
different animals. Secondly, quantitative anatomical data will be delivered, instead
of the rather qualitative data in the literature.

Furthermore, we want to contribute to the measurement of material properties as
well. With our second technique, optical topography, we are able to measure the
exact shape and behavior of the eardrum under quasi-static pressures and point in-
dentations. Using finite-element modeling, non-linear stiffness and elasticity param-
eters can be extracted by simultaneously measuring the accurate shape, deformation,
applied force and pressure/indentation distance of a membrane. We developed a new
and improved setup for optical topography through many gradual enhancements. A
long-term goal of the optical topography project is to miniaturize and digitize the
new technique to an endoscopic version which can measure eardrums in living hu-
mans through the ear canal, and is of use in a medical doctor’s office. In this way,
certain middle ear and tympanic membrane disorders can be diagnosed much easier
and much earlier, before irreparable damage is caused.

With the results of both techniques as input, it is our hope that finite-element mod-
eling will catalyze progress and will answer some persistent question in middle ear
research. For instance, the ear is still capable of perceiving sound under large static
pressure offsets of several kPa (much louder than daily life speech). Up till now, it
is not yet fully understood how it achieves this astounding ability to withstand and
survive these enormous static pressure loads and is still able to function.
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Chapter 2
Anatomy and physiology of the ear

Abstract

The auditory sensory organ is an impressive work of art, or rather: of nature. Many research
fields need to combine their efforts to unravel the mysteries of the ear. From anatomy,
acoustics and mechanics to physiology and even psychology. The optical techniques in this
dissertation are enabling progress in some of these field.
In this chapter, I will briefly discuss some of the working principles of the ear and give a
short overview of the anatomy of the hearing organ for future reference.
Because of the interests of our laboratory, the main focus will lie on the mammalian middle
ear. I will describe some of its mechanisms and, briefly, its evolutionary development.
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2.1. The hearing organ

2.1.1. Sound, pressure and frequency

The environment or medium we live in consists of air molecules who are in constant
motion and collision. Air pressure is created by the collective effect of colliding air
molecules. At sea level, the air pressure amounts to the weight of 76 centimeters of
Mercury (10.13 meters of water), corresponding to 1.013× 105 Pa.

Changes in air pressure are what we perceive as sound, namely a vibration traveling
as a wave through an elastic medium. They may be minuscule or enormous, slow or
rapid, localized or diffuse. The ear is capable of operating in a wide range of situa-
tions. The randomness with which air molecules move, called the Brownian motion,
creates variations in their collision rate. This generates meaningless pressure vari-
ations, thereby setting a lower limit to the sound intensity the ear can detect. The
weakest acoustic pressure that an average young human adult can hear is 20µPa

(20×10−6 Pa), which is 5 billion times smaller than the standard air pressure which
surrounds us. The human hearing organ thus detects small variations of the air pres-
sure on top of the atmospheric pressure, ranging from 20µPa till several tens of
millions of that.

To handle this large dynamic range, sound pressures are often represented on a log-
arithmic scale using decibels (db):

decibel sound pressure level = dbspl = 20. log10

(
P

Pref

)
(2.1)

with P the root-mean-square (rms) amplitude of the sound pressure. The reference
pressurePref is arbitrarily chosen to be the 20µPa average human hearing threshold.
Every time sound becomes 10 times louder, it corresponds to a 20 decibel increase.
The useful range of sound pressure for humans, from hearing to pain threshold, ex-
tends over seven orders of magnitude: from 0 till 140 dbspl, cf. figure 2.1.

This decibel scale proved to be natural: our brains actually perceive sound logarith-
mically. The difference in loudness when going from 30 to 40 dbspl, or from 55 to
65 dbspl, is perceived the same. If sound levels climb with 20 dbspl, the magnitude
has become 10 times larger but we perceive it as 2 times louder. With an increase of
40 dbspl, the magnitude has grown 100 times but we perceive it as 3 times louder.
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Figure 2.1.: Frequency versus pressure range of human perception.

To make it more impressive, sound intensity I (sound energy) is actually the square
of the sound pressure P . Our ear thus hears sound intensities over an astounding
range of 1014. Not only the dynamic range of the ear for sound pressure or intensity
is immense; the same statement is valid for the ear’s frequency range. Humans do
not excel compared to other animals, but even we are sensitive to pure tones from
20Hz to 20000Hz. No less than three orders of magnitude, which is therefore also
often represented on a logarithmic scale, cf. figure 2.1.

2.1.2. Transformation characteristics

Sounds that enter the ear undergo complex transformations before being processed by
the brain. Three fundamental features dominate the working of the auditory system.

• It is devoted to preserving the temporal structure of the incoming signal. This
requires both its biophysical mechanics as its biochemical reactions to be ex-
tremely fast. For instance the middle ear system has little memory. Sound
passes through it without alterations related to signals of just a moment be-
fore. On the other hand, all real-life biomechanical systems are influenced by
mass, stiffness and damping.

• It appears that the ear is more sensitive to relative changes in stimulus intensity
than to the absolute sound intensity. It operates in a range of seven orders of air
pressure variations on top of the atmospheric pressure. And this atmospheric
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pressure itself might be nine to ten orders of magnitude larger than the sound
itself. So, the ear registers the shape of the incoming acoustic waveform, not
its size.

• Related to that, the ear achieves a very performant amplitude compression.
The output of the inner ear travels through the nervous system towards centers
in the brain, but the neurons are only capable of firing a few hundred neural
pulses per second. Soft sounds but also sounds of seven orders of magnitude
louder have to be encoded and compressed into a neural firing frequency of
only two orders. And still we are able to appreciate small detail in music and
sound.

2.1.3. Natural variety

In nature, there is a great variety in hearing organs between species, each with its
dedicated properties and performance.

Bats evolved a sophisticated method of using sound that enables them to navigate
and find food in the dark. They produce echolocation by emitting high frequency
sound pulses through their mouth or nose and listen to the echo. Their ears make
them see a 3-dmap of the environment. A much more simple construction is the ear
of a grasshopper, which only consists out of sound-sensing membranes on their legs
or thorax. The mammal with the largest outer ear is the African elephant. He has
an auricle with an average length of two meters. Combined with the low-frequency
humming sound they make (which humans cannot hear), these elephants can under-
stand each other two kilometers apart. Another mammal with exceptionally sensitive
hearing is the cat. At some frequencies they can hear−20 dbspl, or sounds ten times
softer than the human hearing threshold. Cats can also hear much higher-pitched
sounds than humans do, till 60 kHz even.

Another illustration of the large natural diversity in the auditory systems is shown
in figure 2.2 by the multitude of shapes and sizes of middle ear bones in mammals.
Extensive lists on the dimensions and properties of these bones per species can be
found in Hemilä et al. [1995] and Nummela [1995]. To this date we do not yet fully
grasp all implications of the different shapes.

As stated in the abstract, I will limit myself to mammalian ears and focus on the
middle ear. I will discuss the build of the ear in the same order as an acoustic signal
traverses it. The mammalian auditory system works in three main stages. The first
priority is to collect sound energy, which is done in the outer ear. The middle ear
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Figure 2.2.: Photographic plate of mammalian hearing bones
(from Doran [1876]).
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transfers sound between two media of very different characteristics, namely air in the
surrounding environment and fluid in the inner ear. The acoustic information is then
translated by the inner ear to an electrical signal, consisting of neural pulses going
to the specialized auditory centers of the brain.

Figure 2.3.: A representation of the human hearing organ,
courtesy of Chittka and Brockmann (from Wikipedia).

2.2. Outer ear

The outer ear consists out of a visible part, the auricle or pinna, and the external ear
canal. The internal structure of the pinna is entirely made from cartilage, with the
exception of the ear lobes or lobules. The pinna serves as a funnel, amplifying the
sound by a factor of 2 or 3, and directing it into the ear canal. This delivers a gain of
about 6 dbspl. Some animals can increase this by turning and shaping their auricles
using respectively their outer and inner pinna muscles.

The shape and structure of the human pinna, cf. figure 2.4, reflects higher-frequency
sounds more than low-frequency sound. This causes some higher frequencies to
enter the ear canal with a slight delay. Such a delay translates into phase cancellation
of sound, which is known as the pinna notch filter. The resulting effect preferentially
delivers sound in the range of human speech.
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Figure 2.4.: Anatomy of the human auricle or pinna (from Willi [2003]).

Humans and other land animals also use their pinnae to localize sound, explained
in the Duplex theory by Rayleigh [1907]. Sound localization is the main reason
why animals have two ears. Low frequency sound is directionalized by interaural
time differences (itd) between the two pinnae which are a certain distance apart.
High frequency sound cannot be detected by these different arrival times because of
its short wavelength. The ear now aims its attention at the difference in sound level
entering the ears: interaural level differences (ild). The difference in amplitude level
(and spectral content) is due to the sound shadow of our head. Humans have a 10 to
20 degree spatial resolution in horizontal sound localization. Vertically, we can only
discriminate between sound coming from above or below the head.

The ear canal or external auditory meatus is a bent tube leading to the middle ear, but
separated from it by the eardrum or tympanic membrane (tm). The canal is situated
behind the jaws and runs into the temporal bone (tb). Its distal part, the outer one
third of its length, is still supported by cartilage of the pinnae. It possesses hairs,
and oil and wax glands which have a cleaning and lubrification function and protect
against bacteria. The remaining two thirds of the canal are supported by the temporal
bone. It contains no glands and its skin becomes thinner towards the eardrum.

Figure 2.5.: The external ear canal is closed by the tympanic membrane with the
malleus embedded into it (from Willi [2003]).
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Furthermore, the auditory meatus has a resonance frequency around 4 kHz. Res-
onance creates amplification and combined with the funneling of the pinna, the in-
crease of sound pressure at the eardrum is 15 to 22 dbspl (at 3 kHz).

2.3. Middle ear

Although small, the middle ear is a complex three-dimensional mechanical system
that serves the physical function of collecting acoustical energy from sound waves
in air, and passing it to microscopic electro-mechanical sensory systems via the fluid
of the inner ear.

Figure 2.6.: Drawing of the middle ear tympanic membrane and ossicles
(from Berne and Levy [1998]).

The middle ear consists of an air-pressurized space, called the tympanic cavity, and
everything in it. This includes the hearing bones, their suspensory ligaments and
attaching muscle tendon, and the eardrum. In many mammals, the middle ear cav-
ity is extended by a thin-walled round bony capsule, called the tympanic bulla. In
humans, however, the tympanic cavity is extended by the surrounding mastoid bone,
cf. figure 2.7. The porous mastoid bone is a part of the cranial temporal bone and
contains many interconnected air cell pockets. These mastoidal air cells can con-
tribute a volume of 2.8 cm3 according to Whittemore et al. [1998], or up till 8.6 cm3

according to Zwislocki [1962], to the 0.7 cm3 of the middle ear cavity.
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Figure 2.7.: The porous mastoid bone greatly enlarges the air volume
of the middle ear cavity (from Gray’s Anatomy Wikipedia).

This entire tympanic cavity is closed, on the medial side by the tympanic membrane
and on the other side by the Eustachian tube, cf. figures 2.3 and 2.7. This tube of
cartilage connects the middle ear to the back of the throat and the nasal cavity, and
is closed most of the time. The gas pressure and composition in the middle ear cav-
ity is normally maintained by diffusion down the partial pressure differences of the
gas components. Gas molecules are exchanged through the tympanic membrane and
with the blood via the mucosal surface area which walls the cavity [Dirckx et al.,
2008]. When this mechanism can not cope, for instance when entering an eleva-
tor, taking off with an airplane, or diving in water, the Eustachian tube opens and
equalizes the pressure.

2.3.1. The tympanic membrane

When the pressure wave travels through the ear canal, it collides on an elliptical gate
or interface to the middle ear: the eardrum, tympanum or tympanic membrane (tm).

The tympanic membrane is functionally subdivided in a small part, the pars flacida
(pf), and a large part, the pars tensa (pt), cf. figure 2.8(b). The pars flacida is
relatively thick and relaxed, while the pars tensa on the other hand is rather thin
(about 0.075mm in human) and tense. Despite its limited thickness, the mem-
brane is surprisingly strong. It does not rupture under static pressure differences
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less than 17 kPa across the membrane [Cameron et al., 1992]. The pars tensa covers
60−100% of the tympanum surface depending on the species, cf. figure 2.9. Near its
edge, the pars tensa turns into a bony rim, the tympanic crest, by a thickening of the
tissue, called the annulus. This fibrocartilaginous ring is incomplete as it possesses
an indentation, called the notch of Rivinus. The pars flacida is situated behind the
short process of the hammer hearing bone and in this notch of Rivinus, cf. figure
2.8(c). The annulus borders the entire pars tensa, and thus seperates the notch and
pars flacida from the pars tensa [von Unge et al., 2010].

Figure 2.8.: Orientation of a left tympanic membrane in mammals. a) conical shape,
b) top view, c) cross section along a-a in b) (from Fay [2006]).

Figure 2.9.: Illustration of the interspecies variation in pars flacida and pars tensa area
(from Decraemer and Funnell [2008]).
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The tympanic ring is obliquely placed in the ear canal. In humans, the tilt of the
tympanum is about 55o, but the angle is different per individual (ranging from 45 to
60o) and per animal species (for instance cats: 30 to 45o). The eardrum membrane
is being pulled inward to a conical or tent-like shape by the middle ear hearing bone
attaching to it, namely the hammer. Fumagalli [1949] mentions an apex of 120o in
human. Depending on the animal, the hammer makes full or partial contact with the
eardrum along its handle or long process length. In humans, however, only the tip
or umbo of the handle and the short process touch the membrane, cf. figure 2.8(c).

The pars tensa and pars flacida have different embryological origin, which is re-
flected in the difference in their structural and physical properties. The membranes
are composed of a series of layers, cf. figure 2.10. The most lateral main layer or
epidermal layer is continuous with skin from the external ear canal. The medial mu-
cous layer of the membrane is continuous with the mucosa covering the inside of the
middle ear cavity. The middle layer or lamina propria of the pars tensa consists of
two connective tissue layers and series of highly organized collagen fibers, cf. figure
2.11. The pars flacida, also called Schrapnell’s membrane, is histologically different
as it lacks the highly organized fibers of the lamina propria and contains a higher
portion of elastic fibers [Shrapnell, 1832; Lim, 1968a,b]. The pars tensa clearly has
its function in sound transmission, while the pars flacida has a different role to play.
Its function is not yet completely understood. It has been assigned a role in the im-
munology defense of the middle ear by Widemar et al. [1984], in (over- and under-)
pressure regulation of the middle ear by Dirckx et al. [1997], in protection from
high intensity low frequency sound by Teoh et al. [1997], and in the pathogenesis of
chronic retraction type middle ear diseases by Ars [1991].

Figure 2.10.: Main and sub-layers of the pars tensa of a squirrel monkey
(from Lim [1968a]; Fay [2006]).
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Figure 2.11.: The pars tensa is bordered by the annulus
and has an organized collagen fiber orientation (from Kirikae [1963]).

2.3.2. The ossicles

In the cavity behind the tympanic membrane, three small cartilaginous and ossified
structures are present: the ossicles (o). The hammer or malleus (m) connects to the
eardrum and the stirrup or stapes (s) is anchored in the oval window of the inner ear.
The anvil or incus (i) intermediates between malleus and stapes.

The malleus is composed of a head, a neck and three processes: the anterior, lateral
and manubrium process, cf. 2.12. A process is an outgrowth of a larger body. The
incus consists of a body and two crura: the short and long crus. A crus is a leg. The
stapes comprises of a head, a neck, two crura: the anterior and posterior crus, and a
footplate.

The ossicles are connected to each other through joints and their ligaments, however,
they still have some degree of freedom. A ligament is fibrous tissue that interconnects
bones. The incudomallear joint (im) connects the malleus and incus body, and the
incudostapedial joint (is) connects the lenticular process of the incus with the stapes
head, cf. figure 3.3. Depending on the species, the joints are fixed or more loose.
The ossicle interconnectivity is not enough to maintain their suspended position in
the middle ear. This is guaranteed by suspensory ligaments and muscle tendon, cf.
figure 2.13. A suspensory ligament connects an ossicle with the surrounding bone.
In human the malleus has three of such ligaments: the anterior ligament connects to
the neck above the anterior process, the superior and lateral ligament connect to the
head respectively from the superior and lateral side. One muscle, the tensor tympani,
connects to the base of the malleus manubrium. The incus has just one suspensory
ligament: the superior ligament. The stapes footplate is attached in the oval window
of the cochlea by an annular ligament. One muscle, the stapedius muscle, attaches
to the posterior side of the stapes neck.
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Figure 2.12.: Anatomy of the ossicles. a) posterior malleus, b) anterior malleus,
c) medial incus, d) anterior incus, e) inferior stapes, f) posterior-inferior stapes
(from Ferrazzini [2003]).

Figure 2.13.: A human X-ray computed tomography model of the ossicles
with indication of the ligaments and muscle tendons (from Willi [2003]).
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The acoustic reflex, or the contraction of the two small muscles in the middle ear,
protects the cochlea against high sound pressure levels, starting from 90 dbspl. The
stapedius muscles pulls the stapes backwards [Pang and Peake, 1986]. This causes
tilting of the footplate in the oval window and thus stretching of the annular ligament,
increasing its stiffness. The tensor tympani pulls the malleus and thus tympanic
membrane inward. These muscles also activate during sound vocalization. Prior to
speaking, they prepare to attenuate sound transmission, starting from 70 dbspl.

2.3.3. Ampli�cation

The resistance of sound transport through a medium is called acoustic impedance Z.
It is defined as the ratio of sound pressure P and the acoustic volume flow u (particle
velocity v × surface area A):

Z =
P

u
=

P

vA
=

F

vA2
(2.2)

It depends on the density and elasticity of the medium, but is frequency independent.
The acoustic impedance of water is for instance 4000 times larger than of air. When
sound energy falls on the boundary interface of two media, we either get reflection,
absorption or transmission, or a combination of those (similar to light). The amount
of reflected acoustic energyR depends on the impedance difference between the two
media [Kinsler and Frey, 1962]:

R =

(
Z2 − Z1

Z2 + Z1

)
(2.3)

A small impedance difference mainly leads to transmission, while a large difference
reflects most of the sound. Because of the large impedance difference between air
and fluid, a direct coupling from the outer to the inner ear would deliver a small
energy transfer T = 1 − R = 0.1%, corresponding to a loss of about 60 dbspl.
To counter this, nature devised an impedance-matching transformer to increase the
sound energy transmission: the middle ear, see section 2.3.4.

To allow energy in a low impedance medium to be transfered to a large impedance
medium, the transformer can increase impedance by augmenting the force or de-
creasing the velocity, cf. equation (2.2). Note that force and speed behave inversely
because their product represents energy, which is governed by the laws of conserva-
tion.
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F1 · v1 = F2 · v2 (2.4)

P1 · u1 = P2 · u2 (2.5)

The function of the eardrum and ossicular chain is thus to transfer and transform
sound vibrations in air to acoustic vibrations in the inner ear fluid of the cochlea,
without losing too much of the sound energy. To achieve this, three leverage systems
have been put in place:

Figure 2.14.: The buckling effect (from Tonndorf and Khanna [1970]).

• The catenary lever action, curved membrane theory or buckling effect was
first proposed by Helmholtz [1868]. The eardrum has a catenary or tent-like
shape, cf. figure 2.14. The taut curved membrane shape implies that small
deformations are associated with relatively large forces. The fixation of the
membrane by the annular ligament to the bone, amplifies sound energy in the
center of the tympanum. It is in this position that the tip of the malleus and
its manubrium are making contact with the membrane. Tonndorf and Khanna
[1970] suggested that the catenary mechanism could contribute a transformer
ratio of about a factor of 2.

• The ossicular lever represents the ratio of the effective malleus and incus ossi-
cle length. Here, lever quite literally means the gain in mechanical force by the
difference in length of two arms around a common pivot point. In humans, the
ratio of lever arm lengths of malleus lm and incus li (to an idealized rotational
axis) is estimated to be lm

li
≈ 1.4 according to Hemilä et al. [1995], cf. table

3.3. However, the tympanum exerts force on the entire length of the malleus
manubrium, thus an integral calculation is needed. Moreover the curvature
of the membrane is not constant over the manubrium and the resulting force
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at the manubrium is therefore also varying. Furthermore, the location of the
idealized rotational axis is difficult to determine, and the simplification of the
ossicles to solid bodies delivers errors. The effective lever result is calculated
to be lm

li
≈ 1.15 according to Ferrazzini [2003].

• The hydraulic lever considers the difference in surface area of the tympanic
membrane At and the stapes footplate As. The collected sound pressure on
the entire surface of the eardrum is concentrated onto the much smaller area
of the footplate, resulting in an increase of force. The system thus behaves as
a piston, with At

As
≈ 22.9 from Hemilä et al. [1995], cf. table 3.3. But even this

is not straight forward: the eardrum membrane has a complex structure and
does not vibrate with the same displacement over its entire surface. Hence, an
effective surface area of the eardrum is needed. A further complication arises
from the fact that the pattern of motion of the tympanum varies with frequency.
So, an effective area should be known for each frequency.

The combined effect or work of the ossicular lever and the hydraulic lever is given
by the following mathematical expression:

Ft · lm = Fs · li (2.6)

Pt · At · lm = Ps · As · li (2.7)

with Ft and Pt the tympanum force and pressure; Fs and Ps the stapes footplate force
and pressure. This can be rewritten to

Pt

Ps
=
As

At
· li
lm

(2.8)

Considering that velocity can be defined as the angular velocity times length, and
that the angular velocity of malleus and incus are supposed to be equal, we get:

vt
vs

=
lm
li

(2.9)

Using equations (2.2), (2.8) and (2.9), the ratio of impedances at the tympanic mem-
brane Zt and at the stapes footplate Zs can be written as

Zt

Zs
=
Pt

ut
· us
Ps

=
As

At
· li
lm
· us
ut

(2.10)

=

(
As

At

)2

·
(
li
lm

)2

= 0.0014 (2.11)
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with lm
li

= 1.15 and At
As

= 22.9. This means that the acoustic impedance Zs at the
stapes footplate is made 700 times larger than the impedance Zt at the tympanum.

This also means that the ossicular and hydraulic lever increase pressure by a factor
22.9 × 1.15 = 26.3, or using equation (2.1) a gain of 28.4 dbspl. Combined with
the catenary lever a gain of 34.4 dbspl is delivered by the middle ear to bridge the
mismatch in acoustic impedance. Remember that on top of this the outer ear also
contributes some tens of decibels sound pressure level.

(a) Basic lever system or seesaw. (b) Ossicle lever configuration on a µct-model.

Figure 2.15.: The ossicle lever system works similar to a seesaw.

2.3.4. Evolutionary development

The mammal ear is a very precise system for hearing, enabling feats as complicated
as human appreciation of music. One might wonder why hearing evolved at all.
Many people think that the hearing organ developed for communication purposes,
however, it is likely that hearing evolved well before animals could produce sounds
to communicate. Hearing evolved to enable animals to survive and thrive in their
environment by providing critical information (about predators and prey for exam-
ple). Chemical signals are long lasting but they are not very directional and work
best when the receiving animal is near to the chemical source. Similarly, touch is
only useful when the animal is very close to the stimulus. Vision can give informa-
tion about objects at large distances, but it only works for things at which the animal
is looking, and in the dark vision does not work well. In contrast, sound provides
animals with information about objects at great distances and from all directions. In
other words, sound provides an animal with a three-dimensional view of its world, a
view not hindered by light levels or objects in the environment.
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Figure 2.16.: The evolution towards a tympanic ear occurred late and at a time
when different lineages of terrestrials had already diverged.

Its usefulness is clear, but how and why did the mammalian middle ear evolve? As
previously mentioned, the middle ear is an impedance matching system designed to
prevent large losses of sound energy that would normally occur at the transition of
sound from a low-density to a high-density medium. This system became a necessity
when animals from the sea started to colonize the land. Aquatic animals do not need
a middle ear as sound pressure in water is transmitted easily to the inner ear fluid.

Several major land-vertebrates all developed their middle ear structures, called the
tympanic ear, independently from one another and in the same geological period
(the Triassic Mesozoic), cf. figure 2.16. The first fully terrestrial vertebrates were
amniotes, who mainly heard vibrations of the ground through their limbs. Within
several million years two main amniote lineages became distinct: the synapsids (the
ancestors of mammals) and the sauropsids (lepidosaurs and archosaurs, for instance
reptiles and birds). The early amniotes did not (yet) have eardrums, but evolved them
separately and repeatedly in three to six later groups. The distinct radial and circum-
ferential organization of fibers in the tympanic membrane is unique to mammals.

The two main evolutionary adaptations towards the middle ear were the develop-
ment of a pressurized middle ear cavity and of ossicles from jaw bones. Jaw bones
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themselves developed from gill arches in fish. The first bone that detached from the
jaw was the hyomandibula. This bone was situated close to the soft window to the
inner ear. Apparently, one side of the bone got connected with the soft window and
facilitated improved hearing. In time, the other side of the hyomandibula connected
with the eardrum. This system is still active today in amphibians who have only one
middle ear ossicle: the columella or stapes. Reptiles and birds evolved two middle
ear ossicles: the columella and the extracolumella.

The size, dimension and orientation of jaw bones in early synapsids kept changing
during evolution, but rather to improve its mechanical function than to enable hear-
ing. Eventually, the existence of two simultaneous jaw joints occurred: the anterior
mammalian joint made of the the dentary jaw bone and squamosal skull bone, and
the posterior reptilian joint between the quadrate and articular bone. An example of
such a mammal-like reptile with a twin-jointed jaw is the Morganucodon. The den-
tary bone continued to enlarge making the quadrate-articular joint obsolete. Some
bones were lost but the quadrate, articular and angular became a free-floating inter-
connected series. The quadrate became physically associated with the stapes bone.
The Hadrocodium is suggested to be the first ancestor with a nearly full mammalian
middle ear, in which the articular and quadrate migrated to the middle ear and be-
came the malleus and incus ossicle. The appearance of a (three-ossicle) middle ear
represents a major event in evolution, thus distinguishing mammals from reptiles and
other vertebrates.

The use of three bones for hearing that other amniotes use for eating, is nowadays
one of the criteria defining a mammal. It is said that ‘reptiles have a jaw full of ear
bones from mammals and mammals have an ear full of jawbones of reptiles.’

Apart from impedance matching, the fancier middle ear setup of mammals enables
enhanced hearing by making higher-frequency sounds audible. Natural selection
would account for the success of the middle ear setup. The exact frequency range
and sensitivity of the ear per mammal species dependents upon the shape, suspension
and arrangement of the middle ear bones.

Their are two functional aspects of the middle ear size. First, the amount of collected
sound energy increases with the size of the tympanic membrane, cf. figure 2.9. This
offers a better signal-to-noise ratio. Secondly, the ossicles have to withstand the
forces induced by tympanic membrane vibrations. Thus, the larger the eardrum, the
more massive the ossicles need to be, cf. figure 2.17. But larger and more massive
ossicles and bigger membranes decrease the highest audible frequency one can hear,
cf. figure 2.18.
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Figure 2.17.: Ossicles of seven mammalian species covering a large animal size range
(from Nummela [1995]).

Only recently, Luo et al. [2007] found fossils of the first intermediate species between
Morganucodon and Hadrocodium: the Yanoconodon. The fossil shows a separation
between the jaw bones and middle ear bones, but one that is incomplete. Its ossicular
chain of malleus, incus and stapes is still connected to the jaw by another bone.
This bone is not present in mammals, however, it displays the same layout as in
mammal embryos during gestation. By maintaining the connection with the jaw, the
Yanoconodon was able to pick up high frequencies associated with modern mammal
hearing but also vibrations transmitted through the ground.

2.4. Inner ear

The inner ear is a bony labyrinth, a system of passages comprising two main func-
tional parts. The cochlea covers its auditory function, while the vestibular system of
the inner ear is responsible for the sensations of balance and motion.

The cochlea, which is Latin for snail, is a spiral-shaped hollow organ. In humans,
it has 2.75 windings amounting to a length of about 35 mm. Internally it consists
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Figure 2.18.: The relation between animal size and the highest frequency they can hear
(from Heffner and Heffner [2008]).

of three chambers or scalae, which are separated from each other by membranes,
cf. figure 2.19. The two outer spaces, the scala vestibuli and scala tympani, are
connected in the apex of the cochlea (helicotrema) and thus contain the same fluid,
called perilymph. The middle ear converted sound vibrations in air to this fluid:
the movement of the stapes footplate, which is positioned in the oval window of the
cochlea, generates movement and waves in the perilymph fluid of the scala vestibuli.
This movement is passed on to the scala tympani through the helicotrema. As fluid
is rather incompressible, a sort of relief valve is needed. For this reason, the cochlea
has the round window, a membrane connected to the scala tympani which is able to
bulge out into the middle ear cavity.

In between the two scalae resides the scala media. This chamber contains a fluid with
a different composition, the endolymph. Along the entire length of its coiled struc-
ture (between the scala media and scala tympani) the basilar membrane is present
with increasing dimension and decreasing stiffness from the round window towards
the helicotrema. This membrane actively resonates at different positions along its
length, depending on the frequencies of the fluid vibrations. On top of the basilar
membrane in the scala media, the core component of the cochlea is situated, known
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as the organ of Corti. It is made out of hair cells or steriocillia covered with a gelatin-
like tectorial membrane. Hair cells in a resonating area of the basilar membrane
generate nerve impulses which our brains register as sound. The neural pulses going
to the auditory centers of the brain instantaneously reflect the incoming sound. The
separating membrane between the scala media and scala vestibuli is the Reissner’s
membrane.

The vestibular system consists out of the semicircular canals, the utricle and the sac-
cule. All mammals have three semicircular canals which are mutually perpendicular
and of course almost circular, cf. figure 2.3. This setup allows to measure head rota-
tions in three directions, and thus in 3-d as every rotation can be decomposed in three
orthogonal rotational components. The vestibule is the central part of the osseous
labyrinth, and is situated medial to the tympanic cavity behind the cochlea, and in
front of the semicircular canals (vestibulum is Latin for entrance hall). It contains
the utricle and the saccule, which are responsible for detecting linear acceleration
of the head using calcium carbonate crystals (otoliths). All parts of the vestibular
system use the same kinds of fluid (endolymph) and detection cells (hair cells) as the
scala media of the cochlea does.

Figure 2.19.:The spirally coiled cochlea is comprised of a triple-chambered, fluid-filled
tubewound into a spiral shell. The scala vestibuli and scala tympani are connected in the
top of the cochlea. In the lower left corner you see a highly-detailed scanning electron
microscopy (sem) image of a cochlea cross section.

- 40 -



Chapter 3
Laboratory animal models

Abstract

Animal testing can contributes to and facilitate progress in hearing and other scientific re-
search. Human cadavers have a limited availability and are submitted to strong regulations.
Therefore, animal models are a useful alternative, before eventually testing on human ma-
terial.
In this chapter, I list the animal models used in this Ph.D. research.
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3.1. Mongolian gerbil

Figure 3.1.:Mongolian gerbil

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Superclass: Tetrapoda
Class: Mammalia
Order: Rodentia
Family: Muridae
Genus: Meriones
Species: unguiculatus

Table 3.1: Taxonomy Mongolian gerbil:
Meriones unguiculatus

TheMongolian gerbil originates from the steppes of Mongolia. The species is genet-
ically closer to a hamster than to a rat or mouse. In 1867, the scientist Milne-Edwards
named the species Meriones unguiculatus. Meriones was a Greek warrior with teeth
on his helmet, and unguis is Latin for nail or claw. It is a desert animal with very
keen hearing. They evolved large middle ears and particularly large tympanic cavi-
ties compared to the size of their heads. Through it, the detection of low frequency
sound is improved and gerbils are thus better adapted to detect the silent approach of
predators.

Only recently, since 1935, have gerbils been introduced as domestic animals but be-
fore that and up till now have they been commonly used as laboratory animals. More
than two decades ago, gerbil was first used to studymiddle ear infections by Fulghum
et al. [1982, 1985], for which it is still used today [Unge et al., 2009]. The animal
model was intensively used for tympanic membrane studies, for instance by Dirckx
et al. [1998]; Larsson et al. [2001]; Kuypers et al. [2005], and to try and under-
stand its specialized hearing mechanisms [Rosowski et al., 1999; Dong and Olson,
2006; Ravicz et al., 2008]. Nowadays, they are one of the preferred animals for finite
element modeling [Elkhouri et al., 2006; Stenfelt, 2008], as simulated results can
immediately be verified by experiments on laboratory gerbils and vice versa.

The eventual goal is of course to study and help in human hearing. Gerbil ears are
different from human and about three times smaller, yet their similarities reign. We
studied gerbil ear morphology with X-ray computed tomography and with optical
tomography, and made surface models of all its components in part 2, chapter 3.
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Table 3.2: Human, gerbil and rabbit me parameters
[Hemilä et al., 1995; Nummela, 1995].

skull m i s tm ow m i
mass mass mass mass area area length length
g mg mg mg mm2 mm2 mm mm

Human 670 28.45 33.59 2.53 68.3 2.98 6.24 4.46
Rabbit 16.9 2.82 2.10 0.39 28.2 1.34 5.00 2.08
Gerbil 0.84 1.15 0.63 0.12 14.5 0.63 3.60 1.20

3.2. New Zealand White rabbit

Although relatively large compared to the animal size, gerbil ears are still quite small.
A step up in ear size for experiments leads in our case to New Zealand White rabbits
[Marcusohn et al., 2006; Dirckx et al., 2006; Didyk et al., 2007], cf. table 3.2.

We used rabbit ossicles in X-ray computed tomography and in optical tomography
[Buytaert, 2005; Dirckx et al., 2006], and their tympanic membrane for point inden-
tation measurements combined with optical topography, cf. part 3, chapter 7.

3.3. Guinea pig

In a collaboration with Hofman et al. [2008] from the State University of Groningen,
the inner ear of guinea pigs is used in optical tomography measurements, cf. part 2,
section 4.2. These cavia are a common replacement for gerbil.

3.4. Longsnout seahorse

In a collaboration with Ghent University, optical tomography measurements were
performed on the morphology of the sternohyoid muscle in longsnout seahorses, cf.
part 2, section 4.4. Other muscular aspects and organogenesis were also of interest.
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Figure 3.2.: New Zealand White rabbit

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Superclass: Tetrapoda
Class: Mammalia
Order: Lagomorpha
Family: Leporidae
Genus: Oryctolagus
Species: cuniculus

Table 3.3: Taxonomy New Zealand White
rabbit: Oryctolagus cuniculus

Figure 3.3.: Guinea pig cavia

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Superclass: Tetrapoda
Class: Mammalia
Order: Rodentia
Family: Caviidae
Genus: Cavia
Species: porcellus

Table 3.4: Taxonomy Guinea pig:
Cavia porcellus

Figure 3.4.: Longsnout seahorse

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Class: Actinopterygii
Order: Gasterosteiformes
Family: Syngnathidae
Genus: Hippocampus
Species: reidi

Table 3.5: Taxonomy longsnout seahorse:
Hippocampus reidi

- 44 -



3.4 Longsnout seahorse

Figure 3.5.: African clawed tadpole

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Class: Amphibia
Order: Anura
Family: Pipidae
Genus: Xenopus
Species: laevis

Table 3.6: Taxonomy African clawed frog:
Xenopus laevis

Figure 3.6.: Black knockout mouse

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Superclass: Tetrapoda
Class: Mammalia
Order: Rodentia
Family: Muridae
Genus: Mus
Species: C57 black

Table 3.7: Taxonomy black knockout
mouse: Mus C57 black

Figure 3.7.: Canary bird

Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Class: Aves
Order: Passeriformes
Family: Fringillidae
Genus: Serinus
Species: canaria

Table 3.8: Taxonomy canary bird:
Serinus canaria
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3.5. African clawed frog tadpole

Again in collaboration with Ghent University, optical tomography measurements
were performed on the morphology of developing organs in African clawed tad-
poles, cf. part 2, section 4.5. A tadpole is the aquatic larval stage of a frog. Organo-
genesis of wild-types was compared to mutants, both with histological sectioning
microscopy and opfos tomography. The latter proved more beneficial.

3.6. Black knockout mouse

We measured brains of black knockout mice with optical tomography, cf. part 2,
section 4.3. A knockout mouse is a genetically engineered mouse in which one or
more genes have been turned off through a gene knockout. Colleagues from the
University of Antwerp were interested in the location of certain brain areas and nerve
pathways in three dimensions.

3.7. Canary bird

Similar to the above, cross sections through brains of canary birds were generated
with optical tomography, cf. part 2, section 4.3.
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Scientific apparatus offers a window to knowledge,
but as they grow more elaborate,

scientists spend ever more time washing the windows.

– Isaac Asimov (1920-1997) –





Chapter 1
Introduction to optical sectioning

microscopy

Abstract

Techniques allowing to study and visualize intact biomedical objects in high-
resolution and in three dimensions have become very popular in the last two
decades. Several of the established methods have been used to generate detailed
3-d models of middle ear morphology, however, each suffers from specific limita-
tions.
In 1993, a new microscopic and tomographic technique emerged which, because of
its many advantages, is growing in popularity and in its applications. The method
is called orthogonal-plane fluorescence optical sectioning.
This chapter positions the newmethod among its alternatives and discusses its many
derived and improved versions. Furthermore, it illustrates our contribution to this
emerging field.

Parts of this chapter were published in Applied Optics, 2009 [A.10];
where it was selected to appear in Virtual Journal for Biomedical Optics, 2009 [D.4].
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Chapter 1: Introduction to optical sectioning microscopy

1.1. A new approach to microscopy

1.1.1. Background

One of the most popular techniques at the moment for morphological and structural
research is called serial or histological sectioning. In this method, thin sliced sec-
tions of stained, fixated and embedded tissue are created, which are then imaged
under an optical microscope. An amazing amount of histological detail can be ob-
served. Using histological sectioning, sub-micrometer resolution for cross sectional
images of macroscopic biomedical objects is obtained in combination with light-
microscopy. Through functional staining it is possible to distinguish between dif-
ferent tissue types. Obtaining slices is however extremely work-intensive, requires
physical (one-time and one-directional) slicing and thus destruction of the specimen,
and it requires difficult registering and image processing of the sections because of
geometrical distortions from the slicing [Weninger et al., 1998]. Within a slice, the
resolution is unprecedented but for the generation of three-dimensional models, se-
rial sectioning again suffers from the inherent distortions. Nevertheless, astonishing
work on middle ears has been done with this technique, illustrated with figure 1.1.

Figure 1.1.: Human 3-d model from histological sections showing the ossicular chain,
tympanic membrane, chorda tympani, ligaments and tendon (fromLevine et al. [2001]).

To counter the disadvantages of histological sectioning, the development of opti-
cal imaging techniques came about. As these methods create virtual cross sections
through a sample using light, it is said that they perform optical sectioning. This
approach has many advantages. It is a non-destructive technique and thus maintains
the consistency of the specimen. As no physical slicing is performed, the section-
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1.1 A new approach to microscopy

ing can be done several times and/or in different orientations. Several advanced
microscopy techniques − like confocal and two-photon microscopy (cm) − allow
to obtain high resolution views of certain specimen types. However, because of a
limited penetration depth of less than a millimeter this cannot be applied on large
and non-transparent objects [Helmchen and Denk, 2005]. Point-by-point scanning
in three dimension, thus a long recording time and inherent bleaching of the speci-
men is inevitable with cm. Another big disadvantage is that light originating from
above or below the focal plane will be incorporated in the section image, thus blur-
ring the information through out-of-focus interference and decreasing longitudinal
resolution. This effect is mostly eliminated by strategically positioning a pinhole
in the focal point of the objective lens, cf. figure 1.2. With the confocal method,
functional staining is also possible just as in histological sectioning.

Figure 1.2.: Confocal microscopy setup.

Other alternatives to histological sectioning exist. In particular, X-ray micro com-
puted tomography (µct) which records shadow transmission images of bone density
[Gea et al., 2005; Masschaele et al., 2007], and magnetic resonance imaging (mri)
which is sensitive for water content (∼ soft tissue) [Henson et al., 1994; Tyszka et al.,
2005], are common and technologically far advanced. Aside from their usefulness
and popularity, the attainable resolution with these techniques is about 10µm for
objects of macroscopic scale. Only recent advances in µct allow resolutions up to a
micrometer on small objects [Masschaele et al., 2007]. ct often makes use of harm-
ful X-ray radiation and requires heavy back-projection calculations to reconstruct
virtual cross sections from the recorded shadow images.
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Chapter 1: Introduction to optical sectioning microscopy

1.1.2. OPFOS

Starting from 1993 up till now, another technique has gained much interest and is be-
ing developed frantically: orthogonal-plane fluorescence optical sectioning (opfos)
microscopy or tomography [Voie et al., 1993; Voie, 1996, 2002; Buytaert, 2005;
Valk et al., 2005; Buytaert and Dirckx, 2007a,c; Hofman et al., 2008; Buytaert and
Dirckx, 2008]. As this technique delivers microscopic images with histological in-
formation, and images soft tissue and bony structures simultaneously and in nearly
real-time, it fills a void between mri and µct. The opfos method is based on two
techniques of about a hundred years old and was introduced by Voie et al. [1993].

Figure 1.3.: In opfos, a transparent fluorescent object is sectioned by an illumination
plane or sheet (from Voie [1996]).

In the opfos method, parallel optical sections through a macroscopic biomedical
specimen are created by means of a thin laser light plane or sheet, and the omni-
directional fluorescence within the sheet is recorded orthogonally, cf. figures 1.3
and 1.4. From such a recorded sequential data stack of parallel opfos recordings,
three-dimensional models can be created using 3-d software, cf. section 3.2.4. In
most microscopy techniques, the same optical path (and components) is used for
the illumination and observation light. In the case of opfos, the illumination and
viewing axis are separated, an idea first introduced by Siedentopf and Zsigmondy
[1903]. Zsigmondy [1926] won the Nobel price for this invention (and other), which
he named Ultramicroscopy, and used the technique not for tissue microscopy but
to study particles within colloidal solutions. The name was recently reinstated for
opfosmethods as a tribute to Zsigmondy by Dodt et al. [2007], but unfortunately the
name now also refers to an electron microscopy journal, cf. Van Aert et al. [2009].
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1.1 A new approach to microscopy

Recently researchers even extended the initial use of Zsigmondy’s technique in ocea-
nography of aquatic microbes in their natural setting, and renamed this approach to
tlsm or thin light sheet microscopy [Fuchs et al., 2002; Davis, 2008], and for tracking
and identification of single-particles [Ritter et al., 2008]. Voie et al. [1993] devel-
oped the technique to make virtual cross sections through dense biomedical tissue,
as opposed to particles in fluids. These opfos sections are created using a light
sheet, making the method a non-contacting and non-destructive technique. Thus,
specimens can be measured more than once and sliced in any orientation. The slic-
ing resolution depends only on the thickness of the laser light sheet, cf. chapter
2. Moreover, by separating the illumination and imaging axes in opfos, the sample
avoids bleaching in regions that are not being imaged.

Figure 1.4.: The sectioning light sheet in opfosmethods is actually the hyperbolic focal
zone of a cylindrical lens. The sheet and thus virtual section are recorded orthogonally,
as invented by Siedentopf and Zsigmondy [1903] (from Voie [1996]).

The other ancient procedure used in opfos, is the Spalteholz [1911] technique. For
the laser light plane to be able to pass unscattered and without refraction through the
macroscopic object, the biomedical specimen needs to be translucent and have the
same refraction index throughout its entire volume. This way, when the specimen
is submerged in a fluid of the same refraction index, it appears completely transpar-
ent. This refraction-index matching is essential for the opfos technique to succeed
in creating a penetration depth of centimeters, otherwise it would be limited as con-
focal microscopy. After the clearing procedure, specimens can be stained with the
fluorescent dye rhodamine b for extra contrast [Voie, 1996, 2002; Buytaert, 2005;
Valk et al., 2005; Buytaert and Dirckx, 2007a,c; Hofman et al., 2008]. Sometimes
gfp-labeled transgenic animals are used, f.i. by Dodt et al. [2007]; Huisken et al.
[2004], or specimens are measured using just their natural autofluorescence by Dodt
et al. [2007].
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Chapter 1: Introduction to optical sectioning microscopy

Some researchers want to image bony tissue together with soft tissue. As calcium−
the main component of bone− scatters light strongly, it first has to be removed. This
is achieved in a decalcification process, before the Spalteholz procedure is applied
[Voie et al., 1993; Giberson and Demaree, 1995; Voie, 1996; Tinling et al., 2004;
Buytaert and Dirckx, 2007a].

Some preliminary advantages of opfos can already be summarized from the above.

• The technique is optical and non-destructive in nature.

• It achieves high-resolution both in-plane and longitudinal,
showing histological detail.

• No out-of-focus fluorescence is present, as fluorescence only originates
from within the laser sheet, identical to the focal plane.

• Thus, only the observed plane through the specimen is illuminated
and therefore affected by bleaching.

• Functional staining is compatible with the opfos technique.

• Image registration and coherence are achieved automatically.

• Multiple recordings, and of different slicing directions, are possible.

• The method is fast and capable of performing real-time virtual sectioning.

• Finally, the method is suitable to image bone and soft tissue structures simul-
taneously.

Their are very few but problematic disadvantages:

• The specimen preparation is elaborate and sensitive.

• Large amounts of data are recorded.

• Because of the typical stripe or shadow artifact, it is necessary
to perform manual image segmentation.

1.2. Overview of the LSFM �eld

After the introduction of opfos, similar or improved designs and setups were issued
under many different names, all using a spatial arrangement of illumination and de-
tection like Voie et al. [1993] and Siedentopf and Zsigmondy [1903]. In general,
this new microscopy branch is referred to as (laser) light-sheet based fluorescence
microscopy or lsfm.
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1.2.1. LSFM devices

The first design to emerge after Voie et al. [1993] was confocal theta fluorescence mi-
croscopy by Lindek and Stelzer [1994], which concentrated on improving the axial
resolution and the point-spread functions of the illumination and observation light.
Later on, Huisken et al. [2004] from the same Stelzer group introduced a newer ver-
sionwhich they called selective plane illuminationmicroscopy or spim, cf. figure 1.5.
spim is capable of imaging small but living specimens. As the Spalteholz technique
cannot be used on living animals, the specimens must possess a natural transparency
− like Drosophila larvae, Zebrafish and Medaka embryos − and are embedded in
agarose. This technique is suited to visualize organogenesis in 3-d.

Figure 1.5.: The spim setup is shown with a sample embedded in an agarose cylinder
(from Huisken et al. [2004]).

Swoger et al. [2007] improved the image quality of spim by generating a software
reconstruction of the sample from multiview datasets [Huisken et al., 2004]. They
measured multiple 3-d serial data stacks of the same object but in different orienta-
tions, which they then combined in postprocessing.

A typical drawback of all opfos-like techniques is inherent shadow attenuation:
when laser light passes through a sample and encounters a particle or region of less
transparency, the light behind it is attenuated, creating the typical shadow striped
opfos images. Huisken et al. [2007] countered this problemwith his newmultidirec-
tional spim or mspim, by adding optical components to create identical light sheets
sectioning from opposite sides, cf. figure 1.6. With 2-sided illumination and laser
sheet sectioning, the shadow problem is greatly diminished and the depth attenuation
of light is remedied, thus clearly improving image quality. However, because exact
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Figure 1.6.: A close-up of the mspim lenses and chamber configuration
(from Huisken et al. [2007]).

alignment of the dual laser sheet-sectioning is challenging on small objects, Huisken
et al. [2007] first measures a data stack with illumination from one side followed by
a second measurement with illumination from the other side, afterwards combined
through image fusion. The clever idea of mspim has been adopted in the newest
versions of Ultramicroscopy by Dodt et al. [2007], and hr-opfos by ourselves
[Buytaert et al., 2010]. However, both authors apply the dual-sided illumination si-
multaneously during the recording of their (one) dataset of larger objects. Hence,
no image fusion is required and the obtained recorded images are instantaneously
without (or with much less) shadow stripe artifacts.

The latest version of the (m)spim device from the Stelzer group has again a new name
and has been called digital scanned laser light-sheet microscope or dslm [Keller
et al., 2008]. Remember that all different implementations, abbreviations and setup
names come down to the opfos principle, even though in dslm an entirely new con-
figuration is used to generate the laser sheet. Instead of using a cylindrical lens on
a broadened laser light bundle to focus the light in one dimension to a sheet, now
the sheet is created by a spherical lens and rapidly moving mirror, thus scanning the
two-dimensionally focused light into a virtual sheet, cf. figure 1.7.

opfos and Ultramicroscopy have the capability to image cross sections through
macroscopic objects of ten(s) of millimeters in dimension. Lateral resolution in all
opfos techniques is only determined by the numerical apertures (na) of the obser-
vation lens and the spatial resolution of the recording device. Axial resolution, how-
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1.2 Overview of the LSFM field

Figure 1.7.: In dslm, a vertically scanned light sheet is generated in the sample by
scanning a tilting mirror (from Keller et al. [2008]).

ever, is determined by the thickness of the laser light sheet. These sheets are created
by focusing a broad laser bundle with a cylindrical lens to a hyperbola which in a
certain zone can be approximated to a plane [Voie, 1996; Buytaert, 2005; Buytaert
and Dirckx, 2007a].

The region in which this approximation is valid, is called the confocal parameter or
depth of field b [Siegman, 1986], cf. figure 2.1. The sectioning thickness is thus
not (everywhere) equal to the minimal 1/e2 beam width d0, but broadens with the
hyperbola with a factor

√
2 near the edges of a recording with width b. The full-

field axial resolutions in conventional opfos and Ultramicroscopy of macroscopic
specimens are thus respectively 14 (

√
2×10) and 35 (

√
2×25)µm near the edges of

cross sections through large objects [Voie, 2002; Dodt et al., 2007]. One can make
the minimal beam waist d0 (minimal focus of the sectioning hyperbola) smaller by
using a larger cylindrical lens aperture, thus making the axial resolution better but
also the depth of field b much smaller, limiting the method to small objects of a mil-
limeter or less. This is done in tslm, (m)spim, dslm and also Ultramicroscopy.
Becker et al. [2008] achieve submicrometer resolution in very small dissected spec-
imens but should achieve no better than 8.5 (

√
2× 6)µm axial resolution for whole

and macroscopic samples in their recent Ultramicroscopy setup, cf. figure 1.8.

At the time, a new opfos design was needed to achieve axial resolutions better than
14µm in objects the size of tens of millimeters. Such a device is for instance use-
ful in our research of the mammal middle and inner ear [Buytaert, 2005; Buytaert
and Dirckx, 2007c, 2008; Hofman et al., 2008; Buytaert et al., 2010] and in other
biomedical applications where high-resolution tomographic data is needed on large
specimens, cf. chapter 4. We therefore developed the high-resolution opfos setup,
which is discussed in chapter 2 of this work and in Buytaert and Dirckx [2007a].
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Figure 1.8.: A representation of the Ultramicroscopy setup with
two-sided cylindrical lens illumination (from Dodt et al. [2007]).

Our initial hr-opfos device was not yet equipped with 2-sided illumination as in
multidirectional spim. But as already mentioned, our newest version for optical to-
mography does use this principle, cf. figure 1.9.

A recent publication by Santi et al. [2009] builds uponVoie’s idea of opfos, our mod-
ification towards high-resolution opfos, and the dual-illumination sectioning from
mspim. The new setup was baptized with yet another name, namely thin-sheet laser
imaging microscope (tslim) and is employed for inner ear research, cf. figure 1.10.

To complete the list of techniques and different names for opfos methods, ocpi or
objective-coupled planar illumination microscopy by Holekamp et al. [2008] and
Turaga and Holy [2008] needs mentioning. They image brain tissue of living mice
(so without Spalteholz treatment). As a consequence ocpi has limited penetration
depth and accessing angles. As a remedy, they section at -45◦ and record at 45◦ with
respect to the tissue surface, cf. figure 1.11.

1.2.2. OPT

During the last 17 years of busy development of opfos-derived techniques, another
newmethodwas publishedwhich is closely related to lsfmmethods andwith distinct
similarities in its application and specimen preparation. Optical projection tomog-
raphy (opt) was proposed by Sharpe et al. [2002]. The opt technique is essentially
an optical version of X-ray computed tomography, combined with opfos procedures
and ideas.
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Figure 1.9.: Our hr-opfos setup with two-sided cylindrical lens illumination and two
laser wavelengths (green and blue), courtesy of Adriaens (from Buytaert et al. [2010]).
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Figure 1.10.: The very new tslim setup is among other things based on the hr-opfos
principle of Buytaert and Dirckx [2007a] (from Santi et al. [2009]).

Figure 1.11.: ocpi setup for in vivo brain sectioning (from Holekamp et al. [2008]).

Figure 1.12.: This illumination and shadow transmission scheme of opt is a combina-
tion of ct and opfos (from Sharpe [2004]).
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1.3 Commercial device coming soon

Specimens used in this technique need to be optically cleared and stained to obtain
transparent and fluorescent specimens similar to opfos. This is again achieved using
the technique of Spalteholz [1911]. The specimen will not be sectioned by a laser
sheet, but is entirely and evenly illuminated, cf. figure 1.12.

The laser light passes through the entire specimen and causes a transmission or
shadow image, as in ct. Through back projection algorithms, one can obtain the
virtual cross sections through the specimen. opt can work in transmission mode,
recording the remaining transmitted laser light thus representing density as in X-
ray ct, or in fluorescence mode, recording the excited fluorescent light from the
stained specimen as in opfos. The technique however suffers from several artifacts
[Walls et al., 2005], but delivers nice results and resolutions after image process-
ing steps [Sharpe, 2003]. This technique recently became commercially available
from SkyScan under an oem agreement. This spin-off company of the University
of Antwerp designed and now manufactures the opt scanners which are sold under
the BiOPTonics brand name.

1.3. Commercial device coming soon

Recently theMicroImaging department ofCarl Zeiss took an interest into the opfos
technique. I was invited at the first Light Sheet based Fluorescence Microscopy
workshop at the Max Planck Institute (mpi), Dresden, where the first Zeiss prototype
and findings were shown to a select audience of specialists [lsfmWorkshop, 2009].
The device is not yet commercially available but will be in the near future.

Their setup is configured to work with small embryos and cell cultures, so not for ob-
jects in the macroscopic range of (hr-)opfos, Ultramicroscopy or tslim. Because
of this fact and the cooperation with the Stelzer group, Zeisswent with the name spim
for their new microscope. The company considers opfos and spim a powerful inno-
vation. Many dedicated microscopy techniques are being developed at the moment
at Carl Zeiss, cf. figure 1.13, each focusing on either flexibility, imaging depth,
speed or resolution. The opfos or spim technique has all of these benefits according
to Carl Zeiss and the active lsfm community.
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Figure 1.13.: Comparison between all Zeiss systems for microscopy,
courtesy of Selchow and Powers from Carl Zeiss.
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Chapter 2
High-resolution orthogonal-plane

�uorescence optical-sectioning

Abstract

Our high-resolution opfos method is presented, which delivers images that ap-
proach the quality of histological sections. An in-plane resolution of 1µm and
a slicing resolution of 2µm is demonstrated with quantitative measurements. At
the commencement of our work, actual axial resolutions in light-sheet based fluo-
rescence microscopy were about 20 to 35µm for macroscopic objects.
A theoretical treatment of opfos is given, the idea of hr-opfos is explained, and
measurements and models of ear structures are shown.

This chapter was published in full in Journal of Biomedical Optics, 2007 [A.2];
and was selected to appear in Virtual Journal of Biological Physics Research, 2007 [D.2].
A paper with similar content to this chapter was also published in the proceedingsbook
Middle Ear Mechanics in Research and Otology, 2007 [B.1].
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Chapter 2: High-Resolution OPFOS

2.1. Introduction

To generate three-dimensional (3-d) images and models of biomedical structures,
several well established techniques are available. On the one hand, there is opti-
cal imaging of actual physical sections. On the other hand, there are tomographic
techniques that deliver 3-d image data on intact specimens.

Physical sectioning of an object, followed by imaging with light microscopy, deliv-
ers very high resolution data, and can easily be combined with functional staining
techniques to reveal histological detail. Sections down to micrometers are feasible,
but the preparation methods and especially the sectioning itself can introduce im-
portant shape artifacts. Moreover, it is extremely difficult to register the images of
subsequent slices in 3-d space to obtain a correct 3-d model, especially if slices are
(even lightly) deformed. Polishing techniques, in which an object is trimmed down
slice by slice and the remaining surface is polished and imaged, overcome the regis-
tration problem, but the technique is extremely work intensive. The classic physical
sectioning techniques are of course destructive in nature, so sectioning can only be
done once, along a single direction.

In tomographic techniques, the specimen is left intact: virtual sections are obtained
that are auto-registered, and slicing can be repeated along several directions. To-
mography based on magnetic resonance imaging (mri) essentially detects differ-
ences in water content in a specimen and resolutions down to 10µm can be obtained
[Siemens Medical]. Fourier transform calculations are needed to obtain the image
information from the mri signals, and high resolution measurements can take a very
long time. Imaging of structures with little water content, such as bone, is much
more difficult and such material can often only be seen as inversed contrast, after
filling surrounding cavities with water [Henson et al., 1994; Wilson et al., 1995].
When large differences in magnetic permeability are present within the object (e.g.
air cavities), prominent artifacts are generated in the images.

X-ray computed tomography (ct) is based on contrast differences in X-ray absorp-
tion. In biomedical specimens, high-resolution ct (µct) images mainly bone and
has difficulty visualizing soft tissue. Resolutions of 7.3µm have been demonstrated
by Vogel [1999, 2000]; Decraemer et al. [2003]. Technical documentation of cur-
rent commercial µct systems mention a resolution of 5µm at best when using the
10% modulation transfer function (mtf) contrast criterion [SkyScan]. Only within
extremely small objects (less than 400µm diameter), 0.4µm resolution can be ob-
tained, again when using the 10% mtf criterion. ct image reconstruction is based on

- 74 -



2.1 Introduction

back-projection algorithms, which implies that elaborate calculations are necessary
and that the entire object needs to fit within the imaging volume, even if one is only
interested in a detail of the object. Hence, resolution is inversely proportional to ob-
ject size. Region-of-interest (roi) imaging can only be applied to some extent with
standard back-projection algorithms, if the absorption of the object outside of the
roi is not too high and reasonably isotropic [Gea et al., 2005]. Dedicated differential
back-projection (dbp) algorithms, however, do succeed in reconstructing exact cross
sections [Defrise et al., 2006; Van Gompel, 2009].

Confocal microscopy (cm) generates 3-d images of a specimen by focusing a laser
beam to a small point within the tissue, and detecting fluorescent light which emerges
from that same point. As the illumination and viewing axis are parallel, the light
from the objective lens needs to be passed through a pinhole, so that information is
gathered from a single (diffraction limited) point within the object and to remove the
out-of-focus light rays. To obtain one complete image of a virtual slice within the ob-
ject, it has to be scanned point-by-point in 2-d. As the technique is in principle only
diffraction limited, resolutions better than 1µm are obtained in commercial devices,
and functional staining is used to reveal histological detail [Olympus FluoView].
Recent developments, such as multi-photon and 4Pi cm, have made it even possible
to beat (not break) the diffraction limit, and (axial) resolutions down to 100nm have
been obtained [Hell, 2003; Zipfel et al., 2003]. The penetration depth of the laser
beam within the tissue is typically limited to a few hundred micrometers, which
strongly limits the size of the objects that can be studied [Zipfel et al., 2003; Mi-
croscopyU]. Because in conventional cm, the fluorescence light has to pass through
a pinhole, light efficiency is low, and in combination with the point-by-point scan-
ning this results in long measurement times. Wang et al. [2003] introduced dual-axis
cm. The technique still uses point-scanning, but uses an angle (max 60 degrees) be-
tween the illumination and viewing axes. Apart from the separation between the two
axes, the image formation principle is the same as in conventional cm. So, depth of
penetration still remains a strong limitation. Wang showed that by separating illumi-
nation and observation direction images could be obtained in scattering media and
with a lateral and axial resolution of 1.3µm and 2.3µm respectively.

Another emerging imaging technique for biomedical specimens is optical coher-
ence tomography (oct). oct is an interferometric, non-invasive optical tomographic
imaging technique offering millimeter penetration with micrometer axial and lateral
resolution. The technique is analogous to ultrasound b-mode imaging except that
it uses low-coherence light rather than high-frequency sound, and imaging is per-

- 75 -



Chapter 2: High-Resolution OPFOS

formed by measuring the back-scattered intensity of light as a function of optical
delay. Tissue can be imaged in cross-sections, as is commonly done in ultrasound,
or in en face sections, as in cm. oct was originally developed with 30µm axial
resolution by Huang et al. [1991], and demonstrated in ophthalmology for high res-
olution tomographic imaging of the retina using 800nm illumination wavelengths
[Schuman et al., 1996]. Since then, oct achieved axial resolutions of at best 2µm,
and imaging in non-transparent tissue became possible with 1.3µm or longer wave-
lengths [Boppart, 2003]. As this high resolution is obtained with ultra short laser
pulses, the equipment needed is very elaborate, and due to scattering and absorption
imaging depth is limited to about 2 to 3mm.

Recently, Sharpe et al. [2002] introduced a tomographic technique much like X-ray
ct, but using light instead of X-rays, called optical projection tomography (opt)
[BiOPTonics]. This new technique has the advantage of combining the possibilities
of functional staining with larger depth of field. However, the typical disadvantages
of ct still apply: elaborate calculations for the back-projection algorithm are needed,
the specimen object needs to fit into the imaging volume, and roi is not feasible.
Sharpe et al. [2002]; Sharpe [2003, 2004] do not present objective measurements of
resolution for opt, but since the technique needs small aperture lenses to obtain depth
of focus throughout the specimen, resolution will not be better than several tens of
micrometers. Kerwin et al. [2004] estimates a detail resolvation of about 20µm. To
apply the technique, the specimen needs to be cleared and refractive index matched
with the surrounding fluid in order to avoid scattering and refraction of light.

In the early nineties, Voie et al. [1993] introduced the opfos-technique: orthogonal-
plane fluorescence optical sectioningmicroscopy. Until now, opfoswasmainly used
to study the anatomy of the cochlea and to some extent the middle ear [Voie, 1996,
2002; Valk et al., 2005]. In this technique, a plane of laser light is projected through
a fluorescent and cleared specimen, and the light emitted from this plane within the
object, is observed in the orthogonal direction (90 degree). The spectacular advan-
tage of the opfos technique is that virtual sections through the object are generated in
real-time, and with a penetration depth of several millimeters. The laser light plane
is generated using a cylindrical lens: in the vicinity of the focus of the hyperbolic
light pattern created by this lens, a plane of light of approximately constant thickness
is obtained. A small numerical aperture allows the maintenance of the same focal
thickness over a relatively wide zone; using a larger numerical aperture, a finer focus
can be obtained, but only in a small zone. Hence a trade-off exists between image
width and slice thickness or axial resolution. Within the sectioning plane, resolution
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is only limited by diffraction of the imaging lens, so resolutions of a micrometer are
possible. Along the axial direction, however, resolution of existing opfos systems is
limited to about 14µm because of the trade off between sectioning resolution and
image size. To make accurate 3-d reconstructions, it is preferable to have nearly the
same resolution along all three axes in space.

In previous work by Voie [2002], slicing resolutions of 10µm (at the center of an
opfos-image) were claimed on theoretical grounds and, inherent to the technique
resolution will drop to 14µm at the edges (as is explained in the following section
2.2). Recently, Huisken et al. [2004] used a similar technique to image live embryos,
and named this technique selective plane illumination microscopy (spim). Although
no reference was given to the original work of Voie, the method is essentially identi-
cal, apart from the fact that imaging is performed on very small objects so that higher
resolutions are obtained. The authors mention a slicing resolution of 6µm within
an object of about 1mm wide, but they do not specify if this is the resolution in the
center or at the edges of the image. In any case, they are using an illumination profile
with parabolic cross section, just as in opfos, so the same trade off remains between
slicing resolution and object width.

In this chapter, we introduce a high-resolution orthogonal-plane fluorescence optical
sectioning method (hr-opfos) with strongly reduced slicing thickness, so that axial
resolution is much more adapted to in-plane resolution, and with no limitation in
image width. We present objective resolution measurements, roi imaging within a
larger object, and demonstrate that hr-opfos’ slicing resolution is maintained over
the entire image.

2.2. Theory

Slicing thickness, or axial resolution, is determined in opfos by the thickness of the
plane of laser light that sections the object. In reality it is impossible to generate a
perfect plane of light: a cylindrical lens focuses the laser beam along one dimension
to a hyperbolic light pattern. A cross section of this hyperbola is shown in figure
2.1(a). The dark gray area in the center is the≥ 1/e2 intensity profile. The thickness
of the profile increases as one moves away from the point of focus d1. Within the
so called Rayleigh range, [Siegman, 1986], the hyperbolic bordered intensity area
can be approximated by a rectangle: within this rectangle an object is sectioned by
a light plane of approximately constant thickness. The Rayleigh range xR is the
distance on either site of the minimal focus d to where the hyperbolically focused
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beam has thickened to
√

2d, and is given by

xR =
πd2

4λ
(2.1)

b = 2xR =
πd2

2λ
(2.2)

where b is called the confocal parameter, or the distance in which a focus smaller
than

√
2d is maintained. One can notice that a larger focal thickness d goes along

with a larger confocal parameter b. In conventional opfos, a 2-d image is taken over
width b1. The object one wants to image, consequently has to fit within this zone.
So, a trade-off exists between image width (≈ b1) and the sectioning thickness

√
2d1

(∼ 1√
b1
). An opfos image thus has a slicing thickness d1 in the center but

√
2d1 at the

edges xR. Sectioning thicknesses of d1 = 10µm, which were previously reported
by Voie [2002], refer to the image center. At the edges, slicing resolution drops to√

2d1 = 14.4µm.

Figure 2.1.: a) Focusing profile of a small aperture cylindrical lens. The zone where
intensity exceeds 1

e2
I0 is represented in dark. A long confocal parameter b1 is obtained,

in which the focal thickness d1 remains approximately constant.
b) Focusing profile of a large aperture cylindrical lens. Confocal parameter b2 is much
smaller, but the focal thickness d2 as well. hr-opfos images are taken by scanning an
object through the focal zone a and recording only (a few) 1-d pixel lines within this
zone.

In hr-opfos, we no longer record 2-d images, but we scan the object through the
line of best focus, created by a large aperture cylindrical lens. Using such a large
aperture lens, a much smaller focus d2 is obtained, and according to (2.2), the con-
focal parameter b2 also becomes much smaller, as shown in figure 2.1(b). This is
not a problem because we scan only 1-d pixel lines in the focus. In hr-opfos, the
sectioning thickness is no longer a compromise with image width, and is in theory
only limited by diffraction.
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When light passes through a cylindrical lens, the well known slit diffraction pattern is
formed in the focus of the lens. The intensity distribution function along the Z-axis
is then given by the sinc function:

I(z) = I0 · sinc2(
zπDlens

λf
) = I0 ·

(
sin( zπDlens

λf
)

zπDlens
λf

)2

(2.3)

with Dlens the diameter of the lens and f the focal distance.

The equation above only holds if the intensity profile of the incident illumination is
homogeneous over the entire width of the slit. In reality, the illumination profile will
be a truncated Gaussian laser beam.

As Gaussian beams are an essential aspect of laser optics, diffraction equations for
truncated Gaussian beams passing through circular lenses are readily available in lit-
erature [Drege et al., 2000; Urey, 2004; Melles Griot, 2004]. For cylindrical lenses,
the equations are not given in standard textbooks. We therefore calculated the diffrac-
tion patterns numerically, using vector diffraction theory. We divide the slit of width
W in a large number of N contributing vectors of light amplitude, giving to each
vector a magnitude ai which corresponds with the chosen illumination intensity pro-
file. In practice, this profile will be a truncated Gaussian. The truncation factor T
is defined as the 1/e2 width of the illumination beamDbeam divided by the free lens
aperture diameter Dlens

T =
Dbeam

Dlens

(2.4)

Homogeneous illumination of the cylindrical lens is obtained when T = ∞, but in
case of T > 15 homogeneous illumination is obtained to a very good approximation.
A value of T ≤ 2

π
corresponds to Gaussian illumination, according to the 99%-

criterion [Siegman, 1986]. When T = 1, the 1/e2 width of the illumination intensity
equals the lens diameter, so the Gaussian is truncated.

Between each subsequent vector, there exists a phase difference ∆φ given by:

∆φ =
2π

λ

W

N
sin θ (2.5)

where λ is the wavelength of the laser light, and θ is the angle under which the light
rays are diffracted. Under a given angle θ, the resulting amplitude A(θ) of the light
wave is then given by the magnitude of the vector sum (2.6).
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A(θ) = |
N∑
i=1

~ai(θ)| (2.6)

The diffracted intensity I in direction θ then equals the square of A(θ).

I(θ) = A2(θ) (2.7)

In function of the diffraction angle θ, we calculate the vector sum (2.6) by integrating
numerically the contributions of all vectors, taking the phase difference between each
contribution into account. As we are only dealing with a one dimensional problem
(cylindrical lens), instead of two dimensional integrations as with circular lenses, the
calculations are not too elaborate.

Figure 2.2(a) shows the result of this calculation when using a homogeneous illu-
mination profile: as is to be expected, the intensity profile shows the well known
sinc2 pattern (2.3), and first order minima with intensity equal to zero are obtained.
The full width half max (fwhm) of this curve is 1.26µm when using a lens width
W = 30mm and a focal distance f = 80mm, as in our setup (section 2.4). Figure
2.2(b) shows the result of the calculation for a Gaussian illumination profile: the side
lobes have disappeared, and the central maximum is a bit broader and Gaussian, with
fwhm equal to 1.79µm.

In reality, the illuminating beam will never have a perfectly homogeneous intensity
profile nor a fully Gaussian profile, as it is part of an expanded laser beam. Homoge-
neous illumination can be approached, using a highly truncated Gaussian. In figure
2.2(c), we show the result from our calculations for a truncation factor of T = 1,
which approximately corresponds to the factor used in our practical setup later on
(T ≈ 28mm

30mm
≈ 1, (2.4). One sees that small side lobes are again present, and the

fwhm of the central maximum, is 1.46µm, approximately the same as in the case
of homogeneous illumination, cf. figure 2.2(a). Changing the truncation factor to
obtain even more homogeneity in the illumination profile decreases the width of the
central maximum only a tiny bit, while a very large beam expander would be needed
and much laser power would be lost.

To determine the slicing thickness of the sectioning plane, which for hr-opfos cor-
responds to the width of the intensity profile in the focus of the cylindrical lens, some
criterion has to be chosen. In the case of homogeneous illumination, one could use
the Rayleigh criterion, and estimate the focal thickness as the distance between the
central maximum and the first order minimum (= 1

2
d0). In the case of Gaussian il-
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Figure 2.2.: Theoretically calculated intensity profile at the focus by our cylindrical
lens (f = 80.0mm, Dlens = 30.0mm)
a) with homogeneous illumination (T = 20)
b) with Gaussian illumination (T = 2/π, 99%-criterion)
c) with truncated Gaussian illumination (T = 1).
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lumination, however, no minima are obtained. fwhm and the distance between the
maximal intensity and the 1/e2 intensity (= 1

2
d1/e2) are other criteria that are com-

monly used to specify the broadness of an intensity profile. An other way to specify
sectioning resolution, is to determine the distance over which the central intensity
peak needs to be translated so that the summation of the original and the translated
peak shows a modulation depth of for instance 10%: the 10% modulation transfer
function (10% mtf) criterion. The 1/e2 criterion corresponds to a modulation depth
of 26%.

The fwhm and the 1/e2 criterion deliver approximately the same values. From the
data shown in figure 2.2(c), we found 1.46µm and 1.17µm, respectively for fwhm
and 1/e2, using a slit width of 30mm, a laser wavelength of 532nm, a focal distance
of 80mm and a truncation factor of T = 1. These are the specifications used in
our practical setup. The 10% mtf criterion is more liberal, and delivers a value of
0.6µm in case of truncation T = 1. This criterion is often used by commercial
manufacturers of µct devices like SkyScan.

2.3. Specimen preparation

To apply opfos, the plane of laser light needs to pass through the object without scat-
tering or refraction, and the object needs to emit fluorescence light. Before opfos
measurements can be done, the specimen therefore needs to be decalcified, dehy-
drated, cleared, refractive index matched with surrounding fluid, and stained with a
fluorescent dye.

The technique of clearing biomedical specimens is well established: it was proposed
many years ago by Spalteholz [1911], and is well described in standard textbooks on
histological preparation techniques [Culling, 1974; Culling et al., 1985]. Because
of the interest of our research group in middle ear mechanics, we will use gerbil
ears as demonstration specimens. The ear canal of the gerbil is naturally stained
with pigment that absorbs the laser light, so as an extra step, the specimen is first
decolorised in a 5% solution of hydrogen-peroxide (H2O2).

In short, to apply the Spalteholz technique, the specimen is first decalcified in a wa-
ter solution of 10% edta (dihydrate ethylene-diamine-tetraacetic acid disodium salt,
C10H14O8N2Na2.2H2O). The process is much accelerated by exposing the speci-
men to low power microwave radiation [Giberson and Demaree, 1995; Tinling et al.,
2004]. After all calcium has been removed, which for a gerbil ear typically takes
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a few days using microwave acceleration, the ear is dehydrated in a graded series
of ethanol concentrations. Clearing is obtained by putting the object in gradually
climbing concentrations of Spalteholz fluid (methyl salicylate and benzyl benzoate)
in ethanol. At the end, the refractive index of the collagen that mainly constitutes
the specimen, is practically identical to the surrounding fluid, so that neither diffu-
sion nor refraction of light are present: the specimen is completely transparent in
the fluid. Then, the object is made fluorescent by putting it in Spalteholz fluid con-
taining a low concentration of fluorescent dye (5 × 10−4mg/ml of rhodamine b,
absorption-emission 543-570nm) [Voie, 2003].

For test measurements, we use a phantom object made out of fluorescent plastic. We
prepared the object with polymethylmetacrylate (batson, Monomer Base Solution,
PolySciences Inc.). A soluble fluorescent dye (dfsb-k44-50, RiskReactor) is dis-
solved in the monomer, a catalyst is added, and a glass capillary is filled with this
fluid. After polymerization, the glass is shattered, leaving a fluorescent plastic rod
of about 0.7mm diameter. To obtain a surface showing lots of small detail the rod is
cut with a scalpel knife, under an angle of approximately 45 degrees. This plastic rod
is transparent, so the laser light can pass through it, and it emits fluorescence light.
Thus, we have prepared a test sample that is compatible with the opfos-technique.
To avoid effects of light refraction, the rod is submerged in paraffin oil, which has
a refractive index of 1.480, a relatively good match to the refractive index of poly-
methylmetacrylate, which is in the order of n = 1.504.

2.4. Optical setup

Figure 2.3 shows the schematic layout of our setup. The object is illuminated by a
XY sheet of laser light traveling along theX-axis, and the fluorescence light emitted
along the Z-axis is used for imaging. Images of virtual slices in the XY -plane will
thus be recorded, and by translating the object along the Z-axis, 3-d information is
obtained as subsequent section images.

The beam of the laser is spatially filtered and expanded to a diameter of about 28mm

(1/e2 diameter) with a Keplerian beam expander (be). Next, the beam is passed
through a field stop (fs) so that along the Y -axis the object is only illuminated over
the zone that will be imaged, thus avoiding spurious scattered light and unneces-
sary bleaching. The expanded laser beam is then focused in the Z-dimension by a
cylindrical lens (cl), to form a line of focused light along the Y -axis.
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Figure 2.3.: Schematic drawing of the hr-opfos setup: Light from a green (gl) or blue
laser (bl) passes through a Keplerian beam expander (be) with spatial filter, a field stop
(fs) and a cylindrical achromat (cl) that focuses the laser along one dimension within
the transparent and fluorescent object (o). A two-axis motorized object translation stage
(ots) allows scanning of the specimen. The fluorescence light emitted by the object,
is projected onto a ccd-camera by a microscope objective lens (ol) with color filter in
front. The focusing translation stage (fts) is used to make the objective lens focal plane
coincide with the laser focus.

As discussed in section 2.2, we get a hyperbolic light pattern with its minor axis
along the X-axis, and focused along its major axis which is the Z-axis. Along the
Y -axis the pattern is constant. The cl is mounted on a two-axis tilting stage, so that
the focal line can be exactly aligned with the Y -axis. The pixel columns of the ccd
camera also coincide with the Y -direction.

The object ismounted on an object translation stage (ots) withmotorizedmovements
along theX- andZ-axis, and manual adjustment along the Y -axis. The fluorescence
light is imaged by a microscope objective lens (ol) onto the imaging target of the
camera (ccd). The object is placed in an open container filled with Spalteholz fluid.
To suppress scattered laser light, a color filter is placed before the objective lens. The
ccd camera is mounted on a focusing translation stage (fts) which allows to adjust
the focal plane of the objective lens with the XY -plane.
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As our laser source, we use a green frequency doubled Nd:YVO4 neodymium-laser
(model dpgl-2050, Suwtech) with an emission wavelength of 532nm and 52mW

maximal power. For most recordings, a power of 20mW is more than adequate.

Commercially available cylindrical lenses are singlets, so diffraction limited focus is
only approximated for very small numerical apertures. For hr-opfos, it is imperative
to realize an extremely thin line of laser light. We therefore designed a cylindrical
achromat lens of 30 × 30mm, and 80mm focal length, which was custom made
(LiteTec Ltd., Essex, uk). Theoretically, with such a large aperture lens, the thick-
ness of the focal spot (here: focal line) could be reduced to d0 < 2.8µm (cylindrical
lens with homogeneous illumination, d0 = 2 fλ

Dlens
), and this focus will also only be

maintained over a small zone of a few micrometers along the X-axis. In that case,
the image has to be formed by recording one image line at a time while scanning the
object through this focal line.

In practice, lens aberration puts a limit to the useful numerical aperture. In the results
section 2.5.1, we will describe how we measure the actual thickness of the focus,
and the distance along the X-axis over which this thickness is maintained. As in
practice, where the best focus is maintained over a small object zone along the X-
axis, we can record several vertical pixel lines (a strip) at once, still with the best
thickness resolution, and move the object between subsequent recordings along the
X-axis over discrete steps with the size of this focal width. By doing so, the speed
of the imaging process is improved manifold without compromising on sectioning
resolution. As in our technique slicing thickness remains constant over a scan, there
is no theoretical limit to the width of the objects that can be measured.

The object is placed in refractive index matching fluid (again Spalteholz fluid), in
a glass container that has optical quality windows on the laser and ccd side, and
which is open at the top. The object is introduced into the liquid from the top side of
the container and is held in place by a rod connected to the three-axis object trans-
lation stage. Rotation and tilting of the rod allows us to position the object in any
desired slicing direction. Along the Y -axis, a stage with manual adjustment allows
us to bring a region of interest of the object in the view of the camera. Along theX-
and Z-directions, the translations are motorized using two stacked high-precision
dc-motor driven translation stages with position encoders (m112.1 High-Resolution
Micro-Translation Stage with c862 Mercury II dc-Motor Controller, pi). The trans-
lation stage along theX-axis is used to scan the object in one virtual section, the mo-
tor along the Z-axis is used to translate the object between subsequent sectionings.
Prior to scanning, both motors are used to choose the roi along the X- and Z-axis.
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The motorized translation stages have an absolute positioning accuracy of 7nm.
The object translation and the image acquisition are controlled from a custom-made
graphical user interface written inMatlab r14 (TheMathWorks Inc.), which also
allows to set all camera parameters, translation distances etc.

For an objective lens, we use long working distance microscope objectives of diffrac-
tion limited quality and with good numerical aperture (Mitutoyo m Plan apo ×5

na = 0.14,×10 na = 0.28). The images are recorded with a FireWire ccd-camera
(fo442bic, FOculus) with 1280 columns by 960 rows of square pixels of 6.4µm

wide. In hr-opfos, a line scan camera could also be used if we scan the object im-
age line by image line. As the minimum in focal thickness is maintained over a width
of several image lines (cf. section 2.5.1), we prefer to record and extract these sets
of lines at once from a 2-d ccd pixel array. Moreover, such a camera can show a
whole 2-d fluorescent slice in real-time: only in the center columns of the image is
the high resolution sectioning-thickness obtained and becomes increasingly blurred
at the edges of the image, but the resolution suffices for positioning the object in
the setup. For measuring purposes, only the center image strip with high slicing
resolution is recorded, cf. figure 2.12.

The rate at which image strips can be gathered depends on laser power and object
fluorescence. As we show in section 2.5.1, the minimal focal thickness is maintained
over 7.7µm. In case of our×10 imaging lens with object pixel size 0.75µm, we can
therefore record 10 adjacent pixel columns from the 2-d array, and 5 pixel lines when
using the ×5 lens. Recording a strip of respectively 10 or 5 pixel lines, takes about
20ms (displacement, exposure time, data-transmission and data-storage included).
Hence, recording an entire 1000 pixel columns wide image, takes only about 20 to
40 seconds. In Y -direction image size is limited by the magnification of the imaging
lens, the number of pixels on the ccd columns, the height of the cylindrical lens
and laser plane, and by the image field of the microscope objective. In our case,
the cylindrical lens is 30mm high, so this delivers no limitation. We use a ccd that
can record an image height of 1280 pixels. With the ×5 microscope objective, this
results in an imaging height (in object space) of 1.92mm. With 8k and even 16k
pixel line scans cameras becoming readily available, hr-opfos could image large
object zones with the same high resolution, provided of course that the objective
lens allows such wide field of view. The main obstacle when using line cameras is
the lack of real-time 2-d images when positioning the object.

The recorded image need not be isometric: theoretically there is no limit to the image
width along theX-axis. In practice, of course, absorption and some remaining scat-
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tering could limit the distance over which the laser light can penetrate a large object.
Along the Y -axis objects can be measured in several horizontal bands, by changing
the vertical position using the third (manual) translation stage along the Y -axis. The
ultimate limitation is the data stack, which becomes huge when imaging large 3-d
objects with such high resolution.

To obtain high speed scanning along the X-axis, it is imperative to move the object
within the liquid. If the object is kept still, both the cylindrical lens, the fluid con-
tainer and the camera would need to be moved synchronously, and then stopped to
make a recording. Starting and stopping such a large mass with micrometer accuracy
is nearly impossible to combine with fast scanning. For scanning along the Z-axis
we also chose to move the object, rather than the camera, because in this way the op-
tical pathway in the refractive index matching fluid remains the same for all Z-slices,
thus avoiding the need of an additional motorized focusing stage for the camera.

The adjustment procedure of the optics is not trivial, as the focal line needs to be
aligned exactly with the ccd in all three dimensions, and needs to coincide with
the center of the image. However, once the focal line is perfectly aligned with the
camera plane and with the central pixel column, and the camera is focused to the
depth position of this line within the index matching fluid, the setup calibration is
maintained indefinitely: as only the object with the same refraction index will be
moving within the fluid, the optical path length between the object section plane and
image plane remains constant. To make a measurement, one only needs to introduce
the object in the fluid and position it so that the region of interest is sectioned by the
focus line.

2.5. Results

2.5.1. Resolution measurements

In-plane resolution and in-plane image size

The in-plane resolving power of the ×5 (na = 0.14) objective is 2µm, for the ×10

(na = 0.28) objective this is 1µm. We are using a ccd with 1280 × 960 pixels on
a camera target of 9.6 × 7.2mm, so the pixel size in object space is 1.5µm for the
×5 objective and 0.75µm for the ×10. As the optical resolving power is lower than
the pixel resolution, lateral resolution in the object plane will be nearly diffraction-
limited: 2µm for the ×5 and 1µm for the ×10 imaging objective.
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We verified the resolution with a 1951 usaf Glass Slide Resolution Target, and the
expected details are indeed resolved. With the chosen objectives, optical resolution
and ccd resolution are nearly matched. In principle, the pixelation in object space
should be 1µm for the ×5 and 0.5µm for the ×10 objective, in order to fully meet
the Nyquist criterion. It is however also important to limit the number of pixels, as
we are recording large stacks of large images that results in huge data volumes.

As our camera has 1280 pixels along the Y -direction, object height that can be im-
aged (in one scan) is limited to 1.921mmwhen using the×5 objective, half with the
×10 objective. Along the X-axis, there is no theoretical limitation to the width of
objects that can be measured, albeit that absorption of laser light and some remaining
scattering limit the scan size to about 10mm, depending on object properties.

Thickness of the virtual slicing

The slicing thickness, or axial resolution, is determined by the thickness along the
Z-axis of the zone of least confusion to which the laser light can be focused. As we
explained in the theoretical section 2.2, this focus is in principle diffraction limited,
and the smallest width (1/e2) is obtained when the aperture of the cylindrical lens
is filled with a homogeneous intensity profile. A truncated Gaussian with T = 1

gives a slightly thicker focus, but reduces side lobes that otherwise also contribute
to image blurring.

In practice, the illumination profile will indeed not be perfectly homogeneous nor
purely Gaussian, but it will be a truncated Gaussian. More importantly, the real
focal thickness will also be limited by remaining lens aberrations. Therefore, we
devised a technique to measure the actual focal thickness, rather than just use the
calculated profile.

To visualize the focal pattern, the converging beam of laser light is directed through
a thin layer of fluorescent fluid which is placed in the XZ-plane. The layer itself
is formed by dissolving rhodamine b in glycerin, and putting this fluid between two
microscope object glasses. When viewed from the top by a camera with its imaging
axis placed along the Y -direction, one sees the actual focal pattern that is formed by
the cylindrical lens, cf. figure 2.4(a). Figure 2.4(b) shows a set of intensity profiles
taken near the center of this pattern: one sees that intensity reaches a peak at theX-
position where the best focus is reached. At this position, we record our hr-opfos
image columns. From the intensity plots in figure 2.4(b), we determined that the
finest focal thickness is maintained over a zone of 7.7µm. So, the step size for X-
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scanning, and the number of image lines we can record in a single step, is more than
only one pixel line. We can use a scanning step of 5 pixel columns of 1.5µm when
using a ×5 objective and 10 pixel columns of 0.75µm when using a ×10 objective.

Figure 2.4.: a) When a thin fluorescent layer is placed in the XZ-plane, the focusing
pattern of the cylindrical lens is seen from the Y -direction. The layer is formed by
putting fluorescent fluid between two microscope glasses.
b) Intensity profiles along the Z-axis, taken at 1.1µm steps along the pattern in a) near
the point of best focus. This best focus is maintained over 7.7µm and has a fwhm of
2.6µm.

From the intensity profiles, we can also estimate the slicing thickness or axial res-
olution along Z: the fwhm of the intensity profile was found to be 2.6µm, and the
distance from the center to the 1/e2 intensity is measured to be 3.25µm. The 10%

mtf criterion delivers a slicing resolution of 1.7µm.

Test object

To demonstrate the imaging quality of our setup, we compare the results obtained on
a custom made test object to high resolution images recorded with scanning electron
microscopy (sem). As test object, we used the thin rod of polymethylmetacrylate
that we described in section 2.3. We use such a phantom, because it is compatible
with opfos-imaging and can be prepared for sem without inducing shape artifacts.
As sem only shows the object surface, we can of course only compare surface shape,
not internal tomographic information.
For the hr-opfos measurement, the rod is submerged in paraffin oil to obtain a
(nearly) matched refractive index. From the hr-opfos slice images, a 3-d model
of the object surface shape is reconstructed using segmentation software. The mea-
surement was performed with the ×10 objective and a slicing step of 2µm. The
voxels of the model in figure 2.5(b) have a geometry of 0.75× 0.75× 2µm.
.
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Figure 2.5.: a) sem surface recording of a small plastic rod, cut at a 45 degree angle.
b) Corresponding view on the 3-d model obtained from measurements with hr-opfos
(voxels: 0.75 × 0.75 × 2µm, lateral resolution is 1µm, axial resolution is 2µm).
Arrows indicate some fine details found in both recordings.

Next, the object is carefully cleaned and prepared for sem by depositing a gold layer
of a few nanometers. Figure 2.5(a) shows a sem (nova Nanolab 400, fei-Philips)
recording of the surface of the plastic rod. Figure 2.5(b) shows a corresponding
view on the 3-d model, reconstructed from the opfos data. Of course, sem offers
higher resolution than any optical technique, but this reference measurement shows
that even the fine surface details are reconstructed from our optical recordings, as
indicated with the arrows in the figures. The sem picture only contains a single
view on the surface, while our technique delivers an entire quantitative 3-d model,
which can be viewed from any angle. From this comparison result, we can already
conclude that object details on the order of a few micrometers are indeed resolved
by our system.

Axial extent of the point-spread function

In the above, we showed that the laser light is focused down to a fwhm thickness of
less than 2.6µm. A good approach to determine the resolution of 3-d microscopy
techniques, is to measure the point-spread function (psf) in three dimensions. This
can be done by use of fluorescent microspheres with dimensions significantly smaller
than the resolution, so the bead can be regarded as a point source. As the micro-
sphere acts as a point source, no deconvolution is necessary and the obtained 3-d
image directly gives the extent of the psf along all three dimensions. We used fluo-
rescent microscopic beads of 200nm (PolySciences Inc.) randomly distributed in
agarose. With our ×10 imaging lens, we get image pixels of 0.75µm in the X- and
Y -directions. We recorded an hr-opfos-dataset of these beads, with a slicing step
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of 0.2µm, and then computationally resectioned the data of a bead in the XZ- and
Y Z-plane. Figure 2.6 shows the image of the psf we obtained in theXY -,XZ- and
Y Z-planes. From figure 2.6(a), you can clearly see that the psf is about 2 pixels or
1.5µm, which is to be expected as the in-plane resolution of the ×10 objective is
1µm. When we create section images alongXZ or Y Z, cf. figures 2.6(b,c), we can
plot the intensity profile of a bead image along the Z-axis: the psf profile shows a
fwhm of 2.3µm. Using the 1/e2 Rayleigh and 10% mtf criterion, a width of respec-
tively 2.1µm and 2µm are obtained, thus confirming that image points with 2µm

separation along the Z-axis can be resolved, and that our system has a 2µm slicing
resolution.
.

Figure 2.6.: Images from an hr-opfos dataset (obtained on 200nm fluorescent beads
in agarose) show the shape of the psf in three dimensions. The data was recorded in the
XY -plane (pixel size 0.75 × 0.75µm) and with Z-steps of 0.2µm. Due to the high
axial resolution of hr-opfos, the psf of the beads is only slightly elongated along Z.

Practical slicing resolution

If the dynamic range of the detector would be infinite and the signal-to-noise ratio
(snr) would be perfect, two slices however close apart would still result in different
image content. Such condition is however impossible in practice: in our case the
dynamic range is 12-bit, and even in the best systems snr is never infinite. There-
fore, gray scale difference between two subsequent slices needs to be above a certain
threshold before differences can be seen, however small the psf may be. Three-
dimensional imaging is indeed in fact described in four dimensions, dynamic range
of the voxel gray scales being the fourth dimension: if the difference in gray value
between two adjacent voxels is less than one gray scale step of the imaging system,
no difference will be seen although spatial resolution may be high enough to dis-
criminate between the two adjacent object points.
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Figure 2.7.: a) High resolution section image obtained with hr-opfos in gerbil right
middle ear specimen.
b) Result of subtracting two subsequent slices, recorded at 2µm depth difference. The
objects are bordered by light and/or dark fringes, which shows that both images contain
significantly different information.
c) Intensity profile through the subtraction image, along the line indicated in b. The
differences as result of changes in object size and location clearly surpass noise level,
not only at the center but also at the edges of the image.

To test if we actually obtain in a realistic measurement situation the high resolution
that we determined in section 2.5.1, we recorded two hr-opfos sections at an (in-
ter)section distance of 2µm within a specimen of a gerbil middle ear. Figure 2.7(a)
shows a band of the first slice: you already see that good image quality is maintained
over the entire image width (X-axis). To save space in the figure, we only show a
limited band of the image along the Y -axis. Figure 2.7(b) shows the result of sub-
tracting the two subsequent slice images, and figure 2.7(c) shows an intensity profile
through this difference image. In the difference image, gray is used to display zero
intensity difference, white displays positive difference and black displays a negative
difference. From figure 2.7(b) you see that the image content is significantly different
between the subsequent slices: object components that have slightly different shape
or position in the two slices, are clearly bordered by white and/or black fringes.
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This shows that the small changes in object shape and location between two slices
2µm apart are indeed resolved by our hr-opfos-system. Figure 2.7(c) shows that
the differences between the two images clearly surpass noise level, not only at the
center but also at the edges of the image. Hence, we conclude that 2µm slicing is a
justified Z-displacement step, which we will use to perform 3-d scans.

To demonstrate the high resolution capabilities of opfos along all three dimensions,
figure 2.8 shows section images along three orthogonal planes, obtained from one
three-dimensional data stack. An original hr-opfos dataset was recorded in 435
slices of 1280 × 1280 pixels, separated 2µm apart along the Z-axis. The recorded
slices are made in the XY -plane and slice images in XZ and Y Z are obtained by
computationally resectioning the dataset. As our technique has nearly isometric res-
olution along all three dimensions, the images reconstructed in each plane are of
comparable quality.

Figure 2.8.: An hr-opfos dataset, consisting of 435 slices (1280 × 1280 pixels in the
XY -plane) separated 2µm apart, is computationally resectioned to theXZ- and Y Z-
plane. Enlarged parts of the slices in all three planes through the object are shown. As
our technique has nearly isometric resolution along all three dimensions, the images
reconstructed in each plane are of comparable quality.
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2.5.2. Application example

Sections

As an example of a biomedical specimen, we used temporal bones of adult gerbils,
which were prepared as explained in section 2.3. In figure 2.9, one sees an example
of an extensive scan through the right middle ear, recorded with the ×10 objective:
the picture is 1280× 2500 pixels of size 0.75µm, or 0.96mm by 1.88mm. In plane
resolution of this picture is 1µm and the axial slicing thickness or depth resolution
is 2µm, as demonstrated in section 2.5.1. Histological details can clearly be distin-
guished, such as calcified cartilage in the hollow head of the stapes, a channel within
the lenticular process of the incus, the thin footplate of the stapes and the annular
ligament around it, and the articulation between incus and stapes. When looking at
the histological details in the picture, one sees that our hr-opfos method delivers
constant image quality in the center as well as at the edges of the image. With con-
ventional opfos, slicing thickness (and thus image blurring) is fivefold at the center
of the image, and becomes even larger at the edges (by the laser focus hyperbola).

Another demonstration of the histological quality of hr-opfos images, is demon-
strated in figure 2.10, where a section through the gerbil cochlea is shown. Without
further image processing, the basilar and the extremely thin Reissner’s membrane
are distinguishable, as well as blood vessels and detailed structures of the modiolus
and cochlear nerve. This picture has 1280×1700 pixels of size 1.5µm (×5 objective
was used) and a lateral and axial resolution of 2µm.

In figure 2.11, we compare a hr-opfos section image of a gerbil stapes, cf. figure
2.11(a), to a µct result, cf. figure 2.11(b), obtained in approximately the same orien-
tation. The µct image originates from back-projection of an entire dataset recorded
by Gea et al. [2005]. To obtain highest resolution in the ct image, roi scanning
was applied, which reduces pixel size but induces image noise. In figure 2.11(b),
the blood vessel between the crura gives poor contrast, and histological detail within
the bone can not be seen. The ct-image shown, is the best we could obtain with all
parameters optimized, and according to the SkyScan manufacturer’s specifications
the resolution is 8µm with voxels of 5.5 × 5.5 × 5.5µm when using a SkyScan
1072 ct-microtomograph. Image acquisition and reconstruction of a cross section
took several hours. The hr-opfos image of figure 2.9 (detail in figure 2.11(b)) was
recorded in 50 seconds (neglecting the time for specimen preparation).

Our device can work in opfos and hr-opfos mode. The latter achieves better reso-
lution which is maintained over its entire image field, illustrated in figure 2.12.

- 94 -



2.5 Results

Figure 2.9.: Scan of 1280× 2500 pixels (0.96× 1.88mm) through right gerbil stapes.
Many anatomical and histological details are seen: 1) channels within the incus, 2)
incus, 3) lenticular process, 4) articulation, 5) calcified cartilage within stapes head,
6) stapedial artery through the crura, 7) stapes footplate, 8) footplate annular ligament.
Lateral resolution 1µm, axial resolution 2µm.

Figure 2.10.: Scan of 1280× 1700 pixels (1.92× 2.55mm) of a right gerbil cochlea:
1) scala tympani, 2) basilar membrane, 3) cochlear duct or scala media, 4) Reissner’s
membrane, 5) scala vestibuli, 6) modiolus nerve, 7) blood vessels. Lateral and axial
resolution 2µm.
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Figure 2.11.: a) hr-opfos image of a gerbil stapes. Pixel size is 0.75×0.75µm, lateral
resolution is 1µm, and axial resolution is 2µm.
b) Quality image obtained with µct-tomographic device (SkyScan 1072) of a gerbil
stapes in a comparable orientation, after back-projection of an entire data-set recorded
over several hours. Pixel size is 5.5×5.5µm, and the resolving power is 8µm according
to the manufacturer.

Figure 2.12.: a) Part of an opfos section image near its edge. The hyperbolic widening
of the focus and sheet incorporates data from other depths, making the image unsharp.
b) hr-opfos mode maintains the same quality and sharpness near the image edge.

3-D reconstruction

In figure 2.13, we show a view on a 3-d reconstructed model of the right middle ear
of gerbil. Not only bone is visualized, as in ct, but since soft tissue delivers good
contrast as well, it can be segmented and reconstructed with the same resolution as
bone. The stapedial artery (common in gerbils) which in gerbil goes through the
crura of the stapes, for instance, can hardly be detected in a µct recording, but it
is perfectly reconstructible from hr-opfos images. Also the stapedial muscle and
tendon attached at the stapes head are shown in 3-d.
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Figure 2.13.: 3-d model of the stapes and adjacent soft tissue structures, reconstructed
from a set of hr-opfos virtual slices, showing bony structures as well as soft tissue
(voxels: 1.5×1.5×2µm). 1) incus, 2) stapes, 3) stapedial artery, 4) stapedius muscle.

In hr-opfos, the axial resolution (2µm) is much more adapted to the lateral resolu-
tion (2 × 2µm or 1 × 1µm), resulting in an overall spatial resolution, given by the
geometric mean, of respectively 2µm and 1.82µm. The voxels of this 3-d hr-opfos
model are 1.5× 1.5× 2µm.

2.6. Discussion

Established techniques such asmri, ct, oct, cm and physical sectioning all have their
specific advantages and disadvantages to image 3-d structure of biomedical speci-
mens with high resolution. hr-opfos will in no way compete with these techniques
for many applications, mainly due to the specimen preparation which is needed, but
in specific fields it can be used to obtain very high resolution 3-d image information
in a short measurement time. Moreover, the property of opfos to image bone as well
as soft tissue, situates the technique in a gap poorly covered by some other imaging
techniques. Also, as no light originates from outside the focal region, the resulting
images contain no out-of-focus illumination component. Specimen preparation is
elaborate, but once the specimen is ready, virtual slicing can be repeated along any
axis of interest in nearly real-time, and at depths of several millimeters. As opposed
to conventional opfos, our hr-opfos technique delivers constant slicing thickness
over the entire specimen width, and resolution is improved by a factor of at least 5.
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From our theoretical calculations, we find a fwhm of 1.5µm for the thickness of the
laser focal line. Measurement of the actual profile shows a fwhm of 2.6µm and of
2.3µm for the psf along Z, which is a lot more than the theoretical prediction. The
differencemay be attributed to remaining lens aberrations and small inhomogeneities
of refractive index in the immersion fluid. Using the 2µm width along Z (10%

mtf criterion) of the psf of point-source fluorescent beads as Z-displacement step
distance, clearly show new information content in the subtraction image.

cm devices have a better lateral and axial resolution of course, but a major advantage
of (hr-)opfos is the large imaging penetration depth of the technique, as no high
numerical aperture objective lens is needed to obtain good depth resolution. This
large imaging depth can of course only be achieved in cleared specimens. Imaging
can easily be performed at penetration depths of 5mm, while cm is limited to a
few hundred micrometers due to the small working distance of the objective lens
[Olympus FluoView;MicroscopyU; Hell, 2003; Zipfel et al., 2003].

An alternative for the specific application areas of (hr-)opfos, may be optical pro-
jection tomography which was recently introduced by Sharpe et al. [2002]. In opt,
light is projected through a cleared and refractive index matched object (as in opfos),
and volume absorption or emission images are recorded under many different angles.
In comparison to opt, opfos has the disadvantage that only fluorescent specimens
can be imaged, while opt can be used in so called bright field mode to obtain images
formed by absorption of light in the specimen. A major advantage of opfos over opt
is the fact that opfos does not need a back-projection algorithm, and virtual slices
are seen in nearly real-time. Moreover, the specimen can easily be re-measured in
any slicing direction, if for instance zones with low transparency are present that
obscure optical transmission. In opt, light has to be able to pass through the entire
object in all directions, in order to get valid back-projection data, and the whole of
the object needs to fit in the imaging volume, as in any ct technique. This results in
a reciprocal relationship between resolution and overall object size. hr-opfos allows
high resolution roi scanning of small details within a much larger object, the only
limitation being that the object should not absorb too much light. From data pre-
sented in papers on opt, one can estimate that the resolution is in the range of more
than 10µm, but no resolution tests were presented. Also in the recent presentation of
commercial implications of opt, [BiOPTonics], the manufacturer remains obscure
when it comes to specifying resolution. In a recent paper by Kerwin et al. [2004], a
resolution of 20µm for opt is stated, which is indeed what is to be expected for an
optical technique which, in its nature, inherently uses low numerical apertures.

- 98 -



2.7 Conclusion

In the paper on spim by Huisken et al. [2004], a slicing resolution of 6µm is men-
tioned, without presentation of objective resolution measurements. As spim is es-
sentially the same as conventional opfos, slicing resolution drops to the sides of a
section. The authors demonstrated spim on very small objects so that they would
obtain this good slicing thickness. They also work on specimens which possess
natural transparency, so clearing is not necessary and in vivo imaging is possible.
hr-opfos allows better resolution and the same possibilities, not only in small but
also in large(r) objects.

In the present work, we only show images of a specimen stained with a single flu-
orescent dye, so that all material of the specimen fluoresces in the same color. We
do not have the techniques at hand to apply functional staining, but in principle hr-
opfos is perfectly suitable for use with different dyes that stain different tissue types,
just like in fluorescent confocal microscopy. Even more advanced staining methods,
such as immuno-histology techniques, can in principle be combined with our tech-
nique. With a resolution better than 2µm along the three spatial dimensions and its
non-destructive nature, combination with functional staining can make hr-opfos a
valuable addition to conventional histological microscopy, when 3-d information is
needed.

2.7. Conclusion

We introduce a high resolution optical method, hr-opfos, which allows us to gener-
ate images of virtual sections through biomedical specimens. From these sections,
full 3-d shape data are obtained. Despite conceptual simplicity, hr-opfos generates
high resolution section images of bone as well as soft tissue, in nearly real-time and
under a variety of orientations. On the basis of quantitative resolutionmeasurements,
we demonstrated that image voxels are generated with a resolution better than 2µm

in the slicing direction, and down to 1µm in the slicing plane. Slicing thickness is
independent of object or image size, and high axial resolution is maintained over the
entire width of the image. Specimens need to be cleared, refractive index matched
and stained, but for many biomedical applications this standard specimen prepara-
tion technique can be applied. Virtual sections are obtained very fast, without the
need of (back-projection) calculations, and a region-of-interest can be imaged with
high resolution within a much larger specimen. Hence, our technique fills a gap not
yet covered by existing imaging techniques.
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Chapter 3
Complete morphological model of the

gerbil middle and inner ear

Abstract

Finite element modeling of the middle ear is an established method to simulate
and understand its complex behavior. In order to improve the realism of these sim-
ulations, correct and complete morphological data are needed as input for these
calculations. We aim to provide a full 3-d model by merging data from two differ-
ent techniques. Three-dimensional data from state-of-the-art high-resolution µct
recordings on gerbil are combined with data from high-resolution orthogonal-plane
fluorescence optical-sectioning microscopy on the same specimens. The new µct
setup yields accurate data on the three-dimensional shape of the bulla, ossicles and
bony labyrinth, while the hr-opfos data delivers virtual section images of both bone
and soft tissue structures. This results in a complete and high-resolution morpho-
logical model of all functional structures in the gerbil middle ear, including joint
clefts, ligaments and tendon. The actual method is described in detail and its use-
fulness illustrated with preliminary results obtained in gerbil.

This chapter has been submitted to Zoomorphology [A.14];
and the work was awarded best poster, category Science, at the memro2009 conference [F.5].
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3.1. Introduction

Although the middle ear (me) consists only of three ossicles, a tympanic membrane
(tm) and supporting tendon andmuscular structures, it is a quite complexmechanical
system which is far from understood. It transfers pressure waves in air to the fluid
of the middle ear with an incredible performance. Its behavior and fundamental
working principles are clearly too complicated to be understood intuitively.

Finite element modeling or fem has become an established numerical technique
to simulate me mechanics using differential equations [Funnell and Laszlo, 1978;
Ladak and Funnell, 1996; Koike et al., 2002; Elkhouri et al., 2006; Sun et al., 2002].
fem requires three-dimensional computer models built from a finite number of el-
ements, for instance tetrahedrons or hexahedrons, as input. To improve the realism
and usefulness of fem calculations, the input me geometry needs to incorporate all
exact shapes of the ossicles and suspensory structures. Up till now, however, rather
rudimentary or low-resolution models are used, due to limited capabilities of mea-
surement apparatus or limited computer power. Pioneering work in this field made
use of computer drawn geometrical shapes to represent the me malleus, incus and
stapes [Wada et al., 1992; Eiber and Freitag, 1999; Koike et al., 2002]. Some au-
thors used low-resolution or highly simplified shapes from medical X-ray computed
tomography, [Rodt et al., 2002; Lee et al., 2006a,b], or used dedicated µct devices
[Vogel, 1999; Decraemer et al., 2003; Elkhouri et al., 2006]. Other authors used
histological sectioning, [Ladak and Funnell, 1996; Sun et al., 2002], or magnetic
resonance microscopy (mrm) [Elkhouri et al., 2006]. The suspensory ligaments and
tendons are sometimes omitted, [Wada et al., 1992; Prendergast et al., 1999], or
often incorporated as simple geometrical objects such as cylinders or cones [Pren-
dergast et al., 1999; Beer et al., 1999; Koike et al., 2002; Sun et al., 2002; Lee et al.,
2006a,b]. As the computer calculating capacity has grown to a point where it can
manage large amounts of data, and as the scientific measurement apparatus is now
capable of achieving high resolution, the time has come to incorporate accurate and
complete morphological 3-d models of the middle ear in fem.

We aim to provide these high-quality models by combining data originating from
two totally different tomographic techniques. Recently developed µct tomographs
allow to obtain very precise data stacks on bony tissue structures, where previous
µct measurement of me only achieved modest resolution. We collaborated with the
Centre for X-ray Tomography at Ghent University (ugct) who developed an X-ray
microtomograph with physical resolution down to 2µm [Masschaele et al., 2007].
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Due to the low X-ray absorption of soft tissue, µct generates poor quality images of
me structures which do not contain calcium. Therefore, we combine this data with
data from another technique which does measure the soft tissue (and bone) in high
resolution. Orthogonal-plane fluorescence optical-sectioning or opfos microscopy
or tomography is a relatively new technique capable of imaging both the bone and
soft tissue at the same time [Voie et al., 1993; Buytaert and Dirckx, 2007a, 2009].
It is non-destructive and has both a high sectioning resolution and a high in-plane
resolution. There is no out-of-focus illumination. The technique does not make use
of back-projection algorithms, making data acquisition nearly real-time. Perfectly
aligned images of virtual cross sections are obtained, showing histological detail.

opfos needs, however, an elaborate specimen preparation, as it requires the speci-
mens to be perfectly transparent. Once this is achieved, a laser plane sections the
specimens and the omni-directional fluorescence originating from within the cross
section is recorded orthogonally with a recording device. The fluorescence itself
can be auto-fluorescence or provoked by a fluorescent dye applied to the specimen.
Thus, bone and soft tissue are both visualized at the same time.

The comparison with high resolution µct data which only images bone, allows us
to distinguish bone from other tissue in opfos data. Furthermore, the combination
or merging of the two, allows the completion of the me model and identification of
all functional components in the me individually. In this way, not only complete and
realistic 3-d models are created, but accurate quantitative data (volumes, distances,
dimensions) in 3-d will be available.

As gerbil is one of the standard laboratory animal models in fundamental hearing
research, we chose this species for our first model. The animal also has a relatively
largeme compared to its body size. Wewill demonstrate the usefulness of combining
these two methods with some preliminary results. Once finalized, the full gerbil me
model will be made freely available on a webpage for non-commercial purposes.

3.2. Methods

3.2.1. Dissection of the specimens

All animal manipulations in this work were preapproved by the Ethical committee
on Animal Experimentation of our institution (University of Antwerp, Belgium), and
was in accordance with Belgian legislation. No in-vivo tests were performed.
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We used 3 Mongolian gerbils (Meriones unguiculatus) aged between three and six
months. The animals were housed in cages with food and water ad libitum in the
animal facility at the University of Antwerp. The animals were euthanised using
carbon-dioxide, followed by decapitation. The temporal bones were isolated, and
dissected further till a clean bulla was obtained. During the harvesting of the bullas,
they were continuously moistened with mist from a ultrasonic humidifier (Bonaire
bt-204) to avoid dehydration. The dissected temporal bones were enclosed in sepa-
rate Eppendorf vials, together with a calibration object and a few droplets of physio-
logical fluid at the bottom to maintain a moist environment. In each ear canal a drop
of fluid was applied as well, trying to generate enough contrast to see the interface
of the tympanic membrane (tm) with the me cavity more clearly in µct recordings.

3.2.2. X-ray tomography

Because the opfos technique requires decalcification of the specimens, the X-ray
measurements were done first. The Eppendorf vials (made from polypropylene)
are almost X-ray transparent, and were scanned at the ct scanning facility of ugct
at Ghent University, using a micro-ct scanner of medium energy (up to 160 keV )
[Masschaele et al., 2007]. This custom-built scanner has a directional X-ray tube
allowing feature recognition down to 2µm. This high resolution can be achieved be-
cause of the stable setup, e.g. air-bearing rotation stage and powerful X-ray source
with small spot size. For each specimen a series of 1000 shadow projections of
1496×1880 pixels was recorded covering 360 degrees. Reconstruction of the tomo-
graphic data volume to serial sections was achieved using the back-projection algo-
rithms of the Octopus-package [Dierick et al., 2004; Vlassenbroeck et al., 2006], re-
sulting in 1000 reconstructed cross sections of 1496×1496 pixels. The reconstructed
slices have an isometric resolution of 8.5µm.

3.2.3. Optical tomography

To image soft tissue within the bulla we used the optical tomographic technique op-
fos. An extensive specimen preparation is required as the objects need to be entirely
transparent and refraction index matched. This is necessary to allow the laser sheet,
which virtually sections the objects, to pass trough the specimen without scattering
or refraction. First, calcium needs to be removed by a decalcification process using
edta and microwaves [Giberson and Demaree, 1995; Tinling et al., 2004], leaving
mainly the collagen matrix of bone. Next, the refraction index of the specimen needs
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to be identical to the surrounding fluid in which it is measured. This is achieved us-
ing the Spalteholz technique as used in histology [Spalteholz, 1911; Culling, 1974;
Culling et al., 1985]. Firstly, all water is removed by dehydration in an ethanol series.
Then, the specimen is treated with a series of increasing concentration of Spalteholz
fluid. Sometimes it is useful to apply staining with fluorescent dye, in our case rho-
damine b.

At the Lab of BioMedical Physics we constructed an improved opfos setupwhich can
obtain high resolutions in macroscopic specimens [Buytaert and Dirckx, 2007a,b,
2008; Hofman et al., 2008; Buytaert and Dirckx, 2009]. This high-resolution opfos
device can operate in the classic opfos mode and in hr-opfos mode, achieving in-
plane resolutions of 1µm and slicing resolutions down to 2µm. In high-resolution
mode, the specimen is line-scanned through the focus of the thin laser beam waist.
Recently we extended our setup with two-sided laser sheet illumination as proposed
by Huisken et al. [2007], shown in figures 1.9 and 3.1, to diminish typical opfos
stripe artifacts and improve the image quality in general [Buytaert and Dirckx, 2009].

(a) Topview (b) Sideview

Figure 3.1.: Drawing of our (hr-)opfos setup with bi-directional illumination.

All relevant me structures will be incorporated in our final model, and their specifi-
cations discussed. In this chapter, we focus on one specific structure to demonstrate
the valuable benefit of combining the two techniques and merging their data.

3.2.4. Segmentation

After obtaining object cross sections, from back projection calculations in the case of
µct and from direct recordings with opfos, we must identify or segment the relevant
structures in the images. In computer vision, segmentation refers to the process
of partitioning a digital image into multiple segments or sets of pixels. The goal
of segmentation is to simplify and/or change the representation of an image into
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something that is more meaningful and easier to analyze. Image segmentation is
typically used to locate objects boundaries, which in turn allows software to build
3-d surface meshes.

In our case, segmentation was donemanually for thousands of sections using the im-
age segmentation and three-dimensional surface generating software packageAmira
(Visage Imaging). Manual segmentation might seem primitive and reduce the res-
olution. Although a lot of experience and prior knowledge is required, manual seg-
mentation on soft tissue structures, however, is better than automated thresholding.

Eventually, we end up with triangular surface meshes.

3.3. Results

3.3.1. Resolution

In the case of µct of small specimens, the size of the X-ray point source and the
mechanical alignment of the specimen rotation stage are the main limiting factor on
the resolution.

Figure 3.2.: 2-d calculated cross sections from µct.
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In previous models, resolution was often specified in terms of the corresponding
ccd pixel size of the commercial device [Ladak and Funnell, 1996; Vogel, 1999;
Sun et al., 2002; Rodt et al., 2002; Decraemer et al., 2003; Elkhouri et al., 2006;
Lee et al., 2006a,b]. In reality, the actually obtained resolution and feature recogni-
tion often appeared exaggerated and much lower. In many publications, resolutions
claimed by commercial manufacturers are quoted, but images do not show the quality
one would expect to obtain if these resolutions were actually achieved. Our images
were measured in an experimental facility where effective physical resolution was
experimentally determined. In small objects, a 2µm resolution was attained. Our
resulting data and models are clearly of higher quality compared to previous work,
cf. figures 3.2, 3.4 and 3.5.

In the case of opfos measurements, the in-plane resolution (1µm) is determined
by the camera resolution and lens magnification. We record images of 1600×1200
pixels each with an object size of also 1µm. The axial resolution depends on the
slicing thickness of the laser sheet, which in hr-opfos mode can be 2µm [Buytaert
and Dirckx, 2007a]. The measurements here were done in opfos mode with overall
sheet thickness of 6.5µm to obtain similar resolution as in our µct data, delivering
the histological-like sections in figure 3.6.

3.3.2. Soft tissue structures in gerbil

Figure 3.3.: Overview of all relevant middle ear components (in human) with the ex-
ception of the tm and bulla.

To our knowledge, the exact shape of the soft tissue suspensions of the me has not yet
been used in modeling, partially because limited success has been achieved in mea-
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suring them. With opfos sectioning through the specimen we focus on the following
relevant and functional soft tissue structures in the me: stapedial annular ligament,
stapedial artery, stapedial muscle, posterior incudal ligament, mallear muscle, ante-
rior mallear ligament and chorda tympani, cf. figure 3.3. The success of our method
is demonstrated in section 3.3.5 on the posterior incudal ligament.

We noticed from real-time observations with the optical tomography technique (con-
firmed by visual inspection with an operation microscope) that in gerbil no superior
incudal and superior mallear ligament are present, while in human there are, cf. fig-
ure 3.3. Furthermore, in contrast to human, the stapedial artery is always present in
gerbil and runs through the crura of the stapes. We also found the chorda tympani
to be present in a special configuration in gerbil, and more tightly connected to the
ossicles than in human. The manubrium of the malleus is connected over its full
length with the tympanic membrane, while in human this is not the case. Finally, the
anterior malleal ligament might be more rigid or even bony than previously thought.

3.3.3. micro-CT result

The measuring and processing (segmentation and surface mesh generation with the
software package Amira) of the µct data has been completed for several bullae, cf.
figures 3.4 and 3.5. Although ourmain interest lays in theme, we also incorporated 3-
dmodels of the inner ear cochlea, modiolus and vestibular organ from the ct data, cf.
figure 3.5. Joint clefts of the incudostapedial and incudomalleal joint were obtained
as well from these recordings. Even the tympanic membrane shape was acquired
(with difficulty) from µct by putting fluid for contrast in the ear canal. Thus, only the
boundary outline of the tm and me cavity was retrieved, so its thickness distribution
is not yet accurate. In the future, we will measure and include this membrane through
other techniques.

3.3.4. HR-OPFOS result

The opfos data has been measured on the same specimens, and we focused on all me
tendon and ligaments so their high-resolution shapes complement the µct data on
bone. All data has been processed in the mean time, however, merging with the µct
data was not completed at the moment of printing. Some 2-d optical section images
are shown in figure 3.6, and a first 3-d model on the posterior incudal ligament of
one animal was finished and is shown in figures 3.7(f) and 3.7(g).
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3.3 Results

Figure 3.4.: 3-d representations of functionally segmented µct data:
high quality model of gerbil #1 ossicular chain and tm.

Figure 3.5.: 3-d representations of functionally segmented µct data:
high quality middle and inner ear model from gerbil #2.
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(a) Tensor tympani tendon reaching down
towards malleus.

(b) Incudomallear and incudostapedial
articulation.

Figure 3.6.: 2-d virtual cross sections from opfos.

3.3.5. Merger result

As previously stated, the merging towards a complete model is still ongoing. But
the benefit and usefulness of merging both techniques is, however, already clearly
demonstrated in figure 3.7. Comparison between the images of both techniques
shows the value of their combination and gives a proof of concept of our method-
ology. Notice how the µct section image, cf. figure 3.7(d), and the picture of the
3-d reconstruction, cf. figure 3.7(e), show no trace of the posterior incudal ligament
with conventional X-ray ct. The opfos sections and models clearly do image this
soft tissue.

3.4. Conclusion

Accurate and morphological computer models of the middle ear functional compo-
nents, both bone and soft tissue, are indispensable to improve accuracy and realism
of finite element modeling.

We are developing a state-of-the-art high-resolution model by merging the data from
two different techniques: a newly developed µct device is dedicated to the ossicles,
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(a) Gerbil #1 opfos cross sec-
tion.

(b) Gerbil #2 opfos cross sec-
tion.

(c) Gerbil #2 opfos cross sec-
tion.

(d) Gerbil #1 µct cross sec-
tion similar to (a).

(e) 3-d µct model of the incus
short process.

(f) Gerbil#1 3-d opfosmodel
of the incus tip.

(g) 3-d opfos model of incus short process, posterior incudal ligament and
the bulla wall.

Figure 3.7.: Comparison between the two techniques: The posterior incudal ligament
is clearly imaged with opfos in (a),(b),(c) and (f),while in µct recordings it is entirely
missing, cf. (d) and (e). Merging of both will deliver the full picture.

- 111 -



Chapter 3: Complete morphological gerbil ear model

bulla and other bony structures, while a recent optical tomography technique called
(hr-)opfos is used to measure the soft tissue part of the model. In this chapter, we
showed that the combination of both technique delivers an unprecedented quality
and completeness of the models. Quantitative three-dimensional data will thus be-
come available on all functional components. Once finalized, these models will be
published and made freely available for educational and research purposes on the
website of the Laboratory of BioMedical Physics group.
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Chapter 4
Additional applications of the

optical-sectioning technique

Abstract

During the course of my Ph.D., it became apparent that opfos optical tomography
has its use in several other fields besides middle ear research. In this chapter, I want
to show some of our other projects and successful applications that are possible or
ongoing with this technique.
Measurements on the middle ear ossicular chain of gerbils, on Bast’s valve in the
inner ear of guinea pig, the brain of mice and birds, and on the morphology of
seahorses and tadpoles are discussed.

Section 4.2 of this chapter was published in full
in European Archives of Oto-Rhino-Laryngology and Head & Neck, 2008 [A.7].
Parts of section 4.1 and 4.3 were published in Applied Optics, 2009 [A.10];
where it was selected to appear in Virtual Journal for Biomedical Optics, 2009 [D.4].
Data from the other sections in this chapter are being prepared for publication [E.26].
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4.1. Gerbil ossicular chain (middle ear)

In previous chapter(s), the opfos technique was mostly used to image suspensory
ligaments and tendon of the gerbil middle ear, thus soft tissue. The method is how-
ever applicable to (decalcified) bony tissue as well. One could thus segment and
incorporate the bone from opfos data, obtaining a model of the middle ear ossicular
chain as shown in figure 4.1. This illustrates nicely the usability of opfos in similar
applications as µct. Its resolution and performance can even be better than with ct,
depending on the application.

(a) Improved stapes model based on new segmentation of figure 2.13 with stapedial muscle and blood
vessel through the crura (voxels 1.5× 2× 2µm). Scale cube of 150µm.

(b) 3-D reconstruction of a complete ossicular chain, comprising of bone (malleus, incus, stapes)
and soft tissue structures (stapes annular ligament and muscle) (voxels 4× 4× 4µm).

Figure 4.1.: 3-d hr-opfos models of bony ossicles and some soft tissue structures.
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4.2. Bast's valve of guinea pig (inner ear)

This section is a copy of the article [A.7].

Hypothesis: The bottom or opposing wall of the utriculo-endolymphatic (Bast’s)
valve is the moving and thus functional part of the valve.

4.2.1. Background

At the utricular end the utricular duct has a valve-like opening. This structure was
discovered by Bast [1928], who called it the utriculo-endolymphatic valve. It is since
then also called Bast’s valve. The morphology of the valve has been researched in
humans and several mammalians [Anson and Black, 1934; Bast, 1937].

The function of Bast’s valve is still unclear. Bast [1928, 1934] himself suggested
the closure of the utricular duct as the main function. Bachor and Karmody [1995]
follow Bast’s view, postulating that decreasing pressure in the whole endolymphatic
system, secondary to collapse of the ductus reuniens, causes closure of the valve to
prevent more loss of endolymph from the utricular system. Zechner [1980] proposes
that dysfunction of the valve causes endolymphatic hydrops.

In this section, orthogonal-plane fluorescence optical sectioning (opfos) microscopy
[Voie et al., 1993; Voie and Spelman, 1995; Voie, 2002; Buytaert and Dirckx, 2007a]
was used to obtain detailed three-dimensional reconstructions of Bast’s valve and the
surrounding region in the intact guinea pig inner ear. This non-invasive technique is
capable of visualizing bone as well as soft tissue structures with high resolution.

4.2.2. Material and methods

Specimen preparation

Two healthy female albino guinea pigs (Harlan Laboratories, uk), weighing 450
grams, were used. Animal care and use were approved by the Experimental Ani-
mal Committee of Groningen University, protocol No. 2883, in accordance with the
principles of the Declaration of Helsinki.

The animals were terminated by lethal administration of sodium pentobarbital. After
decapitation the bullas were dissected and fixated in a 10% formalin solution, neu-
trally buffered. Then the bullas were rinsed in aqua-dest. Decalcification in ethylene-
diaminetetraacetic acid 10% solution (edta; Sigma, ed5ss, ph 7.4) took place at
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a temperature of 50◦C in a microwave oven (T/T mega microwave histoprocessor,
Milestone) in eight sessions of six hours. After decalcification the bullas were
again rinsed with aqua-dest and dehydrated in a graded seven-step ethanol series
(30%, 50%, 70%, 90%, 96%, 100%, and 100%).

Spalteholz fluid, a 5:3 solution of methyl salicylate (Sigma, m-6752) and benzyl
benzoate (Sigma, b-6630), [Spalteholz, 1911], was thereafter used to achieve trans-
parency of the specimen. The clearing process consisted of application of a succes-
sion of Spalteholz-ethanol solutions, 24 hours each. The Spalteholz fluid fraction in
the clearing session was 25%, 50%, 75%, 100%, 100% respectively. Hereafter the
specimen was dyed in a fluorescent dye bath of Rhodamine-b Isothiocyanate (ritc;
Sigma, r-1755). ritc absorbs maximally at 570nm and emits at 595nm. The dye
bath was prepared by dissolving 1.0mg/ml ritc into ethanol, followed by dilution
in Spalteholz fluid to a final dye concentration of 5×10−4mg/ml [Voie, 1996, 2002,
2003; Buytaert and Dirckx, 2007a]. The specimen was dyed for 4 days.

OPFOS imaging system

A schematic diagram of the optical setup of our custom-made opfos imaging device
is shown in figure 4.2 [Buytaert and Dirckx, 2007a]. Laser light, originating from a
green frequency doubledNd:YVO4 neodymium-laser (model dpgl-2050, Suwtech),
with an emission wavelength of 532nm and 52mW maximal power, is expanded
into a parallel beam of 28mm diameter by a Keplerian beam expander (be, model
336, Spectra-Physics). The broadened and spatially filtered light falls onto a spe-
cially designed cylindrical lens (cl, custom-made by LiteTec Ltd., Essex, uk) of
30× 30mm and 80mm focal length, which focuses the light along a single dimen-
sion (Z), thus creating a hyperbolic light pattern along the X-axis. Near the center
of this focus, one can locally approximate the light intensity profile as a sheet of light
in theXY -plane, which will perform virtual slicing of a specimen object (o). In the
plane where the object is sectioned by the sheet of light, the specimen emits fluores-
cence light, which is recorded by a ccd-camera (FireWire fo442bic, FOculus) in
the direction orthogonal to the light plane. In this way, a 2-d image of a virtual sec-
tion within the object is obtained. For the specimen to be compatible with the opfos
method, the above described specimen preparation is necessary to make the object
transparent, refraction index matched and fluorescent. In our setup the specimen is
positioned inside a container with optical quality glass windows at the laser and ccd
side, and filled with Spalteholz fluid, and can be positioned within the container by
an object translation stage (ots).
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Figure 4.2.: Orthogonal-plane fluorescence optical sectioning (opfos) setup by Buy-
taert and Dirckx [2007a], used for the major portion of the data in this section.
(be: beam expander, fs: field stop, cl: cylindrical achromat, o: object, ots: object
translation stage, fts: focusing translation stage, ol: objective lens with color filter,
ccd: charge coupled device camera)

Figure 4.3.: opfos setup by Hofman et al. [2005], used only for figures 4.4(a,b).
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Between recordings the object (and not the container) is moved along the Z-axis in
small slicing steps with a high-precision dc-motor driven translation stage with posi-
tion encoder (m112.1High-ResolutionMicro-Translation Stage with c862Mercury
II dc-Motor Controller, pi Polytec). A long working distance microscope objective
lens (ol) with good numerical aperture (m plan apo ×5, na = 0.14, Mitutoyo)
projects the fluorescence image on the ccd. A color filter (Kenko r1 sr-60) placed
before the objective lens blocks scattered laser light and transmits fluorescence light.

The virtual slicing is performed by a planewith 3µm 1/e2-thickness resolution in the
center of the image and slightly thicker at the edges (less than 10µm), with slicing
steps of 2µm, followed by storage in a personal computer. The two-dimensional
stored images were processed with the imod software package for 3-d reconstruction.
Input of relevant contours in each 2-d image was manually performed with a writing
tablet (Wacom Cintiq 15x).

4.2.3. Results

Figure 4.4(a) shows an opfos image of a cross-section of part of the guinea pig inner
ear. Figure 4.4(b) is an enlargement of the part of figure 4.4(a) inside the dashed box,
in which Bast’s valve and its surrounding structures are clearly visible. Saccule, en-
dolymphatic sinus, utricle and endolymphatic duct are filled with endolymph. Walls
of the endolymphatic space are on the right side of figure 4.4(b) connected to bone
(dense; non-compliant). The opposite walls are adjacent to perilymph (hypodense;
compliant). Connective tissue (medium density; non-compliant) is present inside the
lip of Bast’s valve and between the upper side of the utricle and bone. Figure 4.4(c)
is another opfos image, showing Bast’s valve in detail.

Figure 4.5 shows a 3-d reconstruction of the entrance of Bast’s valve as seen from
inside the utricle. The proximal end of the valve shows a rather rigid arch-like con-
figuration. Figure 4.6 shows a 3-d reconstruction of walls of Bast’s valve and the
utricular duct. The shape of the utricular duct at the utricular side is that of a flat-
tened funnel. This funnel quickly runs into a very narrow duct.

Figure 4.7 is a 3-d reconstruction of part of the outer walls of the utricle and utricular
duct. It again shows the small caliber of the utricular duct in relation to the size of
surrounding structures.
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Figure 4.4.: 2-d opfos-images of Bast’s valve.
a) Bast’s valve and the utricular duct obtained with another opfos setup
by Hofman et al. [2005] than for figure c and the rest of the article.
b) Dashed box in figure a shown in a larger magnification.
c) The arrows point toward very narrow passages.

Figure 4.5.: 3-d reconstruction of Bast’s valve as seen from inside the utricle.
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(a)

(b)

Figure 4.6.: 3-d reconstruction of walls of Bast’s valve and the utricular duct. The
shape of the utricular duct at the utricular side is that of a flattened funnel. This funnel
runs into a very narrow duct.
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Figure 4.7.: 3-d reconstruction of part of the outer walls of the utricle and utricular
duct. Note the small caliber of the utricular duct in relation to the size of surrounding
structures.

4.2.4. Discussion

In the 3-d opfos-reconstruction of the entrance of Bast’s valve, shown in figure 4.5,
the lip of the valve appears as a relatively rigid structure. In a comparable scanning
electronmicroscopy (sem) image the entrance of the valve is visible as a narrow slit in
the utricular wall [Lim, 1991]. The valve lip is filled with connective tissue (figure
4.4(c)). This is even better visible in figure 4.8, which is a light microscopy (lm)
image. This figure also clearly shows that the bottom of the valve has a thickness of
only one cell-layer, and is as result highly compliant.

Schuknecht and Belal [1975] showed that the corium of the valve consists of fibrob-
lasts and fibrocytes.

Based on the study of 170 human temporal bones these authors propose that the valve
is closed in normal ears and that its anatomical structure is ideally suited to permit the
occasional egress of excessive accumulation of endolymph to be processed in the en-
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Figure 4.8.: Light microscopy image of lip and bottom of Bast’s valve.

dolymphatic sac, while preventing an excessive loss of endolymph with the possible
consequence of membrane distortions and interference with the motionmechanics of
the vestibular sense organs. Opening of the valve, still according to Schuknecht and
Belal [1975], would then be accomplished by pressure displacing the outer membra-
nous wall away from the more rigid inner valve lip.

The arrows in figure 4.4(c) indicate positions were the valve appears to be closed.
Also in figure 4.8 valve lip and bottom touch.

Bast [1937] himself was not sure about the valve being opened or closed in the normal
situation. He writes: ‘As a matter of fact in many histological sections the epithelium
of the valve is in contact with the opposing wall of the slit-like opening of the duct
which suggests that such a closure may exist, at least at times, in the living ear.’ He
also was not certain about the mechanism that closes the valve.

On the one hand he supposed that a high perilymphatic pressure could close the valve
by moving the opposing wall against the valve lip, as shown in figure 4.9. On the
other hand he proposed closing of the valve lip against the opposing duct wall in the
case of a relatively greater intra-utricular pressure. In this case he supposes that it is
not the tip of the valve that moves, because it is bulky, but that the valve lip rotates
at its base, where it is made up of loose perilymphatic tissue.

In our opinion the latter mechanism is less likely, considering the observation that
the valve opening in 3-d reconstruction is a rigid arch-like structure, cf. figure 4.5,
and not a flap hinged at its base, that could close an underlying opening. The latter
mechanismmay be inspired by 2-d pictures, like figures 4.4(b), 4.4(c) and 4.8, where
the valve tip appears as a flap-like structure.
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Figure 4.9.: Possible mechanism of valve closure (black arrows)
or valve opening (gray arrows).

The rigidity of the valve tip was also noticed by Scheerer and Hildmann [1979], who
also thought it to be improbable that this structure can function as a valve.

The walls of the endolymph filled spaces in the inner are highly compliant. As a
result the pressure difference between endolymph and perilymph are negligible in
the normal situation [Wit et al., 2000]. If the valve is open it seems, at first impres-
sion, easy to understand how an increase of perilymphatic pressure will close the
valve by compression of its bottom, as is shown in figure 4.9. However, an increas-
ing perilymphatic pressure will also increase the endolymphatic pressure inside the
utricle and force endolymph out through the slit-like opening and prevent closure of
the valve [Salt, 2007; Wit and Hofman, 2007].

As can be seen in figures 4.6 and 4.7 the utricular duct has a diameter in the order
of 10µm at its narrowest passage, preventing rapid flow of endolymph and possibly
protecting the sensitive vestibular receptors against large fluid shifts in a short time.

Konishi [1977] found an open utriculo-endolymphatic valve in guinea pigs with
an (experimental) endolymphatic hydrops. It is conceivable that an excess of en-
dolymph will force the base of the valve opening away from the lip, as shown in
figure 4.9.

In future work, high-resolution opfos (hr-opfos) with slicing, a resolution of 2µm

is feasible by Buytaert and Dirckx [2007a] and may reveal even more detail.

4.2.5. Conclusion

The use of the opfos imaging techniques and graphical 3-d reconstruction of the
utriculo-endolymphatic (Bast’s) valve and its surroundings has given some additional
insight in its functioning. Most likely, opening or closure of the valve occurs through
movement of the flexible base away from or toward the relatively rigid valve lip.
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4.3. Mice and bird brains

In a collaboration with the BioImaging Lab of the University of Antwerp, we applied
opfos on mice and bird brains. More specifically, the identification of gfp-labeled
regions was the research goal.

One major challenge when imaging nerve tissue, like the brain, is making it trans-
parent. The myeline sheaths surrounding the nerve axons are immune for refraction-
index matching with the Spalteholz method. Hence, when laser light hits myeline,
scattering occurs. This of course gives rise to out-of-focus illumination spoiling the
image quality. Certain researchers also working with brains, for instance Dodt et al.
[2007], tried defattening approaches to avoid blurry images, but were unsuccessful.
The only options left are to image certain animal species, certain brain regions, or
just use very young animals, reducing the presence of myeline.

Another huge problem for lsfm users interested in gfp-stained brain specimens is
the following. Spalteholz treatment is required if specimens have no natural trans-
parency but Spalteholz fluid deteriorates or entirely demolishes gfp fluorescence. Up
till know this problem is unresolved, thus we could not detect the gfp after the nec-
essary Spalteholz preparation. However, at the lsfm Workshop [2009] Giese from
mpi, Heidelberg announced to have found a way to solve the gfp problem, so the
community is eagerly awaiting his publication.

But even without gfp detection, our opfos measurements on mice and bird brains
delivered useful and interesting cross sections. Histological detail, for instance in-
ternal structure and borders between different brain regions are clearly identified
and can be used to generate anatomical brain atlases. The measurements shown in
figures 4.10 and 4.11 were obtained using autofluorescence of the brain tissue, with-
out rhodamine b staining. Autofluorescence is present in the brain from lipofuscin
(more redundant in older brain), flavins and nad(h); and in other tissue via elastin
and collagen. Just as with myeline, coagulated blood is not made transparent by the
Spalteholz procedure. Therefore, perfusion of the blood vessels is performed. Small
remains of blood in the capillaries fluoresce, however, quite strong. Blue laser light
of 488nm, instead of the green 532nm for rhodamine b, is preferred when exciting
autofluorescence. Hence, the presence of a green and blue laser in our setup, cf.
figures 1.9 and 2.3 (in part 2).

There are researchers who mainly work on and image brain tissue with lsfm, for
instance Ultramicroscopy and ocpi, cf. respectively figures 1.8 and 1.11 (from
part 2).
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Figure 4.10.: Three opfos cross sections (4.8 × 3.6mm) at different depths through
a black knockout mouse brain, using its natural autofluorescence (from Buytaert and
Dirckx [2009]). A lot of histological information on brain structures and different tis-
sues is visible for specialists.
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(a) Coronal section of almost 9mm wide brain (pixel size 8.7 µm).

(b) Zoomed in coronal section with black (perfused) blood vessels, and small bright
capillaries with remaining coagulated blood (right side). Borders between different
brain regions can be clearly identified.

Figure 4.11.: opfos cross sections through a canary bird brain,
using its natural autofluorescence.
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4.4. Seahorses body and musculature

A rather unexpected type of specimen has also been studied with our hr-opfos de-
vice. Series of 2-d sections through young seahorses were measured to study their
morphology, cf. section 3.4. This work was performed in collaboration with the
group Evolutionary Morphology of Vertebrates at Ghent University.

Figure 4.12.: External morphology of a seahorse measured with opfos.

The interest of this group from Ghent went out to the sternohyoid muscle, a thin
narrow muscle attaching the hyoid bone to the sternum. It fulfills a role in the food
intake of seahorses enabling to suck in prey. Because this muscle is extremely small
in Hippocampus reidi and a 3-d interpretation of its functioning, volume and location
was desired, opfos was applied and delivered the requested results, cf. figure 4.13.

4.5. Tadpoles body and organs

Another peculiar specimen was the African clawed frog tadpole, cf. section 3.5.
Again the Evolutionary Morphology of Vertebrates group at Ghent University was
interested in organogenesis of young tadpoles, cf. figure 4.15. For a long time only
histological sectioning was used to study the morphology and development of tad-
pole organs, and to build 3-d models from. However, a comparison of obtained
results from histology and opfos showed many benefits for the latter [E.26]. Ap-
parently, geometrical distortions, image registration and especially shrinking arti-
facts related to the specimen preparation in histological sectioning ruin the three-
dimensional composition and proportions of the images and models, cf. figure 4.16.
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(a) Outer morphology model

(b) Bony and muscular model

(c) Sternohyoideus muscle model

(d) Sternohyoideus muscle model zoom

Figure 4.13.: Functionally segmented 3-d opfosmodels of the Sternohyoideus muscle
from a one-day old Hippocampus reidi seahorse, made by Adriaens and Buytaert.
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Figure 4.14.: Two opfos cross sections through a tadpole head at different depths. Each
section consists of 1200× 1600 pixels and covers an area of 2745× 3660µm.

(a) Photograph.

(b) Photograph superposed with external opfos model.

(c) Photograph superposed with external opfos model com-
bined with separate internal organ models.

Figure 4.15.: Data from Xenopus laevis tadpoles,
made by Adriaens, Descamps and Buytaert.
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Chapter 4: Additional applications of optical-sectioning

(a) Histological sectioning (b) Optical sectioning

(c) Histological sectioning (d) Optical sectioning

Figure 4.16.: Comparison between histological sectioning and opfos 3-d models,
made by Adriaens, Descamps and Buytaert [E.26].
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Research is to see what everybody else has seen,
and to think what nobody else has thought.

– Albert Szent-Györgyi (1893-1986) –





Chapter 1
Chronicles of moiré

Abstract

Moiré interferometry was introduced as a quantitative optical measurement technique al-
most 40 years ago, and has become a well established geometrical and non-contacting
method for precise measurements of three-dimensional shapes and deformations.
In this chapter, I will discuss themoiré phenomenon, theoretically and even etymologically,
and outline the pioneering works which formed the basis of this technique. I will end by
showing some of its widely spread applications.
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Chapter 1: Chronicles of moiré

1.1. Topography, topometry or pro�lometry

To study the shape and deformation of tympanic membranes (and even other objects)
we needed a non-contacting full-field optical method. Measuring the shape of a place
(Greek: topos) is called topometry. And also topography and profilometry refer to
obtaining the relief features or surface configuration of a place. The subtle difference
between the terms is that the result of topography is a contour map, while the result
of profilometry are height values for a network of points.

There are many different methods and approaches to achieve shape or height mea-
surement. Structured light projection techniques cover a big family of methods to
this end. The name itself reveals that these methods require the projection of a struc-
tured light pattern. The simplest example of this is a grid of straight lines. When
a projected structured light pattern is imaged on an object and observed under an
angle, the pattern gets deformed because of the object’s geometry. The height infor-
mation of the surface is thus encoded in this deformation of the original pattern. An
overview of and introduction to many of the different implementations of structured
light projection techniques is given in (the next) chapter 2.

Our method of choice became projection moiré profilometry (pmp), an optical tech-
nique based on mapping the required topographic information via the moiré effect.
In the rest of this chapter, the moiré phenomenon, its history, etymology, pioneers
and some of its applications are discussed.

1.2. Daily life examples

A moiré pattern is produced by superimposing a repetitive design, such as a grid,
onto a slightly displaced design, either of the same or different nature, in order to
produce a pattern distinct from its original components. A very simple example is
illustrated in figure 1.1.

Figure 1.1.:Moiré fringes caused by the interference of two identical grids, respectively
left) rotated 5 degrees and right) rotated 10 degrees.
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1.2 Daily life examples

The human eye has evolved to be sensitive to patterns, therefore everyone has con-
sciously or subconsciously experienced moiré patterns in daily life. Especially who-
ever works for the television industry or is familiar with photography has noticed
these interference patterns. In figure 1.2(a) you can notice a shimmering (moiré)
pattern on the tie of this celebrity during a television broadcast. The lined pattern on
the tie interferes with the rasterization and resolution of the television: an error of the
stylist, as lines and rasters on clothing are to be avoided when making one’s appear-
ance on television. The same can occur with a ccd array of a digital photographic
device (cf. figure 1.2(b)). Printed photos are especially sensitive for this phenom-
ena, as modern printing is often the result of an halftone process where patterns of
small dots are overlayed to produce color and shading. Typically moiré patterns from
newspaper scans have this undesired effect (cf. figure 1.2(c)) opposed to magazines,
cards, brochures and books. If you still haven’t experienced moiré patterns, just look
through a chain-link fence at another fence. You will see a pattern of light and dark
lines that shifts as you move. The effect can also be seen by taking a digital photo of
a fence, illustrated in figure 1.2(d). Or one could simply look at folded curtains.

(a) Moiré shimmering on a tie
of a television guest.

(b) A striped suit imaged
with a digital camera.

(c) Scans of a newspaper often
show moiré aliasing.

(d) A digital photo of a fence.

Figure 1.2.: Various daily life examples of the moiré effect.
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1.3. Etymology of moiré

Not many people know that the word moiré comes from Angora goats as explained
by [Encyclopedia Britannica, 1911]:

MOHAIR - the hair of a variety of goat originally inhabiting the

regions of Asiatic Turkey of which Angora is the center, whence the

animal is known as the Angora goat. The Arabic mukhayyer (muhayyar )

from which the word came into English, probably through the Italian

moccacaro or French inocayart meant literally choice or select,

and was applied to cloth made from goats' hair. In the 17th century

the word, which before appears in such forms as mocayare or mokaire,

became corrupted to the English mohair from which the French adapted

moiré, a watered silk fabric.

Indeed, in the 17th century the moiré effect was produced in a special kind of fabric
by weaving together layers of glossy silk with pronounced parallel cords. In this
fabric, zones of different brightness are seen due to an aliasing effect between layers
of tissue: a wavy structure shows due to superposition of slightly misaligned parallel
cords. Up till now, moiré literally means watered in French.

1.4. Mathematical treatment of the moiré

phenomenon

Themoiré effect occurs due to interaction between overlaid structures. Several math-
ematical approaches exist to explore themoiré phenomenon. The classical geometric
method studies properties of superposed layers, their periods and angles geometri-
cally [Tollenaar, 1945; Nishijima and Oster, 1964]. The indicial equation method is
a pure algebraic approach based on the equation of each superposition [Oster et al.,
1964]. A more recent approach is the theory of non-standard analysis [Harthong,
1981a,b]. However, in our opinion, the best adapted approach to investigate the su-
perposition of periodic structures is the spectral approach [Amidror, 2000].

1.4.1. Spectral approach

The spectral approach is based on the duality between images in the (x, y) spatial
domain, and their spectra in the angular (u, v) frequency domain. These spectra
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1.4 Mathematical treatment of the moiré phenomenon

originate from the 2-d Fourier transform F :

F (f(x, y)) = F (u, v) =

+∞∫
−∞

+∞∫
−∞

f(x, y) exp (−i(ux+ vy)) dx dy (1.1)

F−1 (F (u, v)) = f(x, y) =
1

4π2

+∞∫
−∞

+∞∫
−∞

F (u, v) exp (i(ux+ vy)) du dv (1.2)

We will restrict ourselves to two-dimensional periodic patterns in monochrome gray
scale images, such as line gratings. Every image is represented in the image domain
by a transmittance function t(x, y)with values between 0 and 1. The resulting or joint
transmittance function t ofm superposed patterns, each with their own transmittance
ti, is given through the multiplicative nature of the phenomenon:

t(x, y) = t1(x, y) · t2(x, y) · ... · tm(x, y) (1.3)

We will only deal with images that are real-valued and symmetric around the origin.
Consequently their spectra are real-valued and symmetric as well. The spectrum
to the left and right of the origin will be identical, except for the negative sign. To
describe what happens in the spectral domain, we use the convolution theorem. It
says that the Fourier transform F of a function product is the convolution of the
Fourier transforms of each function:

F (t(x, y)) = T (u, v) = T1(u, v)⊗ T2(u, v)⊗ ...⊗ Tm(u, v) (1.4)

with the capital letter T as the Fourier transform of t, and ⊗ the 2-D convolution in
the spectral domain (u, v).

Figure 1.3.: The frequency vector ~f gives the geometric location
of the impulse with amplitude a.
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As we are interested in periodic images, the spectrum will not be smooth and con-
tinuous but consist of impulses. Figure 1.3 shows how we will represent such an
impulse. The height or amplitude a of the impulse indicates the strength of that peri-
odic component. The geometric impulse location in the (u, v)-space is given by the
frequency vector ~f . The size f of the vector represents the frequency and the angle
θ of the vector gives the direction of the repeating pattern. There will always be a
second impulse of the same amplitude on the opposite side with frequency vector
−~f and angle (θ + π), because of the symmetry of the phenomenon.

1.4.2. Visibility circle

Moiré patterns can occur without us seeing them, because of properties of the human
visual system. The human eye works as a low-pass filter: it cannot distinguish fine
detail above a certain frequency. This filter has a bi-dimensional bell shape, but it
is anisotropic. Apparently our visual system is less sensitive to details in diagonal
directions. To simplify things, often a visibility circle is considered in the (u, v) fre-
quency space, representing a circular step-function with its radius r representing the
cutoff frequency around the origin of the frequency domain. Furthermore, contrast,
light conditions and distance play an important role in resolving detail, which will
not be discuss here.

Another feature of the human visual system is its response to light intensity. Its
sensitivity is not linear in nature. Seeing is rather logarithmic (just as hearing for
that matter, cf. section 2.1.1). Transmittance t is therefore often replaced by density
D, cf. figure 1.6. The unbound equation for density isD = log10(1/t). It is however
easier to interpret densities between 0 and 1, hence the following equation is used:

D = −log10(0.9 t+ 0.1) (1.5)

1.4.3. Superposition of two patterns

Sinusoidal gratings

A grating with a raised sinusoidal intensity profile with frequency f1 has the follow-
ing expression:

t1(x, y) =
1

2
sin (2πf1x) +

1

2
(1.6)
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Figure 1.4.: Illustration of the superposition of two sinusoidal gratings.
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and corresponding period p1 = 1
f1
. This grating is represented in figure 1.4(a). A

similar sinusoidal grating but with frequency f2 and rotated over an angle θ2 is

t2(x, y) =
1

2
sin (2πf2 [x cos θ2 + y sin θ2]) +

1

2
(1.7)

Figure 1.4(b) represents the second grating. The 2-d Fourier transform F of each
grating delivers three impulses in the frequency domain, cf. figure 1.4(d,e). Actually,
the sinusoidal term in equation (1.6) creates two symmetric impulses of amplitude
ai = 1

4
at a distance fi from the origin in the directions θi and (θi + π). The third

impulse originates as the dc term of the additional constant 1
2
in equation (1.6).

The superposition of the two gratings can be obtained by a multiplication, illustrated
in figure 1.4(c). In the Fourier domain, however, this relates to a convolution result-
ing in 9 impulses, cf. figure 1.4(f). These resulting impulses are created by combin-
ing all frequency vectors of the original spectra in vectorial sums. In this way, two
new impulse pairs which did not exist in the original spectra have appeared: ~f1 + ~f2

and−~f1− ~f2, and ~f1− ~f2 and ~f2− ~f1. These two new pairs of impulses correspond
to two new periodic components in the combined image which did not exist in one
of the original images. These two new sinusoidal waves aremoiré patterns, and their
impulses are thus called moiré impulses. One corresponds to the vector difference,
cf. figure 1.4(j), and one to the vector sum, cf. figure 1.4(k). Figure 1.4(g,h,i) gives
the amplitudes of all impulses.

Notice how the vector sum moiré pattern is not (easily) discernible in the combined
grating image of figure 1.4(c). The frequency vector length |~f1 + ~f2| falls beyond the
radius r of the visibility circle. The vector difference is smaller (even smaller than
the individual frequency lengths f1 or f2, and is easily identified in the superposed
grating image.

Binary square gratings

Another common type of grating is a binary grating or a square wave. Such a (nor-
malized) boxcar wave has two parameters: a period p and the ratio of the box width
τ versus the period: τ/p, cf. figure 1.5 and 1.6. A square grating pattern with period
p2 and rotated over θ2 (similar to equation (1.7)) can be developed in a Fourier series:

t2(x, y) =
1

2

{
∞∑

n=−∞

a(2)
n sin

2πn [x cos θ2 + y sin θ2]

p2

}
+

1

2
(1.8)
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with Fourier coefficients

a0 =
τ

p
(1.9)

an =
τ

p
sin

nτ

p
(1.10)

Figure 1.5.: A binary square wave and its Fourier transform spectrum:
a discrete sinc pattern.

A Fourier series is a sum of many sines. Hence, a Fourier transform of such a Fourier
series will generate many impulses in the frequency domain. To be more specific, a
periodic square wave is represented by an infinite equidistant comb of impulses. The
superposition of two such square gratings can again be obtained by multiplication in
the image domain, cf. figure 1.6(a,b,c). The convolution in the frequency domain,
however, will deliver a complicated maze of impulses (but we only have to pay at-
tention to those within the visibility circle). For instance, the 5th harmonic of f1 can
combine with the −3rd harmonic of a second grid with f2. Generalizing, all fre-
quency vectors ~f and corresponding impulse amplitudes a created by m successive
grating convolutions are given as

~f =
m∑
i=1

ki~fi (1.11)

a = a
(1)
k1
· a(2)

k2
· ... · a(m)

km
(1.12)
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Figure 1.6.: (1,−1)-moiré between two identical square gratings. a) τ/p = 0.75, b)
τ/p = 0.5, c) τ/p = 0.25. Our visual system perceives images logarithmically, so
rather in terms of density than of transmittance.

Figure 1.7.: Four binary gratings with identical periods p1 = p2 = p3 = p4. The
first pair consists of two perpendicular gratings, the second pair is similar but slightly
rotated with respect to the first pair. The result is (1, 0,−1, 0)-moiré.
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with ki ∈ Z (in the case of sinusoidal grids, only ki ∈ {−1, 0, 1}). The position
(u, v) of ~f is

u = f cos θ =
m∑
i=1

kifi cos θi (1.13)

v = f sin θ =
m∑
i=1

kifi sin θi (1.14)

Note: in the case of binary square grating superposition, the visibility circle may
contain impulses originating from higher harmonic impulses in the original spectra.
We thus obtain higher order moiré patterns.

1.4.4. Singular moiré states

Anymoiré impulse can be described just by the indices ki that create the moiré effect,
for instance (k1, k2, ..., km)-moiré, cf. figure 1.7.

Any number of gratings can be superposed, for instance three sinusoidal patterns
with the same frequency f ′1 = f ′2 = f ′3 but different directions (θ1 = 0, θ1 = 2π

3

and θ1 = 4π
3
), as shown in figure 1.8(a,b,c). The spectrum will now consist of the

convolution of all three spectra.

When the vector sum ~f1 + ~f2 + ~f3 = ~0, the moiré effect is not visible, cf. figures
1.8(d,f). This is called a singular moiré state, which is a very unstable moiré-free
state. Any slight deviation of one of the frequency vectors may cause amoiré impulse
to manifest itself. For instance, just by changing θ3 with only 6◦ the vector sum
delivers a moiré impulse, cf. 1.8(e,g).

A singular moiré state thus occurs when a (k1, k2, ..., km)-impulse exists other than
(0, 0, ..., 0), with the following condition:

m∑
i=1

ki~fi = ~0 (1.15)

with m overlaid patterns with (ki multiples of the) frequency vectors ~fi. In a pure
singular state, the singularity is generated by all superposed layers. Removal of one
pattern will cancel the singular state. Note that a visual moiré-free image might have
moiré impulses but outside the visibility circle. Finally, not all moiré-free states are
singular and hence unstable.
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Figure 1.8.: The superposition of three sinusoidal gratings a,b,c delivers image d.
Drawing f shows the frequency vectors with sum zero. A small change of ~f3 to ~f4

in drawing g creates a moiré effect ~f , noticeable in image e.
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1.5. Moiré in research

Moiré interferometry has become a well known optical technique to measure the
shape of three-dimensional surfaces and surface strains or deformations. It is based
on the geometric interference between for example an optical grid and its image
which is deformed by an object surface. The resulting aliasing is commonly referred
to as moiré interference or fringes. It is important to notice that interference between
geometric patterns is meant, and that the effect is not connected to wave properties
of light. Moiré interferometry therefore does not necessitate the use of a coherent
light source, in contrast to for instance holographic interferometry. Consequently,
the required stability of the moiré setup is in the same order as the requested res-
olution, often micrometers, not nanometers. As the moiré technique is optical and
non-contacting, it is non-destructive in nature.

1.5.1. Pioneers

As early as themid 19th century, the use of moiré patterns entered the scientific world
for the first time, when Foucault [1859] proposed a method for testing lenses by us-
ing low-frequency optical gratings. Fifteen years later the phenomenon of moiré
fringes was fully described by Rayleigh [1874]. Rayleigh looked at the moiré be-
tween two identical gratings to determine their quality even though each individual
grating could not be resolved under a microscope. Then, Righi [1887] extensively
dealt with the generation of moiré patterns by superimposing line gratings, and first
noticed that the relative displacement of two gratings could be determined by ob-
serving the shift in moiré fringes.

The idea of Foucault found renewed interest when Ronchi [1923] described for the
first time a practical application of moiré interference, namely the testing of mirrors
and lens surfaces. Although Ronchi’s method onlymade use of simple low frequency
straight lined gratings, it offered the possibility to measure the quality of an optical
surface as precise as one tenth of the wavelength of light, and has therefore been a
valuable tool for optics manufacturers up till now. The next significant advance in
the history of moiré, was its use to measure deformation of an object under applied
stress [Weller and Shepherd, 1948]. Further functional applications became possible
due to a newmethod for the production of high quality diffraction gratings byMerton
[1950]. After 1950, the practical use of moiré grew rapidly.
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A rigorous theory of moiré fringes did not exist until the midfifties when Ligtenberg
[1955] and Guild [1956, 1960] explained moiré for stress analysis by mapping slope
contours and displacement measurement, respectively. Excellent historical reviews
of the early work in moiré have been presented by Theocaris [1962, 1969]; Durelli
and Parks [1970]; Benoit et al. [1975].

Moiré interferometry is categorized as and is based on structured light projection
techniques. The first use of structured light projection for contouring was presented
by Rowe and Welford [1967]. It involves projecting a structured light pattern, here a
pattern of straight interference fringes, on an object and viewing it from a different
direction. The authors already mention, but do not yet show, applications for moiré
interference fringes. The relationship between structured light projection and trian-
gulation was explained by Case et al. [1987]: ‘Fringe projection is related to optical
triangulation using a single point of light and light sectioning, where a single line is
projected onto an object and viewed in a different direction to determine the surface
contour’. Note that the term fringe is ambiguously used. We reserve the word for
the moiré interference contours, while Case et al. [1987] and other authors use it as
a synonym for grid lines, interference or structured light patterns.

Projection moiré interferometry caused by a projected grating viewed through a sec-
ond grid was introduced by Brooks and Heflinger [1969] for optical gauging and
deformation measurements. Up till then, moiré techniques were situated primarily
in stress and deformation analysis. The use of moiré interferometry as a topographi-
cal technique for the measurement of the surface shape of diffusely reflecting objects
only came about in 1970. Two papers on three-dimensional shape measurement by
means of moiré were published in the same year and in the same edition of the jour-
nal Applied Optics [Meadows et al., 1970; Takasaki, 1970]. Their method, called
shadow moiré, consists of projecting a line grating on an object with the help of
a point light source, and looking through the same grating at the deformed lines.
Recording of the deformed shadow of the grid on the object through the grid itself
delivers a moiré interferogram.

In the same year, Wasowski [1970] developed a another topographical moiré setup
using double grating projection to generate optical contours on the object. So, the
moiré interference fringes were created on the object surface itself and then a camera
recorded the topographic map. In order to study the shape of bigger objects, projec-
tion moiré interferometry was again applied but now for topographic purposes. This
technique again summarizes to superposing an image of deformed on undeformed
grid lines.
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In-depth mathematical treatment of the double projection system and of projection
moiré profilometry have been provided by Benoit et al. [1975].

The relative advantages of the shadow and projectionmoirémethods for profilometry
have been extensively discussed in literature, and the projection moire method has
been shown to generally offer greater flexibility than the shadow moire method. In
shadow moiré, the test object has to be positioned closely behind the grating and
the contouring depth is rather limited, because further behind the grid the shadows
diffuse. A grating of the size of the test object is needed, which can be a drawback
when measuring large objects. The technical implementation of projection moiré
techniques, though, is far more complicated. Insightful overviews of shadow and
projection moiré have been published by Benoit et al. [1975]; Pirodda [1982].

1.6. Applications

Today moiré interferometry has its applications in many fields, illustrated below by
a selection of examples. Specifically moiré topography is of interest for this disser-
tation: the study of the height configuration of a structural entity.

• Measurement of strain distribution, fatigue crack propagation or surface de-
formation is often performed with moiré interferometry [Walker, 1970]. For
example, the evaluation of wing deformation of planes, cf. figure 1.9(a). Not
only the aviation industry makes frequent use of moiré. Also the automotive
industry uses the vibration, shape and deformation measurement techniques
for mechanical engineering of engine blocks (figure 1.9(c)) or car doors (fig-
ure 1.9(d)). Even aerodynamic computer modeling is done on virtual 3-dmod-
els obtained from moiré topography, as is done on the Spirit of America Jet-
Powered Car, cf. figure 1.9(b), to help it break the Land Speed Record.

• Artificial heart valves have been studied with the same technique.

• 3-d shape recordings of archaeological objects are performed with moiré to-
pography. 2-d photos do not contain all information. Therefore, a moiré shape
measurement is generated allowing to display and study the object in a more
accurate and 3-d way. More importantly, such a recording assures the virtual
preservation of the object, or at least the conservation of the historical infor-
mation it reveals. An example is an ancient Egyptian relief, cf. figure 1.10(a).
At the Edinburgh College of Art, moiré is used on art sculptures for digital
archiving of artistic heritage, like Aphrodite, cf. figure 1.10(b).
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(a) A 1/10th scale model of an Airbus wing with
a calibration cone being measured by a projec-
tion moiré system [Experimental Mechanics].

(b) Virtual model of Spirit of America Jet-
Powered Car, created using the eios Mini-
Moiré Sensor .

(c) Grid projection on a car engine
cover for topographic & deforma-
tion purposes [Laboratory of Op-
tics and Mechanics].

(d) Projected grid and phasemap (height information) obtained
on a car door [Laboratory of Optics and Mechanics].

Figure 1.9.: Various engineering applications of moiré interferometry.

• Moiré and other structured light systems also found their use in biometric secu-
rity applications, for example 3-d face imaging and recognition as replacement
for fingerprint or ocular scanning, cf. figure 1.11.

• The Hollywood movie industry makes use of the moiré method as well. For
instance in Beowulf, a computer animated picture, moiré technology is used.
First the face of the actress Angelina Jolie is measured with moiré to obtain
its accurate profile, cf. figure 1.12(a). Next 150 sensors were strategically
glued onto Angelina’s face to ensure that every nuance of her facial expressions
was recorded during acting in the studio. Finally, the animators applied the
recorded expressions on the moiré head model. The same was done with some
50 more sensors on the rest of her body, cf. figure 1.12(b). In this way Sony
Pictures Imageworks achieves motion and performance capture and applies
them to a digital character. Ditto for the new movie Avatar.

• Many medical topographic moiré applications exist. For example, the study
of body posture and spine growth in humans, cf. figure 1.9(g,h,i). Our work
is situated in measuring the shape and deformation of eardrums, cf. chapter 7.

- 158 -



1.6 Applications

(a) 3-D recording of an Ancient Egyptian relief with the
projection moiré technique [Renottea et al., 2004].

(b) Moiré fringe image of an
Aphrodite-sculpture
[School of the Built Environment].

Figure 1.10.: Various cultural applications of moiré interferometry.

Figure 1.11.: 3-d facial moiré imaging for biometric recognition [Rodrigues, 2006].
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(a) Not a head shot photo of Angelina Jolie
but a scene from the movie, showing a high-
quality 3-d computer model made with moiré.

(b) Facial expressions
are recorded through 150
glued sensors.

Figure 1.12.: In the computer animated movie Beowulf, all characters are digitally
generated but driven by a real person’s acting performance.

(a)

(b) (c)

Figure 1.13.: Medical application of moiré interferometry: posture & spine analysis
through moiré profilometry [Drerup, 1982; Weiss, 1999].
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Chapter 2
Theory of projection moiré topometry

Abstract

In what follows, we give a general overview of profilometric techniques and focus
on structured light projection techniques. In particular Fourier and (projection)
moiré profilometry are the techniques used in our setups.
Consequently, we study these approaches in depth and give a detailed theoretical
derivation of both methods.

This chapter will be published in full as a tutorial on structured light projection techniques
in the book Optical Methods for Solid Mechanics, 2010 [B.7].
A paper with similar content to this chapter was invited to appear in a special issue
on fringe projection techniques in Optics and Lasers in Engineering, 2010 [A.12].
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2.1. General introduction

Profilometry, or the accurate measurement of the three-dimensional (3-d) shape of
objects, has many applications in science and engineering. For instance, profilome-
try or topography (Greek: topo=place or surface, graphy=to record or to describe)
is used to monitor manufacturing quality, to detect obstacles for robot and vehicle
guidance and in stress and strain measurements [Lee et al., 2006; Dirckx and Buy-
taert, 2010]. We will first give a short summary of the wide variety of techniques at
hand to position the technique of geometric optical profilometry, which we will deal
with in this chapter.

2.1.1. Non-optical topography

One of the oldest techniques for shape measurement is the use of tactile probes.
In recent decades such probes have been perfected to the level of sub-micron mea-
surement accuracy, and hooked probes make it possible to measure strong concave
shapes or even measure inner bores of hollow structures with a small access opening.
Tactile probes also have major disadvantages: the technique is inherently slow, and
physical contact with the surface is necessary so that the technique cannot be used
on soft or scratch-sensitive surfaces.

In recent decades, tomographic techniques such as micro X-ray computed tomog-
raphy have emerged and also allow very high resolutions. These techniques have
the enormous advantage that they not only measure the shape of a surface, but can
actually measure an entire 3-d volume, including inner surface areas which cannot
be seen from the outside. In tomography there is however a trade-off between reso-
lution and object size, so micrometer resolution is only obtained on relatively small
objects (of a few centimeter) [Gea et al., 2005]. Also, the equipment is very expen-
sive, obviously there are a number of safety issues connected to using X-rays, and
most importantly the generation of a 3-d scan can take several hours. Finally, the
object needs to have suitable material properties: it needs to be transparent for the
radiation used, and large differences in absorption lead to artifacts.

2.1.2. Optical full-�eld pro�lometry

The main advantage of optical profilometric techniques is their non-contacting as-
pect. The general basic disadvantage is that the surface needs to be visibly accessible
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and optically cooperative to some extent: for many techniques the surface needs to
be diffusely reflective and sometimes the use of a suitable coating is necessary to use
the techniques [Dirckx and Decraemer, 1997a].

Some techniques, such as time of flight measurements or heterodyne interferometry,
can be used to measure distances at a single point, and through scanning a profile
can be measured. The major application of optical techniques for profilometry lays
however in the full-field methods.

Coherence based techniques

Within this class of methods, important techniques are digital holography (dh) and
electronic speckle pattern interferometry (espi). These coherence-based techniques
can provide extremely highmeasurement accuracy, down to the nanometer range. As
the wavelengths of lasers are accurately known, the techniques also have the impor-
tant advantage of being self-calibrating. By using so called synthetic wavelengths
(a mixture of two slightly different laser wavelengths) the techniques can also be de-
sensitized to obtain artificial wavelengths up to millimeters or even centimeters in
order to adapt the measurement range to large scale objects.

A fundamental disadvantage of these techniques, however, is that they put strong
requirements on object and setup stability: immobility down to a fraction of the
wavelength of light is needed, even if far less measurement precision is necessary.
Even when a synthetic wavelength of a millimeter is used, the information is still
generated by the interference of sub-micrometer light waves. Although high power
lasers have become widely available so that large scale objects can be measured, this
fundamental drawback puts a limit on the application of coherence-based profilom-
etry.

Triangulation

Mainly because of the stability problem of coherence-based techniques, optical pro-
filometry based on simple geometrical optics is a very important field, and in recent
years may have become the most popular way to measure the shape of 3-d surfaces.
Basically, all of these techniques are based on triangulation: either object surface
points are imaged from two different directions, or a structured light pattern is pro-
jected from one direction and observed from another, and the angles between the two
directions are used to calculate the 3-d coordinates of the object surface point.
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Markers In a first category of triangulation techniques, marker point information
on the object surface is used. Such marker points can be obtained in different ways:
a limited number of discrete markers can be adhered to the surface, a paint with
some clearly visible structure (speckle-paint) can be sprayed onto the source, or the
surface texture itself can be used. The position of these marker points can be mea-
sured individually from two directions to calculate the point coordinates, but recent
advantages in digital image correlation have made it possible to automatically find
and calculate all surface coordinates of the object from two images recorded from
different directions. These methods are used in techniques such as stereoscopy and
photogrammetry [Trucco and Verri, 1998; Chen et al., 2000]. Deformation can be
measured using one image of the undeformed and one of the deformed state of an
object, using just one camera and direction [Dirckx and Buytaert, 2010]. The great
advantage of the approach lays in the fact that measurement data are obtained in the
object-coordinate space, not in the measurement-coordinate space. In this way, ab-
solute coordinates are obtained, without problems such as phase jumps. A major
disadvantage is however that these techniques are only useful for a limited class of
objects: if no clear markers or surface texture are present, and if the object does not
allow the use of speckle paint, the techniques cannot be used. Moreover, the mea-
surement precision depends on the local optical structure of the surface, so it may
differ between zones on the same object. The application of speckle paint is regarded
as a rather difficult art to get good results.

Structured light projection The other main category of geometric profilome-
try techniques does not require specific structures to be present on the object surface.
The optical structure now consists of a structured light pattern (such as a line or line
grid) which is projected onto the object surface [Chen et al., 2000]. The surface
geometry of the object under study will deform the projected light patterns when
viewed from an angle. The deformation of this pattern contains the surface shape
information. The great advantage of this technique is that it can principally work on
any object (when diffusely reflective); it is simple and can be very fast. The mea-
surement resolution scales together with the object size, but resolutions down to the
micrometer range can be obtained, even on large objects. The required setup stability
needs not to be higher than the desired measurement resolution. So, if one measures
with micrometer resolution only micrometer stability is needed. For large objects,
the measured surface shape needs to be patched and stitched together from several
recordings. As we will see further on, a disadvantage can be that some ambiguity
(called phase jumps) can occur in the measurement data, and to get best results it
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may be necessary to have a diffusely reflective surface. The structured light method
is often also denoted as active triangulation. It covers projected coded light methods,
line-scanning methods and fringe methods.

Structured light projection > Line-scanning The simplest way to imple-
ment the line-scanning technique is to project a single line of light and scan this over
the object surface. When this line is observed under an angle with the projection
direction, it will be seen as curved and deformed due to the object shape. Hence, the
curvature of the line contains the information about the object shape. To record the
line shape, a 2-d imaging camera is needed, and many recordings of the line shape
are needed for the different angles of projection over the object surface.

Structured light projection > Grid projection To avoid the time consuming
process of scanning, a whole grid of lines can be projected at the same time. Again
these lines get deformed and so their phase becomes modulated by the surface shape
when the projected image is recorded from an angle. We thus focus on grid projection
techniques with a spatial carrier, where the surface height is coded in the phase of the
periodic intensity profile [Dorrio and Fernandez, 1999]. Thesemethods use the same
domain for phase modulation as for image representation. The phase modulation
can be derived directly from the spatial carrier or by independently interrogating the
carrier at given instants of time. The limitations of spatial carrier methods arise in
the phase-measurement range, and are related to the image sampling density and the
avoidance of aliasing. On the other hand, methods with spatial carriers only require
3 or even only one image. The scheme presented in figure 2.1 gives an overview of
some of the different methodologies that we used and that are available to obtain the
object height profile from an intensity image.

Some approaches not covered by figure 2.1 are phasogrammetry, a combination of
structured light projection and photogrammetry [Schreiber and Notni, 2000]; and
depth-scanning fringe projection (dsfp), in which depth is obtained by determining
if projected fringes are in focus [Korner and Windecker, 2001].

Structured light projection > Grid projection > Direct recording The
simplest optical setup for grid projection profilometry can be used when the image
of the projected lines is simply recorded by a camera, cf. figure 2.1(1). In this case
one only needs a projection system for the generation of the grid lines on the object,
and a camera which is placed under a fixed angle with the projection direction.
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Figure 2.1.: Schematic overview of different grid projection profilometry techniques.
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A basic disadvantage of direct grid image recording techniques is the fact that the
camera needs to resolve the individual grid lines without aliasing effects between
the grid lines and the camera pixel columns. This means that the camera resolution
needs to be at least the double of the projected grid pitch, but since the pitch of
the projected and deformed grid depends on the object shape the camera resolution
needs to be even higher if objects with steeply inclined surfaces are to be measured.
The gray scale dimension of the camera is not used to obtain height information, just
the (x, y)-position of the grid lines.

Once the image of the deformed grid lines is recorded, it can be processed in different
ways. A first approach, cf. figure 2.1(3), requires just one recording (one-shot) of
the modulated grid lines on the object to be able to extract the height by means of
Fourier transformation and filtering [Takeda et al., 1982; Su and Liu, 2006]. The
Fourier profilometric technique is simple, and on modern personal computers it can
be very fast. We will discuss it in detail in section 2.3. Its main advantage is its
measurement speed; the main disadvantage is loss of spatial resolution due to the
filtering involved.

Another approach to get the surface information directly from the grid line image is
to record multiple images with different grid positions to obtain phase shifted grid
lines. The object height can be retrieved directly from the position of the grid lines,
cf. figure 2.1(4) [Miao et al., 2007], or moiré interference fringes can be generated
digitally in the computer, cf. figure 2.1(5) [Dirckx and Decraemer, 1997b]. These
are two different mathematical techniques to end up with the height result. The main
disadvantage of these techniques is once again that the camera needs to resolve the
individual grid lines. In the case of themoiré fringe images, one needs to remove grid
line noise from the images to be able to calculate the height at every pixel. Therefore,
a larger number of images with different grid phases need to be recorded, cf. figure
2.1(6) [Creath, 1988; Osten, 2000], or low-pass spatial filtering is necessary reducing
the XY -resolution, cf. figure 2.1(7) [Yatagai et al., 1982; Mieth and Osten, 1989].
We will explain the terms moiré fringes and grid noise further on in this chapter.

Structured light projection > Grid projection > Optical fringes Us-
ing a bit more complicated optical setup, most of the disadvantages of the previous
techniques can be overcome, and high spatial resolution can be combined with high
height measuring resolution. This technique is generally known as phase-shifted
moiré interferometry, and because of its advantages in terms of precision we will
discuss this technique in detail in section 2.4.
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In moiré profilometry, the image of a grid is once again projected onto the surface
of an object, but now the deformed grid lines are observed through a second straight
grid. The process can be obtained using two separate grids and projection lenses
(a process called projection moiré [Benoit et al., 1975; Pirodda, 1982; Buytaert and
Dirckx, 2007]), or by just casting a shadow of a grid using a point light source and
viewing the shadow from an angle through the same grid (a process called shadow
moiré [Meadows et al., 1970; Takasaki, 1970; Dirckx and Decraemer, 1989, 1990]).
Because of the angle between the observation and the projection direction, the dark
lines of the projected grid will coincide with the black lines of the observation grid
in some zones, and in other zones they will coincide with the transparent lines of the
observation grid. In zones where black lines of the projected grid coincide with the
transparent lines of the observation grid, the object will remain completely dark. A
zone where the object turns dark due to this interference is called a dark moiré fringe.
In zones where the dark projected lines coincide with the black observation lines and
the light projected lines coincide with the transparent observation lines, one will see
light on the object, and such zone is called a bright moiré fringe. It should be noted
that dark fringes are indeed completely dark, while bright fringes still contain the
striped structure of the grids. This is the so called grid noise which is present in a
moiré interferogram recording, and which will need to be removed before further
processing of the information. As we will explain further, the fringes can be un-
derstood as the intersection of the object with a set of dark and bright fringe planes
which are parallel to theXY -plane, cf. figure 2.3 and 2.4. The fringe plain distance
determines the object height difference between two subsequent fringes, and will
therefore play a fundamental role in the measurement accuracy of the technique.
As we will demonstrate in the mathematical derivations, the fringe plane distance
depends on the grid period and on the angle between projection and observation
direction. Once the grid noise has been removed, clear moiré fringes appear as al-
ternating light and dark bands or regions in an image called a moiré topogram. The
fringes intensity centers represent lines of equal height, like in a topographic map.
The gray scale values of the fringes contain much more detailed height information.
To extract the height from these gray scales, recording of several clear fringe im-
ages with different fringe phases is needed. The different ways of performing phase
modulation or encoding the height information in the fringes led to a great variety of
phase-evaluation methods (pems). Many pems use phase-stepping algorithms (psas)
as a tool for phase calculation and height extraction. psas obtain the phase from
a series (3 or more) phase-shifted intensity recordings which are combined in the
argument of trigonometric functions.
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The first main advantage of the moiré technique is that the individual grid lines do
not need to be resolved by the camera. The camera only needs to record the resulting
interference fringes. The second main advantage of this technique is that the gray
scale values in the fringes can be used to calculate object height, without any spatial
averaging or filtering. So, in contrary to previous discussed techniques, all three
dimensions of the camera are now used to measure the object height profile: theXY -
resolution of the camera is fully used to obtain a measurement on every pixel, and the
gray scale range of the recording device is used for the heightmeasurement resolution
[Buytaert and Dirckx, 2007]. With modern cameras, having dynamic ranges of 16
bit and more, this means that height measuring resolution can be equal to the in-
plane spatial resolution, and a high resolution measurement of the Z-coordinate is
obtained on every pixel coordinate.

Because the Fourier method is the best in terms of measurement speed, and the op-
tical moiré fringe generation method is the best in terms of measurement accuracy,
we will concentrate on these two methods in this chapter.

2.2. Grid projection pro�lometry: the basics

In all of the following we will use the coordinate system defined in figure 2.6. The
surface height of an object can then be described by a function O(x, y), which gives
the object height z at all coordinate points (x, y). It is the aim of profilometry to
determine this function.

To measure the shape of the object, some structured light pattern is projected onto its
surface. The most simple and most commonly used pattern is a grid of straight lines.
Other patterns, such as dots, can also be used, but this only complicates explanations,
so we will limit ourselves to basic straight line grids [Amidror, 2000]. In practice,
most grids consist of equally spaced black (opaque) and white (transparent) lines, so
the grid has a square wave transmission profile. Grids with a sinusoidal transmission
profile are somewhat less common in practice. The reason is only of a technical
nature: square wave grids (also called Ronchi rulings) can be manufactured using
etching processes, while sinusoidal grids are made using photographic techniques.
As a consequence, sinusoidal grids have less transparency and a smaller modulation
factor. Recently, through the introduction of lcd projectors as grid generators, the
use of sinusoidal grids has gained interest [Su and Liu, 2006; Coggrave and Huntley,
1999; Quan et al., 2001; Guo et al., 2004]. In the following theory, we will mainly
limit ourselves to sinusoidal line grids, to keep equations simple.
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In all of the following, we will consider line grids positioned parallel to the XY -
plane, with the grid lines parallel to the Y -axis and the sinusoidal pattern along the
X-axis. Now suppose that such a grid structure is projected along the Z-axis onto
the surface of the object. If we view this projection also along the Z-axis, one will
simply see straight lines with a fixed (magnified) grid period. If, however, we look at
this projection along a direction which makes an angle Ω with the Z-axis, one will
see deformed lines: the straight lines are being distorted by the shape of the object.
Mathematically speaking, we say that the frequency of the grid has been frequency
modulated by the object function O(x, y). The frequency modulated grid structure
can be represented by a function f (q ·O(x, y)), where q represents some known
constant geometrical factors depending on the angle between projection and obser-
vation direction. Simply taking the inverse function f−1 of the observed frequency
modulated grid would suffice to retrieve the object surface function O(x, y).

In practice, however, things become more complicated. When the grid is projected
onto the object, a light source is used and the intensity of that source may vary over
the object surface. Even more importantly, the local reflectivity of the object surface
will probably vary from point to point. Hence, an amplitude modulation function
a(x, y) has to be introduced, which is multiplied with the intensity distribution of
the projected grid. Next, some background light may also be present, which can
differ from point to point. Therefore a function b(x, y) needs to be added. As a
result, the observed intensity distribution I(x, y) becomes:

I(x, y) = a(x, y) f (q ·O(x, y)) + b(x, y) (2.1)

Now we are dealing with a problem that contains three unknown variables O(x, y),
a(x, y) and b(x, y), so at least three independent equations are needed to solve the
problem for the function . This can be done by introducing so called phase shifts
and recording several images of the projected grid. We will deal with this in section
2.4.2. If we have some a priori knowledge about the three unknown functions, it
is possible to solve the problem using just one recording: this is done in so called
Fourier profilometry, which we will discuss in the next section.
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2.3. Fourier transform pro�lometry

2.3.1. Theory

A very fast and powerful full-field structured light technique is Fourier transform
profilometry (ftp), which was first proposed by Takeda et al. [1982]. It requires
only one recording of deformed grid lines to extract the height information through
Fourier analysis, so its major advantage is speed [Su and Liu, 2006].

If the functions O(x, y), a(x, y) and b(x, y) vary slowly in comparison to the grid
structure which is projected onto the object surface, it is possible to separate the
functions in the frequency domain. The grid function will have a specific frequency,
slightlymodulated by the object function, while the intensity variations due to a(x, y)

and b(x, y) have very different frequencies. The grid function can then be separated
from the other components using a correctly chosen filter window. It is important
to notice however that this technique can only be successful if we have the a priori
certainty that the frequency of the grid function differs enough from the frequency
components in the other function: if some overlap occurs, this will inevitably lead to
errors in the calculation of the shape function. Suppose, to put it extremely, that we
would be measuring the shape of a striped shirt, and that these stripes have the same
frequency as the grid that we are projecting onto them, then we will see a frequency
modulated grid together with non-modulated stripes, and it will be impossible to
separate both in the frequency domain. ftp can only deliver good result if gray scale
variations in the object have very different frequencies from the projected grid.

Suppose we project a sinusoidal grid with transmission function t(x) as structured
light pattern. This is the preferred grid shape to allow easy calculations.

t(x) =
1

2
+

1

2
sin

(
2π

p
x+ φ

)
(2.2)

with φ the initial arbitrary phase. When this grid is projected using a light intensity
I0 on the object surface, the frequency of the grid lines becomes modulated by the
object surface shape when it is viewed under an angle Ω. The object surface can be
described by a functionO(x, y), which represents the object height at every point. It
is the aim of the method to determine this function. The intensity distribution of the
distorted sinusoidal grid can be described as

I(x, y) = a(x, y) sinϕ(x, y) + b(x, y) (2.3)
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with a(x, y) the position dependent amplitude modulation and b(x, y) the intensity
offset, both caused by variation in the object reflectivity or inhomogeneities in the
projection illumination intensity I0. ϕ(x, y) is the frequency modulated phase of the
projected distorted grid. Hence, this phase can be written as the original grid phase
with a constant period, to which a position dependent phase is added:

ϕ(x, y) =
2π

p
x+ ∆ϕ(x, y) (2.4)

This modulation phase ∆ϕ(x, y) is caused by the surface depth variation. Rewriting
expression (2.3) as a sum of complex exponential functions, we get

I(x, y) = ã(x, y) exp

(
i
2π

p
x

)
− ã∗(x, y) exp

(
−i2π

p
x

)
+ b(x, y) (2.5)

with ã(x, y) =
1

2i
a(x, y) exp (i∆ϕ(x, y)) (2.6)

and i =
√
−1 and the complex conjugate denoted by ∗.

Taking the one-dimensional Fourier transform F of equation (2.5) gives

FI(fx, y) = F (I(x, y)) =

+∞∫
−∞

I(x, y) exp (−i2πfxx) dx (2.7)

= Ã

(
fx −

1

p
, y

)
− Ã∗

(
fx +

1

p
, y

)
+B(fx, y) (2.8)

with Ã, Ã∗ and B complex Fourier amplitudes. Note that only the frequencies of
the deformed grid lines (around the grid frequency 1

p
) are of interest. Also, note

that frequencies related to the object structure and the noise in the image will be
present. With bandpass filtering, we can reduce the noise and select only the term
Ã
(
fx − 1

p
, y
)
. Calculating the inverse Fourier transform F−1, we obtain

J(x, y) = F−1

[
Ã

(
fx −

1

p
, y

)]
(2.9)

=
1

2i
a(x, y) exp (i∆ϕ(x, y)) exp

(
i
2π

p
x

)
(2.10)

=
1

2i
a(x, y) exp (iϕ(x, y)) (2.11)
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Finally, we obtain the desired phase distribution by the inverse tangent function:

ϕ(x, y) = arctan

(
Im (J(x, y))

Re (J(x, y))

)
(2.12)

which after phase unwrapping (cf. section 2.4.2) and subtraction of the linearly in-
creasing phase 2π

p
x, cf. equation (2.4), delivers ∆ϕ(x, y). ∆ϕ relates linearly to the

object surface height z:

O(x, y) = k∆ϕ(x, y) = z (2.13)

The scaling factor k can be derived [Rajoub et al., 2005], or determined by a cali-
bration measurement of a known object. It depends on the grid period p, the mag-
nification factor used in the projection, and the angle Ω between the projection and
observation direction. Recently an improvedmethod is gaining in popularity, namely
windowed Fourier transform profilometry (wftp), or simply short-time Fourier trans-
form [Kemao, 2004]. This method comes down to choosing a window which will be
used in the Fourier transformation, for instance a Gaussian function g(x)

g(x) = exp

(
− x2

2σ2

)
(2.14)

Iw(fx, y, u) = Fw (I(x, y), u) =

+∞∫
−∞

I(x, y) g(x− u) exp (−i2πfxx) dx (2.15)

As awftp is performed over amore local area (determined by the windowwidth), the
signal in one position will less influence the signal in another place. The spectrum
is therefore expected to be simpler than when using the whole field [Kemao, 2004].

Another option is to use wavelet transformations instead of the Fourier analysis de-
scribed above [Miao et al., 2007; Fu et al., 2007], which has the advantage that the
density of spectral lines is adapted to frequency. The main principle remains the
same, but the details are beyond the scope of this text.

As a conclusion, one sees that the Fourier transform profilometry method is fast
because it requires only a single image recording. Therefore, it is often used for
dynamic measurements. The major disadvantage is that (frequency domain) filter-
ing is required which inherently reduces spatial resolution. The filtering leads to
smoothing of the surface and as a consequence sharp edges become more rounded
than they are in reality. Furthermore, choosing the optimal filter window is difficult.
Determining the exact frequency of the projected grid at a single image point is not
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Figure 2.2.: Fourier transform profilometry simulation.
a) computer generated grid with random noise,
b) adding a fisheye effect changes the grid frequency,
c) the absolute value of a Fourier transformation on horizontal pixel line 200
as a function of spatial frequency (with a square filter),
d) frequency filtering and inverse Fourier transformation delivers a wrapped phase,
e) after phase unwrapping one obtains a smooth steadily climbing phase,
f) after subtraction of the linearly climbing phase (cf. equation (2.4)) one obtains
the distorted phase related to the height (cf. equation (2.13)),
f) 3-d representation of the distorted phase (∼ height) of the simulated object.
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possible. The frequency (and eventually phase) obtained through Fourier analysis at
a certain point is based on the (local) vicinity of this point, even with wftp. Finally,
the higher the grid frequency the better the ftp resolution, but the individual grid
lines need to be resolved by the camera. Once the (deformed) grid lines cannot be
distinguished from one another, the frequency cannot be determined and the method
will fail. So, a recording device with very high spatial resolution is needed to obtain
modest measurement accuracy.

2.3.2. Simulation example

As an illustration of the Fourier transform profilometry method, we show a simulated
example in figure 2.2. Only one image of deformed projected grid lines is required
to do all the calculations with, namely figure 2.2(b). All steps are discussed in the
caption of figure 2.2. The method performs well although it can only be used for
objects which have no pointy structures or edgy corners as smoothing will occur
because of the frequency domain filtering involved. Furthermore, all grid lines need
to be well resolved (and the finer the grid, the better the resolution).

2.4. Moiré pro�lometry

2.4.1. Shadow versus projection moiré

Moiré topography is a full-field optical technique in which the shape of object sur-
faces is measured by means of geometric interference between two identical line
grids. A grid of straight lines, called the projection grid, is imaged onto the surface
of an object, and becomes deformed by the shape geometry of this object when ob-
served under an angle Ω. When this frequency modulated grid is inspected through
a second straight grid with the same original pitch p, a geometrical interference pat-
tern arises: dark and bright zones, designated as moiré fringes. If the setup geometry
is chosen well these fringes represent contours of equal height, and can be regarded
as the intersections of the object surface with the dark and bright fringe planes, cf.
figures 2.3(b), 2.4 and 2.5. The object shape is encoded in the frequency modulation
of the projected deformed grid lines, and is extracted by transmitting an image of the
deformed grid through the second grid, called demodulation grid. In shadow moiré
topography, the projection grid and the demodulation grid are physically one and the
same, while in projection moiré two separate grids are used.
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Figure 2.3.: Shadow moiré setup. A point light source S casts a shadow of the grid
G onto the object surface O, and the deformed shadow lines are observed through the
same grid by a camera aperture C. Behind the grid, dark and bright zones virtually
intersect the object, called fringe planes.
left) asymmetric setup, creating curved fringe planes (red),
right) symmetric setup, generating parallel straight fringe planes (red).

In the recorded fringe image, also called moiré interferogram, cf. figure 2.5(1-2),
there is still grid noise present from the original grids on top of the moiré interfer-
ence fringes. In order to apply psa methods to calculate the object height in every
pixel, this grid noise needs to be removed, cf. figure 2.5(3). When a high frequency
grid is used, the noise can be removed using a low pass filter, but inevitably this will
again go at the cost of spatial resolution. A better technique is to use grid averaging.
Such averaging can be done continuously during the recording of one image or in
steps with a number of moiré interferogram recordings, but in both cases the grid is
translated in its own plane and along the X-axis. In shadow moiré, grid noise can
easily be removed by translating the grid while recording the moiré interferogram
[Takasaki, 1970; Halioua et al., 1983; Dirckx et al., 1990]: as projection and demod-
ulation grid are the same, the grid lines and their shadow move perfectly in-phase,
leaving the moiré interference fringes unaltered in place while grid lines are wiped
out. In projection moiré both grids need to shift synchronously, cf. section 2.4.2.
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Figure 2.4.: Projection moiré setup. Two identical grids and lenses are used, one to
project grid lines on the object and one to image the projected lines onto the second
grid, thus creating geometrical interference fringes. In a symmetrical setup these fringes
represent lines of equal height, as the fringe planes (red) are parallel.

To obtain the object surface function, several recordings of moiré fringes without
grid noise but with different fringe phase are needed. In shadow moiré these phase
changes are obtained by translating the object along the Z-axis over a fraction of the
fringe plane distance [Dirckx et al., 1988]. In projection moiré, these phase changes
are obtained by translating one of the grids in its own plane and along theX-axis over
a fraction of the grid period, while the other grid remains fixed [Andresen, 1986].
Hence, in projection moiré, the combined action of grid averaging and phase change
needs a rather complicated and delicate translation system if simple Ronchi rulings
are used [Buytaert et al., 2009]. When the grids are generated on liquid crystal light
modulators, both the translation processes can be generated fully electronically, and
no moving parts are needed [Buytaert and Dirckx, 2008, 2010a; Dirckx et al., 2010].

The moiré technique for topography was introduced in 1970 by Meadows et al.
[1970] and Takasaki [1970], who both independently developed the shadow moiré
method [Dirckx and Decraemer, 1989, 1990]. The method is simple to implement
but the limitations are that the object needs to be close by and of the same size as the
grid, cf. figure 2.3.
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By using a lens to project the grid and a second lens to image the deformed grid lines
onto a second identical grid, it is possible to measure larger objects and to measure
objects from a distance [Brooks and Heflinger, 1969; Benoit et al., 1975; Buytaert
and Dirckx, 2007]. The grids do not need to have the same size as the object: by
using a suitable lens magnification, any size of object can be covered with grid lines.
The technical implementation of the projection moiré technique is more complicated
than shadowmoiré. To avoid shadow problems, some people use a symmetrical setup
with double grid projection under an angle and the camera in between. Others use
one orthogonal grid projection system and two cameras observing the deformed grid
patterns under an angle for the same reason. We will limit the discussion to the basic
setup shown in figure 2.4 and 2.6.

Notice how in these figures, the fringe plane distance increases as a function of depth.
The artifact is inevitable. In order to obtain equidistant fringe planes, the distance
between the projection aperture (or the point light source in case of shadow moiré)
needs to be made large as compared to the object surface height variations: in that
case, the fringe plane distance can be regarded as constant to a good approximation,
and the fringe planes as equidistant. But even then, there still is a non-linear artifact,
which we will discuss further on in section 2.4.2.

2.4.2. Theory of projection moiré

Basic principles

Before going into the details of the projection moiré technique, let us summarize the
basic principles. As we explained in the previous section, fringes are generated on
the object surface, together with residual grid noise. Figure 2.5(a) shows a moiré
interferogram obtained on a spherical surface. When the projection and observation
grid are translated simultaneously, the fringes remain unchanged, but the grid noise
pattern moves along the X-direction, cf. figure 2.5(b). If a correct number of such
images are averaged, the grid noise can be wiped out from the image entirely, cf. fig-
ure 2.5(c), and a grid noise-free moiré topogram is obtained. The grid noise removal
can be performed in a number of discrete steps or by continuously moving the grid,
we will discuss this in detail in a following section 2.4.2.

After grid noise removal, we now need several phase-shifted moiré topograms to
solve the problem for the function O(x, y). In shadow moiré, the phase shifts are
obtained by object translation, in projection moiré the phase shifts are obtained by
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Figure 2.5.:Moiré profilometry on a sphere.
a) Moiré interferogram showing moiré fringes and grid noise.
b) A similar moiré interferogram as in a), but with both grids translated over ∆ = p

2 .
c) After averaging a number of grid-shifted interferogram, grid noise is removed
leaving a moiré topogram.
d) By changing the relative distance between the projection and the observation grid
(in projection moiré) or by translating the object (in shadow moiré)
a moiré topogram with a π

4 different fringe phase is obtained.
e) From a number (at least 3) of phase-shifted topograms, the fringe phase
can be calculated with a phase ambiguity of 2π.
f) After removing phase jumps, the object surface height is obtained in units of radians.
Gray values in the figure represent the phase value which corresponds to object height.
g) After applying the appropriate calibration factor, surface height is obtained in 3-d.
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moving one of the grids along the X-axis, but in both techniques the result is the
same. As shown in figure 2.5(c) and 2.5(d) we obtain moiré topograms with the
same fringe pattern, but the phase of the fringes is different. As we are dealing with
a problem with three unknown functions, at least three topograms of different phase
will be needed. As we will see in section 2.4.2, more phase shifted topograms can
be used to improve measurement accuracy, but 3 is the minimum. From a number of
phase shifted topograms, the phase of the fringe pattern can then be calculated using
an arctangent calculation. Because the arctangent has a phase ambiguity of 2π, we
end up with phase jumps as shown in figure 2.5(e). To obtain the real surface height
functionO(x, y), these phase jumps need to be removed by a procedure called phase
unwrapping, the result is shown in figure 2.5(f): whenever a sudden phase change
in the order of 2π is encountered in an image pixel row, this value is corrected in all
subsequent pixels. Phase unwrapping is a generic problem in all phase based tech-
niques, and many different, more and less complicated schemes have been developed
to remove phase jumps. A phase of 2π corresponds to exactly one fringe plane dis-
tance, so by multiplying the phase values with the appropriate calibration factor, the
final surface profile is obtained, as represented in figure 2.5(g). The calibration fac-
tor can be calculated on basis of setup geometry and the period of the grids, or it can
be obtained from a calibration measurement on an object with known geometry.

Optical geometric interference

We will now discuss in detail all these steps for a general projection moiré setup.
First we describe how a moiré fringe is formed in a general projection moiré setup
with magnificationm, schematically represented in figure 2.6. The grids G1 and G2

have an identical grid period or pitch p, and both have a transmission function ti

ti(x) =
1

2
+

1

2
sin

(
2π

p
x+ φi

)
(2.16)

with φi the initial arbitrary phase.

To describe the entire interference process, we trace a light ray starting at the point
(x1, y1, z1) on the gridG1. This point is projected by lens L1 onto the object surface
point S(x, y, z). Projection by any lens introduces an insertion loss ρ, and reflec-
tion of light on a diffusely reflective object is influenced by the reflectivity coeffi-
cient R(x, y). Another lens, L2, images the object surface point S onto the point
(x2, y2, z2) on the grid G2, again with a certain insertion loss. Incorporating all
this into one equation, the observed intensity distribution I(x, y, z) representing the
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Figure 2.6.: Schematic setup for projection moiré profilometry, and the definition of the
symbols used in the theoretical derivation: gridsGi, lensesLi, surface point S(x, y, z),
magnificationm.
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imaging of the entire interference process is given by:

I(x, y, z)

=
I0

r2(x, y, z)
t1(x1) ρ1R(x, y) ρ2 t2(x2) (2.17)

=
I0ρ1ρ2R(x, y)

4 r2(x, y, z)

[
1 + sin

(
2πx1

p
+ φ1

)]
·
[
1 + sin

(
2πx2

p
+ φ2

)]
(2.18)

with r the total length of the light path from the point source (x1, y1, z1) toS and back
to (x2, y2, z2). The amplitude factor a(x, y) = I0ρ1ρ2R(x,y)

4r2(x,y,z)
depends on the intensity

I0 of the light source and of the insertion losses of both lenses. Most importantly, it
varies with the local reflectivity R(x, y) of the object. Its actual value is of no major
importance as by using psa, it will be removed from the final result. The following
substitutions, derived from similar right-angled triangles in figure 2.6, allow us to
rewrite expression (2.18) with x, y and z as the only variables:

x1 = D −mx+mdx1 with dx1 = z
D − (m+ 1)x

`− (m+ 1)z
(2.19)

x2 = −mx−mdx2 with dx2 = z
(m+ 1)x

`− (m+ 1)z
(2.20)

y1 = y2 , z1 = z2 = ` and dy = z
(m+ 1)y

L− (m+ 1)z
(2.21)

Substitution thus gives:

I(x, y)

= a(x, y)

[
1 + sin

(
2π

p
(D −mx+mdx1) + φ1

)]
·
[
1− sin

(
2π

p
(mx+mdx2)− φ2

)]
(2.22)

= a(x, y)

[
1 + sin

(
2π

p
(D −mx+mz

D − (m+ 1)x

`− (m+ 1)z
) + φ1

)
− sin

(
2π

p
m(x+ z

(m+ 1)x

`− (m+ 1)z
)− φ2

)
+

1

2

{
− cos

(
2π

p
(−D + 2mx+mz

−D + 2(m+ 1)x

`− (m+ 1)z
)− (φ1 + φ2)

)
+ cos

(
2π

p
D(1 +

mz

`− (m+ 1)z
) + (φ1 − φ2)

)}]
(2.23)

Expression (2.23) represents the moiré interferogram. It contains the moiré fringes,
and the remaining grid noise [Buytaert and Dirckx, 2007].
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All sine and cosine terms but the last one have a strong dependency of the coordinate
x in their argument, and are related to the grid noise. The high dependency on x can
easily be noticed if we rewrite for instance the first sine term as follows

sin

(
2π

p
(D −mx+mz

D − (m+ 1)x

`− (m+ 1)z
)

)
= sin

(
2π

p
(D +mz

D − (m+ 1)x

`− (m+ 1)z
) + φ1

)
cos

(
2π

p
mx

)
− cos

(
2π

p
(D +mz

D − (m+ 1)x

`− (m+ 1)z
) + φ1

)
sin

(
2π

p
mx

)
(2.24)

Only the last term in formula (2.23) depends solely on the height z of the object
surface. This it the actual moiré fringe term:

Imoire(x, y, z) =
a(x, y)

2
cos

(
2π

p
D(1 +

mz

`− (m+ 1)z
) + (φ1 − φ2)

)
(2.25)

Grid noise removal

As is shown in the scheme shown in figure 2.1(6), there are several procedures al-
lowing to eliminate the grid noise terms.

Continuous grid averaging As stated before, movement or translation of both
the projection and demodulation grid does not affect the position (phase) of themoiré
fringes in the interferogram. The grid noise on the other hand shifts together with
the grids. If the recording device integrates the resulting moiré interferograms while
the grids are continuously moving along the X-axis with a speed v over exactly one
or a multiple k of grid period p during an exposure time T = kp

v
, the grid noise is

averaged out to a constant background offset.

The steady movement of a grid can be mathematically described by adding a time
dependent part to the constant arbitrary phase φ in equation (2.16) for both gridsGi:

φi → φi +
2π

p
vt (2.26)

If we take the second sine term from equation (2.23) as example and substitute the
non-relevant part of the argument by α, integration over time using expression (2.26)
yields zero by filling in T = kp

v
.
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− a(x, y, z)

∫ T

0

sin

(
2π

p
(α + vt)− φ2

)
dt

= −p a(x, y)

2πv

[
cos

(
2π

p
α− φ2

)
− cos

(
2π

p
(α + vT )− φ2

)]
= 0 (2.27)

The same result can be obtained for the other grid noise terms, thus leaving us with
a grid noise removed moiré topogram IT (x, y, z):

IT (x, y, z) = T a(x, y)

[
1 +

1

2
cos

(
2πDmz

p (`− (m+ 1)z)

)]
+ b(x, y) (2.28)

by defining the constant phase offset (φ1−φ2) = −2πD
p
, and adding b to incorporate

background illumination effects, ambient light and electrical offset in the recording
device. This equation is in principle identical to the ones in (2.3) and (2.25).

Another option leading to expression (2.28), is the integration of the moiré interfer-
ogram over a very long time period T � p

v
. In this way it is possible to reduce the

grid noise contributions to below the dynamic range of the camera as they do not
grow with T , while the moiré term does [Buytaert and Dirckx, 2007]. It thus is of no
importance any more that the continuous displacement amounts to an exact integer
number of periods p.

Discrete grid averaging Instead of continuous movement of both grids during
one exposure time, it is also possible to remove the grid noise by averaging recordings
of several moiré topograms with both grids shifted over discrete distances along the
X-axis in between each recording. Suppose we average N interferograms (each
with exposure time T ) each with an extra phase-shift Φ for both grids. For the j-th
recording, the arbitrary phase in equation (2.16) of each grid Gi then becomes

φi → φi + (j − 1)Φ (2.29)

with j ∈ [1, 2, · · · , N ]. Substituting the above in equation (2.22) and averaging all
N recordings, we obtain the moiré topogram IN(x, y, z):

IN (x, y, z) =
T a(x, y)

N

N∑
j=1

[
1 + sin

(
2π
p

(D −mx+mdx1) + φ1 + (j − 1)Φ
)]

·
[
1− sin

(
2π
p

(mx+mdx2)− φ2 + (j − 1)Φ
)]

(2.30)
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=
T a(x, y)

N

N∑
j=1

[
1 + sin

(
2π
p

(D −mx+mz
D − (m+ 1)x
`− (m+ 1)z

) + φ1 + (j − 1)Φ
)

− sin
(

2π
p
m(x+ z

(m+ 1)x
`− (m+ 1)z

)− φ2 − (j − 1)Φ
)

+
1
2

{
− cos

(
2π
p

(−D + 2mx+mz
−D + 2(m+ 1)x
`− (m+ 1)z

) + (φ1 + φ2 + 2(j − 1)Φ)
)

+ cos
(

2π
p
D(1 +

mz

`− (m+ 1)z
) + (φ1 − φ2)

)}]
(2.31)

= T a(x, y)

1 +
1
N

N∑
j=1

{
sin
(

2π
p

(D −mx+mz
D − (m+ 1)x
`− (m+ 1)z

) + φ1 + (j − 1)Φ
)

− sin
(

2πm
p

(x+ z
(m+ 1)x

`− (m+ 1)z
)− φ2 − (j − 1)Φ

)
−1

2
cos
(

2π
p

(−D + 2mx+mz
−D + 2(m+ 1)x
`− (m+ 1)z

) + (φ1 + φ2 + 2(j − 1)Φ)
)}

+
1
2

cos
(

2πD
p

(1 +
mz

`− (m+ 1)z
) + (φ1 − φ2)

)]
(2.32)

Note how the last term of this equation is identical to the one in expression (2.25)
again. The discrete movement of both grids and averaging of these recordings, re-
ferred to as discrete grid averaging, delivers the same result as continuous averaging
(cf. equation (2.28)) if we can remove the three final terms in expression (2.32). Let
us focus on the first sine-term as an example, where we substitute the non-relevant
part of the argument by β:

T a(x, y, z)

N

N∑
k=1

sin (β − (k − 1)Φ)

=
T a(x, y, z)

N

N/2∑
j=1

{
sin (β − (j − 1) Φ) + sin

(
β − (

N

2
+ j − 1) Φ

)}
(2.33)

=
2T a(x, y, z)

N

N/2∑
j=1

sin

(
β − (

N

4
+ j − 1) Φ

)
cos

(
N

4
Φ

)
(2.34)

Expression (2.34) amounts to zero when the phase-shift steps Φ fulfill the relation:

Φ =
2π

N
(2s+ 1) (2.35)

with s ∈ N and N
2
∈ N0 [Buytaert and Dirckx, 2008].
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However, to remove the last term of (2.32) using the same method, it follows that N
has to be a multiple of four:

N

4
∈ N0 (2.36)

According to equations (2.35) and (2.36), either N = 4 images with phase steps
Φ = π

2
for both grids in between every recording, or N = 8 and Φ = π

4
, or N = 12

and Φ = π
6
, etc. have to be taken to obtain a fringe image without grid noise. In

order to obtain a grid phase-shift Φ, the grids need to be translated physically along
the X-axis over a distance ∆:

∆ =
p

2π
Φ =

p

N
(2s+ 1) (2.37)

Semi-continuous averaging Finally, there is a grid noise removal technique
which is the combination of both continuous and discrete averaging: one exposure
time is used (as in continuous averaging), in whichN discrete shifts of both grids are
executed (as in the discrete case). Expressions (2.35) till (2.37) remain valid, again
obtaining equation (2.28).

One loads the in-advance prepared grid images onto the memory of the graphics
card, where they are played sequentially, fast and with fixed frame rate by the gpu
on the lcd projector [Buytaert and Dirckx, 2010a]. We elaborate more in chapter 6.

This method has the advantage over discrete grid averaging that only one recording is
needed, which greatly reduces the measurement time. Moving the grids over discrete
distances becomes useful when using lcd generated grids: in this case, the grid lines
can not be moved continuously, but only from one discrete lcd pixel column to the
next [Buytaert and Dirckx, 2008].

Digital geometric interference

As mentioned in figure 2.1, the deformed grid lines can also be recorded directly,
without optical interference with a second physical grid. Moiré fringes originating
from geometric interference with a second grid can then be generated in the computer
by multiplication of the recorded image with a computer generated image which
represents the non-deformed grid, or with a pre-recorded image of the non-deformed
grid (for instance an image of the grid on a flat plate). These approaches are referred
to as digital geometric interference; cf. figure 2.1(5).

- 186 -



2.4 Moiré profilometry

Apart from a simple optical setup, the method has little advantages. Just as in ftp
(section 2.3), the grid lines need to be resolved by the camera, and the camera gray
scale levels are not used to improve height measurement resolution. The obtained
fringes still contain grid noise, so either the projection grid needs to be translated
while a number of grid images are recorded, or the grid noise needs to be removed
through filtering which reduces spatial resolution. Continuous grid averaging during
a single image recording is not an option, since the images of the individual grids
are needed to generate the interference images in the computer. In fact, the digital
interference process comes down to the same result as ftp, with the same smoothing
effects.

Phase-shifting algorithms

Once the grid noise has been removed, we end up with a moiré topogram as shown
in figure 2.5(d). The intensity distribution seen in such a topogram is now given
by (2.28). Although phase extraction in itself is quite simple to understand, namely
obtaining ϕ(x, y) and thus O(x, y) from a fringe image I(x, y), cf. equation (2.38),
a great variety of pems has surfaced, each with their individual algorithms for phase
calculation and particular needs and performance [Dorrio and Fernandez, 1999].

The preferred pem to obtain the phase encoded in interference fringes employs phase-
stepping algorithms or psas, cf. figure 2.1(8). The first psa dates back to Carré
[1966], and psa is often referred to as spatial carrier phase-shifting.
If you look closely at equation (2.25) and (2.28) you see that the moiré fringe term
depends on the difference in phase (φ1 − φ2) between the two grids. If we move
one grid along the X-axis while the other one remains stationary, the location of
the fringes on the surface will shift. This means that the phase of the fringe cosine
changes by a phase-shift ∆ψ related to the translation of the one grid. The relative
translation between the projectionG1 and demodulation gridG2 thus forms the basic
mechanism to obtain moiré topograms of different phase.

There are many different and complicated algorithms to extract the phase ϕ for every
recorded pixel (x, y) from equation (2.28). All algorithms require n ≥ 3 fringe
images Ii, each with a fringe phase ψi increasing in phase-shift steps ∆ψ.

Ii(x, y) = a(x, y)

[
1 +

1

2
cos (ϕ(x, y) + ψi)

]
+ b(x, y) (2.38)

with i ∈ [1, 2, ... , n] and phase ϕ (x, y) = 2πDmz
p (`−(m+1) z)

∼ z.
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Themost popular class of psas are described by the following trigonometric function
[Schmit and Creath, 1995; Osten, 2000]:

−ϕ = arctan


n∑
i=1

Ii sin
(

2π(i−1)
n

)
n∑
i=1

Ii cos
(

2π(i−1)
n

)
 = arctan

(
N

D

)
(2.39)

using ψi = 2π(i−1)
n

in equation (2.38).

We divide the methods into two main classes and subdivide them by the number
of phase-shifted fringe images (or steps) that are required. The first class α are the
generic psas which use known phase values ψi resulting in fringe images Ii. The
second class β are the specific psas for dedicated applications.

As there are only three unknown variables in equation (2.38), namely a(x, y), b(x, y)

and ϕ(x, y), three recorded moiré topograms I1, I2 and I3 are sufficient to solve the
problem. All variables are considered constant during phase-shifting. The more
topograms are used, the more robust the algorithm becomes against phase-errors.

.

α. Generic phase-shifting algorithms

α.1 Three-step methods

• Recording n = 3 images Ii and using expressions (2.38) and (2.39), we get a
three-step phase-shifting algorithm with phase-shifts of ∆ψ = 2π

3
:

ϕ = arctan

(√
3

I3 − I2

2I1 − I2 − I3

)
(2.40)

with ψi: ψ1 = 0, ψ2 = 2π
3
, ψ3 = −2π

3
[Creath, 1988; Osten, 2000].

• Phase-shifts of ∆ψ = π
2
for sinusoidal fringes are preferred, as the shifts thus

correspond to extrema and inflection points. Therefore, another three-step al-
gorithm was derived:

ϕ = arctan

(
2I2 − I1 − I3

I3 − I1

)
= arctan

(
I3 − I2

I1 − I2

)
− π

4
(2.41)

with ψi: ψ1 = π
4
, ψ2 = 3π

4
, ψ3 = 5π

4
[Creath, 1988; Schmit and Creath, 1995].
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α.2 Four-step method

• Recording n = 4 images Ii and using expressions (2.38) and (2.39), we get
the popular four-step phase-shifting algorithm with phase-shifts of ∆ψ = π

2
:

ϕ = arctan

(
I4 − I2

I1 − I3

)
(2.42)

with ψi: ψ1 = 0, ψ2 = π
2
, ψ3 = π, ψ4 = 3π

2
[Creath, 1988; Osten, 2000].

α.3 Five-step methods

• Recording n = 5 images Ii, we can use the well-known five-step phase-shifting
algorithm or Hariharan method with phase-shifts of ∆ψ = π

2
:

ϕ(x, y) = arctan

(
2(I4 − I2)

I1 + I5 − 2I3

)
(2.43)

with ψi: ψ1 = −π, ψ2 = −π
2
, ψ3 = 0, ψ4 = π

2
, ψ5 = π [Schmit and Creath,

1995; Hariharan and Oreb, 1987].

α.4 Extended averaging method Schwider et al. [1983] developed a new tech-
nique called the averaging technique in an attempt to reduce phase errors from phase-
shift miscalibration, phase-shift variation and detector non-linearity. To achieve this,
two datasets Ii and I ′i of moiré topograms are recorded (so double the amount). In-
stead of calculating the phase map twice and averaging the two results, the data is
merged in one calculation:

ϕ = arctan

(
N1 +N2

D1 +D2

)
(2.44)

For N1 andD1 one uses the nominator an denominator of the three- or four-step
phase-shifting algorithm with topograms of the first dataset Ii. For N2 andD2 one
uses the same equation for the nominator an denominator but now with images I ′i of
the second dataset. If equation (2.42) is used as the basic equation for this averaging
technique, one calls the derived equation as being from class A. If equation (2.41)
is used, the derivation is of class B. Schmit and Creath [1995] found a clever way
to extend this method requiring less amount of data, namely (n + 1) instead of 2n

recordings. They still require two datasets, but they use overlap of their data: the first
images Ii consists of the first n recordings from the (n+ 1) in total, and the second
dataset I ′i has the last n of (n+ 1) recordings. Then equation (2.44) is used again.
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This process can be reapplied successively to two sets of (n + 1) recordings, using
the newly obtained nominator and denominator in equation (2.44) as prescription for
Ni andDi. In this way, only (n+2) recordings are needed to achieve the same effect
of a dataset of 3n images. Depending on the total number of images n used in the
extended averaging technique and the basic equation that is used, we refer to a certain
algorithm as nA or nB. For instance, the basic equations themselves are called 4A or
3B. We will now derive 4B and 5B algorithm iteratively using the extended averaging
method.

The algorithm denoted 4B, means we need n = 4 recordings using the basic equation
of class B, which is the 3B algorithm given in equation (2.41). The first 3 images are
combined as

N1

D1

=
2I2 − I1 − I3

I3 − I1

(2.45)

and the last 3 images as

N2

D2

=
I4 − I2

I4 + I2 − 2I3

(2.46)

Through equation (2.44) we get

φ(x, y) = arctan

(
I1 − 3I2 + I3 + I4

I1 − 3I3 + I2 + I4

)
(2.47)

= arctan

(
2(I3 − I2)

I1 − I2 − I3 + I4

)
− π

4
(2.48)

If we continue on from the result in (2.47) and call it the 4B algorithm, we can
calculate 5B as follows:

N1

D1

=
I1 − 3I2 + I3 + I4

I1 − 3I3 + I2 + I4

(2.49)

N2

D2

=
I2 − 3I3 + I4 + I5

I2 − 3I3 + I4 + I5

(2.50)

Through equation (2.44) we get

φ(x, y) = arctan

(
I1 − 4I2 + 4I4 − I5

I1 + 2I2 − 6I3 + 2I4 + I5

)
(2.51)

= arctan

(
−3I2 + 3I3 + I4 − I5

I1 − I2 − 3I3 + 3I4

)
− π

4
(2.52)
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For the 5A phase-shifting algorithm, we need n = 5 recordings using the basic equa-
tion of class A: the 4A algorithm in equation (2.42). The first 4 images are combined
in N1

D1
= I4−I2

I1−I3 and the last 4 images in N2

D2
= I4−I2

I5−I3 . Through equation (2.44), one
finds the previously discussed Hariharan method shown in equation (2.43).

.

β. Specific phase-shifting algorithms

β.1 Three-step method

• Recording n = 3 images Ii obtained with unknown but constant phase-shifts
∆ψ = γ, we get a three-step phase-shifting algorithm:

ϕ(x, y) = arctan

(
1− cos(γ)

sin(γ)

I1 − I3

2I2 − I1 − I3

)
(2.53)

with ψi: ψ1 = −γ, ψ2 = 0, ψ3 = γ [Creath, 1988].

β.2 Four-step method

• Recording n = 4 images Ii obtained with unknown but constant phase-shifts
∆ψ = γ, we can use another well-known four-step phase-shifting algorithm,
namely the Carré method:

ϕ(x, y) = arctan

(√
[3(I2 − I3)− (I1 − I4)][(I2 − I3) + (I1 − I4)]

(I2 + I3)− (I1 + I4)

)
(2.54)

with ψi: ψ1 = −3γ
2
, ψ2 = −γ

2
, ψ3 = γ

2
, ψ4 = 3γ

2
[Carré, 1966; Creath, 1988].

Kemao et al. [2000] determined that the optimal∆ψ = γ should be below 120◦ to re-
duce the second-order phase-shift error and between 90◦ and 120◦ to reduce second-
and third-order intensity errors. The authors eventually confirmed what Carré him-
self had already suggested: an optimal value of γ = 110◦.

β.3 Variable background method Almost all psas assume that the background
b(x, y) and the intensity modulation a(x, y) are independent of the phase variationψ.
In some practical situations, the mechanism required for phase-shifting does induce
such a dependency. Therefore, dedicated algorithms have been developed, as long
as one knows how ψ affects b(x, y).
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• Recording n = 4 images Ii with phase-shifts ∆ψ = π
2
and with b(x, y) evol-

ving sinusoidally with ψ, we can use this four-step phase-shifting algorithm:

ϕ(x, y) = arctan

(
I2

2 − I2
4

I2
3 − I2

1

)
(2.55)

with ψi: ψ1 = 0, ψ2 = π
2
, ψ3 = π, ψ4 = 3π

2
[Moore et al., 1994].

• Recording n = 5 images Ii with phase-shifts ∆ψ = π
2
and with b(x, y) evol-

ving linearly with ψ, we can use this five-step phase-shifting algorithm:

ϕ(x, y) = arctan

(
I1 − 2I2 + 2I4 − I5

2I2 − 4I3 + 2I4

)
(2.56)

with ψi: ψ1 = −π, ψ2 = −π
2
, ψ3 = 0, ψ4 = π

2
, ψ5 = π [Surrel, 1997].

β.4 2+1-bucket method Thismethod has been developed to be used in dynamic
situations (vibration or perturbations), and allows short acquisition times. It uses
only two (subsequent) fringe patterns from an incremental series of π

2
phase-shifts

acquired in rapid sequence with a video camera. As the third required variable, the
intensity offset (a(x, y) + b(x, y)) is used, obtained by averaging (and sometimes
filtering) two previous fringe images which are phase π apart [Kerr et al., 1990].

• Recording n = 2 images Ii with phase-shifts ∆ψ = π
2
, we can use the 2 + 1

bucket phase-shifting algorithm:

ϕ(x, y) = arctan

(
I2 − a− b
I1 − a− b

)
(2.57)

with ψi: ψ1 = 0, ψ2 = π
2
[Angel and Wizinowich, 1988; Wizinowich, 1990].

β.5 2+2 phase-di�erence method Finally, there are methods which allow im-
mediate calculation of the phase-difference (ϕ′ − ϕ) between two sets of fringe pat-
terns Ii and I ′i, without specifically calculating their individual phases. These meth-
ods are useful if one is interested in deformations, rather than the shape profile itself.

• Recording n = 4 images Ii with phase-shifts ∆ψ = π
2
, we use the 2+2 bucket

phase-shifting algorithm:

∆ϕ(x, y) = ϕ′(x, y)− ϕ(x, y) = 2 arctan

(
I ′1 − I2

I ′2 − I1

)
(2.58)

with ψi: ψi = (i− 1)π
2
and ψ′i = (i− 2)π

2
[Owner-Petersen, 1991].
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Performance psas have many advantages:

• The phase (and therefore the height) are calculated and obtained for every im-
age pixel independently. The spatialXY -resolution is uniform and inherently
high because the number of measurement points coincides with the number of
detector elements.

• A high Z-resolution can be obtained, as the phase is calculated on basis of
gray scale variations in the phase-shifted fringes images.

• The algorithm has a low sensitivity to stationary noise in the image, so non-
uniformities in the background illumination b(x, y) have no importance, unless
they change in time.

• The method is applicable to low-contrast fringes (the signal-to-noise ratio is a
more determining factor of the performance).

• With current computer power, calculations are fast and easily automated.

And, depending on the number of images and the class an extended method belongs
to, each algorithm has its superiority:

• In general, a higher number of recordings n, reduces noise and phase-errors
in the resulting ϕ(x, y), of course at the cost of more recording time.

• Five- and six-stepped methods are more tolerant to phase-shift miscalibration.

• With the same number of frames involved, the class B algorithms (derived
fromm = 3) cause less phase-error in case of phase-shift miscalibration com-
pared to class A methods. Algorithms from class A (derived fromm = 4) are
in turn more robust against second-order detector non-linearity than class B.

Square versus sinusoidal grids If square grids are used, the fringe profile is no
longer sinusoidal, which leads to systematic non-linearities in the profile calculation
when using the arctangent functions. However, if fine grids are used the lens tends
to act as a low-pass filter, reducing the higher-order components, thus creating more
or less sinusoidal grid lines. Also, defocussing the lens just a bit has the same effect.
Theoretically, when using square transmission profiles, the entire derivation holds in
first approximation: a square grid has a transmission function t′, given by

t′(x) =
1

2
+

2

π

∞∑
n=1,odd

1

n
sin

(
2πnx

p
+ φ

)
(2.59)
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The fringes originating from such a grid transmission profile are not sinusoidal but
triangular, cf. figure 2.7. But, if we still apply the four-step (arctangent) algorithm
4A, we get:

I4 − I2

I1 − I3

=

∞∑
n=1,odd

1
n2 sin

(
n 2πDMz
p(L−(M+1)z)

)
∞∑

m=1,odd

1
m2 cos

(
m 2πDMz

p(L−(M+1)z)

) (2.60)

Because of the presence of 1
n2 and 1

m2 , the higher order terms are rather suppressed.
Therefore the approximation of using only the first order term is often made and
valid. In practice, square wave grids therefore are useful sometimes. They are called
Ronchi rulings and are readily available in many different grid periods as they are a
standard in optical testing.

Non-linearity and fringe plane distance

A phase span of 2π corresponds to the fringe plane Z-distance λ, which is the height
interval along the Z-axis corresponding with one entire (dark and bright) fringe pair.
From expression (2.38) and (2.42), you see that a full fringe plane distance λ equals
(2.63):

ϕ = arctan

(
I4 − I2

I1 − I3

)
=

2πDmz

p (`− (m+ 1)z)
(2.61)

2π =
2πDmλ

p (`− (m+ 1)z)
(2.62)

λ(z) =
p (`− (m+ 1)z)

Dm
(2.63)

As we have already mentioned, the fringe plane distance depends on z as z is present
in the nominator of equation (2.63). λ(z) becomes smaller when the height of the ob-
ject increases and vice versa. This leads to a systematic error in the moiré technique:
ϕ is not perfectly linearly related to z, cf. equation (2.38). The moiré technique
contains a basic non-linearity which is unavoidable.

However, this non-linearity can be strongly reduced when a good setup geometry is
chosen for D and `, as explained in chapter 3 and Buytaert and Dirckx [2007]. If
the projection distance ` is chosen large in comparison to the maximal object height
zmax, the following approximation can be made using a Taylor expansion:
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`z

`− (m+ 1)z
= z

(
1 +

(m+ 1)z

`
+

(m+ 1)2z2

`2
+ · · ·

)
≈ z (2.64)

Equation (2.61) can now be rewritten as

z(x, y) =
p`

2πDm
ϕ(x, y) (2.65)

and the expression for the fringe plane distance becomes approximately equidistant:

λ ≈ p`

Dm
for `� zmax (2.66)

Fringe tracing

Before the era of psas, the 3-d surface information was extracted from a moiré to-
pogram using an obvious approach referred to as fringe tracing, fringe tracking or
the skeleton method [Yatagai et al., 1982; Mieth and Osten, 1989; Osten, 2000]. The
method is based on the assumption that the fringe extrema corresponded to the min-
ima and maxima of equation (2.28).

The positions of these local fringe extrema were used as lines of equal height. The
pixels on such a line were set at the corresponding height of the virtually intersect-
ing (approximately equidistant) dark and bright fringes planes. All other pixels in
between these fringe extrema were interpolated, thus delivering a three-dimensional
shape of the object surface. Needless to say this method offered limited resolution.

Phase unwrapping algorithms

The need for phase unwrapping is inevitable when psas are used. An arctangent
function normally delivers a result ϕ which lays in the range ] − π

2
, π

2
]. However,

by using the four-quadrant inverse tangent function available in many software pack-
ages, the phase is obtained in the interval −π < ϕ ≤ π. This arctangent function,
often called atan2, requires both a sine and cosine input and uses the signs of these
values to figure out in which quadrant ϕ is situated. The result is called the wrapped
phase ϕ, cf. figure 2.7. If multiple fringes are present, there is a 2π phase increase
between all phase discontinuities. Phase unwrapping aims to unwrap or integrate the
phase to a continuous surface.

Basically, a phase unwrapping technique just needs to detect a step of k times 2π

between one pixel and the next, and then add (or subtract) that value to all following
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Figure 2.7.: A plot of an assumed linearly climbing true continuous phase, and its
(atan2) wrapped phase. To correctly unwrap, phase jumps need to be detected and 2π
needs to be added to the wrapped phase.

pixels. Let U be the unwrapping operator of the wrapped phase ϕ (x, y) ∈ ]− π, π]

and k an unknown integer, then the result of phase unwrapping is the unwrapped
phase Ψ (x, y):

Ψ(x, y) = U{ϕ(x, y)} = ϕ(x, y) + 2πk(x, y) (2.67)

A powerful one-dimensional phase unwrapping approach is called the Itoh method
[Ghighlia, 1998]. If one for instance wants to unwrap one row of an image, with φ(i)

the phase values of such a row, the procedure goes as follows:

• Compute the sequential phase differences D(i) = ϕ(i+ 1)− ϕ(i)

• Compute the wrapped phase difference ∆(i) = arctan
(

sin(D(i))
cos(D(i))

)
• Initialize by Ψ(0) = ϕ(0)

• Unwrap by Ψ(i) = U{ϕ(i)} = ϕ(i− 1) + ∆(i− 1)

After phase unwrapping along the image rows, there still may be phase jumps be-
tween subsequent rows. Therefore, one single column is phase-unwrapped, and the
detected phase steps are added (or subtracted) to all pixels in the same row. This is a
simple methods which works rather well, but of course it does not make use of 2-d
information as rows and columns are treated sequentially. One of the approaches
used in advanced algorithms is to use information from neighboring pixels in both
dimensions.
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For complex geometric surfaces, noisy recordings, non-reflective spots, and sharp or
pointy features of the object, phase unwrapping often proves difficult. By combining
the information of two phase maps obtained with different grid periods [Zhao et al.,
1994; Ladak et al., 2004; Su and Liu, 2006] , the method is more robust. The ratio of
the grid periods has to be g = 3, 5, 7, ... . The phase ϕh is obtained with the highest
frequency grid and ϕl with the lowest. Unwrapping is achieved using a parameter κ:

κ(x, y) =<
U{ϕh(x, y)} − g · U{ϕl(x, y)}

2π
> (2.68)

Ψ(x, y) = U{ϕh(x, y)} − 2πκ(x, y) (2.69)

where U is for instance the Itoh unwrap operation, <> denotes rounding to the
nearest integer and ϕl is supposed to have no phase errors as it possesses a large grid
period (thus large fringe plane distance and few phase jumps).

The basic problem in phase unwrapping is the following. If the profile functionwould
be measured as a continuous function, the phase jump of the arctangent would be ex-
actly 2π, and it could be detected without any uncertainty. In practice, however, the
profile function is only measured at a discrete number of points (dots in figure 2.7).
So, one pixel will contain a value a bit before the phase jump, and the next pixel will
contain a value a bit further than the phase jump. Therefore, the difference between
the two pixels will never exactly equal 2π, but will always be a bit lower, and how
much less depends on how steep the profile function is. Therefore, a threshold needs
to be chosen to decide when a phase jump is detected. If the threshold is chosen too
high, then jumps will be missed. If it chosen too low, height changes between sub-
sequent pixels on a very steep object will be erroneously interpreted as phase jumps.
In principal, the best choice for the threshold is π if 2π phase jumps can occur. This
puts an inherent limitation on the steepness of objects: height differences between
two subsequent pixels should never be higher than half the fringe plane distance λ,
which corresponds to a phase difference of π. Otherwise height differences will be
interpreted as a phase jump and be erroneously unwrapped. If a priori knowledge
on the object shape exists, a different threshold can be chosen: in case of smooth
objects without sudden height changes, a lower threshold can be used.

Phase unwrapping is a fundamental problem in all phase measuring techniques, and
many simple and more complex methods have been developed to deal with the prob-
lem. In general purpose software packages such as Matlab, good and fast unwrap-
ping algorithms are included, and specific software packages with advancedmethods
are commercially available aswell. Wewill therefore not go into detail here, and refer
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to the vast literature which exists on the subject [Ghighlia, 1998; Zhang et al., 2007]:
Goldstein algorithm, branch-cut algorithms, discontinuity minimization algorithm,
Lp-norm algorithm, region-growing algorithms, agglomerative-clustering-based al-
gorithms, least-squares algorithms, quality-guided algorithms, . . .

Nevertheless, missed phase jumps and false phase jumps are an inherent problem
in all phase measuring techniques. The only way to absolutely avoid them in moiré
profilometry is to choose the fringe plane distance so large that no phase jumps occur
over the object height. Of course, a large fringe plane distance goes at the cost of
measuring resolution. As a rule of thumb, the best trade-off between resolution and
phase jump problems is to use between 3 and (maximally) 10 fringes, but the choice
largely depends on the shape of the object studied. Evan with the most advanced
phase unwrapping algorithms, operator assisted phase unwrapping can be a great
help: if one knows how the object looks like, one can recognize erroneous rows
or columns in the image, and correct these values manually. If an object contains
shadow zones or holes, it can be very useful to indicate these zones first and skip
them in the unwrapping process, as no valid data are available there.

2.4.3. Practical considerations

As seen from equation (2.66), the fringe-plane distance λ decreases when the angle
Ω = arctan

(
D
`

)
between projection and observation is increased, and when the pe-

riod p of the grid is decreased. A smaller fringe plane distance leads to better height
measuring resolution, but as explained above is also causes more phase unwrapping
problems. Nevertheless, the highest measurement resolution can be obtained by us-
ing a small fringe plane distance, so one could be tempted to use extremely fine grids
and large angles. Both parameters are however limited due to practical reasons.

For any angle Ω, there always exists a problem of shading, both for the viewing and
for the projection direction. The larger the angle, the more important this shading
problem becomes. Best choice is once again dependent on the object: if an object
contains steep height changes, a small angle will be needed to avoid shading prob-
lems. If the object contains really vertical edges, it becomes impossible to perfectly
overcome shading problems. On a smooth object, a large angle between projection
and observation direction can be used, but even then one is limited by practical limi-
tation of projection lenses: even very good lenses will generally not allow larger an-
gles than approximately 45◦. If the camera is not in a straight line with the object and
the observation lens, the Z-axis will not be at right angles with the XY -plane, and
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measurements will be obtained in a (slightly) deformed coordinate system. Hence,
as shown in figure 2.6, only the grid projection is put at an angle, and the camera and
observation lens are put on a straight line in front of the object.

The other way to increase measurement resolution by decreasing the fringe plane
distance is to use finer grids. Here also, one faces practical limitations. From a very
basic point of view, the period of the grid is limited by diffraction: if the lines are so
fine that the first order diffraction maximum coincides with the next dark line, little
grid contrast will be left. In practice, however, it will only make sense to use coarser
grids than predicted by the diffraction limit, because even the best projection lenses
still have a limited transfer modulation function. When choosing a lens, it is therefore
important to consult the manufacturer’s detailed information which will give a graph
of the modulation contrast as a function of the number of lines per millimeter: it
makes no sense to use an extremely fine grid when the projected lines will only have
a modulation contrast of for instance 20%. Such low modulation contrast will also
lead to moiré fringes with little contrast, and it is exactly the gray scale range which
is used to obtain height measurement. As a rule of thumb, one should use a grid
period which allows projection (and observation) with a modulation contrast of at
least 80%. One should also notice that the modulation contrast of a lens also differs
with the angle of the light rays entering the lens, and therefore with the projection-
observation angle of the setup. Finally, it is important to choose not only a high
quality lens, but also a type which is specified for the purpose: if one builds a moiré
setup in which the grid is projected in a 1 : 1 ratio, one cannot use a lens which is
designed for magnification ratio 50 : 1. It makes absolutely no sense to buy a very
expensive lens from a high quality manufacturer, if one uses it in the wrong way.

Several good makes of high quality lenses exist. For magnification ratios between
50 : 1 and 1 : 1, many lenses designed for photo cameras can be used. For small
magnification ratios, one needs to move to either macro-lenses, or even better, lenses
designed for the graphic industry. One brand of high quality graphic lenses in all
kinds of magnification ranges is for instance Schneider-Kreuznach, which we use
in our setups.

Another important practical consideration is the setting of the lens aperture. It should
not be too large, because most lenses do not perform best at their largest apertures
and because a large aperture gives a small depth of focus. If the projected lines are
out-of-focus, themodulation contrast degrades and one obtains less heightmeasuring
resolution. On the other hand, the aperture should also not be too small: a very small
aperture can lead to less modulation contrast due to diffraction, and obviously a small
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aperture also means a lot of loss of light, necessitating either very long exposure
times or an excessively strong light source.

Finally, there is the choice of the camera. Obviously, more pixels mean better XY -
resolution. To have a good height resolution in phase-shifting moiré with optical
demodulation, it is as important to have a good gray scale resolution [Buytaert and
Dirckx, 2007], in other words: to have a camera with a broad dynamic range. It
makes no sense to use a 2k-by-2k ccd, if it only has eight bits of gray scale resolution.
In recent years, much technological progress has beenmade in this field, and cameras
with 12- or even 16-bit gray scale resolution have become affordable. Do note that
it is not just the number of bits of the a/d converter which is the magic number: the
important factor is the true gray scale resolution, in other words the number of gray
scale steps between the noise level and the saturation value. Some brands tend to
boast a 16 bit dynamic range, but in practice the lowest 4 bits (or worse) are just
filled with noise.

2.4.4. Practical implementation

In the previous sections we explained the basic theory of moiré profilometry. Prac-
tical implementation can be realized in many different ways, from a simple shadow
moiré setup [Dirckx and Decraemer, 1989, 1990], to a fully automated moiré projec-
tion setup, with continuously and mechanically moving grids [Buytaert et al., 2009],
or semi-continuous grid averaging without moving components [Dirckx et al., 2010].
In the past, we have built opto-mechanical setups using motors or piëzo-actuators to
move the Ronchi-ruling for grid-noise averaging and/or phase stepping. In the last
decade however, lcd technology has made huge steps in terms of resolution, contrast
and also cost, so that opto-mechanical setups have become outdated. Normally, in
the rest of this section we would present an example of a practical moiré setup based
on liquid crystals panels for both the projection and the demodulation grid [Buytaert
and Dirckx, 2008, 2010a]. This is however covered in chapter 4.

2.4.5. Demonstration measurements

Normally, we showed here some application examples and results, but these can be
found in the next chapters. The data shown there covers objects from our own line
of research and general test objects. By choosing different lenses, our moiré setup
can be very easily adapted to these other object sizes and/or specific resolutions.
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2.5. Conclusions

In summary, a first-rate approach to obtain high-resolution quantitative shape data
is projection moiré profilometry using optical demodulation, combined with phase-
shifting and arctangent algorithms. Only when using a real second grid and perform-
ing the demodulation optically, full use of the camera resolution is made. Gray scale
fringe variations comprised in three or more phase-shifted moiré recordings allow
to extract the height independently on every pixel of the camera, without filtering.

The technique is inherently many times faster than the line-scan and temporal meth-
ods, but it is subject to the mentioned phase-ambiguity so a good choice of the grid
period is needed to obtain the ideal compromise between measurement accuracy
and phase stability. However, if a suitable setup is chosen, this approach presents
many important assets: the stability requirements are only determined by the needed
measurement precision, coherent light is not needed, it is very fast and entirely non-
contacting, it can easily be adapted to any object size, and it can be realized with
simple optical components.
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Chapter 3
Design considerations in projection moiré

with respect to errors

Abstract

The moiré topography technique produces fringes that represent contours of equal
height, and from the recordings of several phase-shifted topograms surface height
coordinates can be calculated. To perform these calculations, it is assumed that
object height variation is small in comparison with the measurement setup dimen-
sions. This is an approximation leading to systematic errors in measurement accu-
racy. The mathematical description of the fringe formation process in projection
moiré is presented with magnification 1 : 1. On the basis of these equations, the
relation between setup geometry and upper limits of the systematic measurement
errors is established. From these equations design specifications can be determined
to minimize the approximation effects below the measurement resolution of the
setup. Using an iterative correction from one fringe order to the next, also depend-
ing on the dynamic range of the imaging system, measurement accuracy can be
maintained over the entire object depth.

This chapter was published in full in Journal of the Optical Society of America a, 2007 [A.3].
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3.1. Introduction

Moiré topography was introduced as a quantitative optical measurement technique
almost 40 years ago by Meadows et al. [1970]; Takasaki [1970]. It has become a
well established non-contacting method for precise measurements of three-dimen-
sional shapes [Patorski, 1993; Walker, 2004]. Essentially, the method makes use of
the geometric interference between a periodical optical structure and its projection
on an object surface. When viewed from an angle with the projection direction, the
projected image is deformed by the object shape. The periodic structure is usually a
grid with evenly spaced transparent and opaque lines. The interference between the
images of the undeformed grating and its deformed projection on the object, results
in a moiré topogram: a two-dimensional image of the object surface covered with
fringes, which are interpreted as the intersection of the object with a set of parallel
light and dark planes, called fringe planes. Depending on the method of fringe gen-
eration used, moiré fringes can represent contours of equal deformation [Dirckx and
Decraemer, 1997b], vibration amplitude [Hopstone et al., 1989], and even more ad-
vanced parameters such as stress [Politch and Gryc, 1989]. If the setup geometry is
chosen well, the intensity extremes of the moiré fringes represent contours of equal
height, which can be interpreted as altitude lines on a topographic map.

To obtain the deformed grating lines, the grating can be projected on the object sur-
face [Halioua et al., 1983], or one can simply cast its shadow on the surface by means
of a point light source [Dirckx et al., 1990]. The shadow technique is very simple,
but has important limitations. The object has to be placed in the immediate vicinity
of the grating, the grating has to have the size of the object, and the depth over which
a sharp shadow and hence good moiré fringes can be obtained, is rather small. In
this chapter, we will therefore limit the discussion to projection moiré topography,
in which a projection grating and a second identical observation grating are used.

The moiré topogram contains not only the moiré fringes, but also high frequency
spurious grid lines, referred to as grating noise. These grid lines can be wiped out
by simultaneously translating both the projection and the observation gratings in
their own plane, without changing the relative distance between the two [Takasaki,
1982; Halioua et al., 1983; Dirckx et al., 1990].

In classical moiré topography, only the center maxima of the interference fringes are
used as contours of equal height, and the full field object shape is found by interpola-
tion [Drerup, 1982]. As in all fringe techniques, the gray scale variations in between
the fringes contains far more information, and can be used to unambiguously calcu-
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late the objects surface coordinates in every point of the object surface directly from
the recordings of a number of phase-shifted moiré interferograms. For the projection
moiré technique, the phase-shift is obtained by translation of one of the grating in its
own plane [Andresen, 1986], thus changing the relative distance between the grids
over a fraction of the grid period.

From several phase-shifted moiré topograms, a surface map of the object is calcu-
lated, which contains 2π-phase jumps each time the height coordinate crosses a full
fringe plane distance. These jumps are removed using standard phase unwrapping al-
gorithms. When deforming objects are studied with time series of sequential surface
maps, the temporal phase unwrapping technique can be used [Pedrini et al., 2003].

To obtain the object surface from the phase-shift moiré technique some approxima-
tions have to be made, which have an effect on the measuring accuracy. The resolu-
tion of the grid translation system and of the image recording system also places a
limit on the accuracy. In the present chapter, we will first derive the equations which
govern the formation of fringes in projection moiré topography and we will derive
the equations used to calculate the object shape from phase-shifted topograms. We
will then use these formulas to study the effects of approximations on the measuring
accuracy. We will derive equations to calculate the accuracy that can be obtained
with a given setup, or that allow us to determine the design specification of a moiré
setup to meet a desired accuracy.

3.2. Projection moiré topography

3.2.1. Optical setup and fringe formation

Let us consider the projection moiré setup that is schematically presented in figure
3.1. For simplicity, we have chosen a setup with two identical lenses and the object
and gratings positioned at a distance of twice the focal length, so that the magnifica-
tion equals 1. The construction and reasoning in the following paragraphs also hold
for the general case, with different object and image distances, but magnification
factors have to be added, which only complicates the formulas.

The origin of the coordinate system in figure 3.1 is positioned on the symmetry axis
of the optical system. The object is positioned near this origin. The lenses are po-
sitioned symmetrically at a distance D above and under the symmetry axis, and a
distance L = 2f from the origin, where f is the focal length of the lenses. The cen-
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Figure 3.1.: Schematic drawing of a telecentric projection moiré setup. Light is mo-
dulated by gratingG1 and projected by a lensL1 onto the surface of an object positioned
near the focal plane of the lenses. Reflected light is imaged by lens L2 onto a second
grating G2. The geometrical construction shows that an object point with coordinates
(x, y, z) is illuminated by a ray of light coming from a point (−2D − x + dx1,−y −
dy, 2L) on the first grating, and that light from that point is imaged on the point (−2D−
x−dx2,−y−dy, 2L) on the second grating. Distance dx1 is determined by the similar
triangles with sides dx1 and z andwith sidesL−z andD−x. Distance dx2 is determined
by the similar triangles dx2 and z and L− z and D + x.

ters of the gratings G1 and G2 are positioned at a distance 2D from the symmetry
axis, and the gratings plane lays a distance L behind the lenses. As the image and
object distances are the same and equal 2f , the magnification in the system equals 1.
An illumination system casts light through gratingG1 onto the object’s surface. The
grid projection on the object surface is then imaged by L2 onto a second grid G2,
and the interference image is recorded by an imaging system, such as a ccd-camera.
The light projector and the camera are not shown in figure 3.1. The grating lines are
perpendicular to theXZ-plane. To start, let us suppose that the gratings have a sinu-
soidal transmission profile, with a grating period p. When the light (with intensity
I0) of the projector passes the grating G1, it will be modulated into a carrier signal
Ipr by multiplication with the projection grating transmission function Tpr:

Ipr = I0Tpr (3.1)

Ipr = I0

[
1

2
+

1

2
sin

(
2πx1

p
+ φ1

)]
(3.2)
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with x1 theX-axis position along the grating (at z = 2L), and φ1 an arbitrary phase
determining the offset of the grating with respect to the coordinate system origin.

The carrier signal Ipr is projected onto the object by lens L1. Transmission through
a lens creates an insertion intensity loss ρ < 1. The second lens L2 projects the
light reflected by the object onto the second grating G2, again creating an insertion
intensity loss. When the carrier signal ρ1Ipr is observed under an angle α1 + α2

with the projection direction, it will be frequency modulated by the shape of the
object surface. This frequency modulated sinusoidal intensity profile is projected by
L2 onto the second grid G2. The second grating demodulates the carrier signal and
transforms the frequency modulation into an amplitude modulation. We will now
describe this process mathematically.

First the light I0 passes through grating G1, creating an illumination Ipr = I0Tpr,
and is imaged onto the object through lens L1, which diminishes the intensity with
a factor ρ1 < 1. This way, light from (x1, y1, z1) is projected on the object surface
point (x, y, z). Depending on the location (x, y) on the surface, a different reflec-
tivity coefficient R(x, y) is present. Then, this reflected light passes through L2 and
is again reduced in intensity with a factor ρ2. Finally, the signal is demodulated
by observation grating G2. The light ray coming from surface position (x, y, z) is
projected on the location (x2, y2, z2) on grating G2. The intensity distribution Iobs
observed through G2 (with observation grid transmission function Tobs) is given by

Iobs(x, y, z)

= ρ2Tobs
R(x, y, z)

r2(x, y, z)
ρ1Ipr (3.3)

=
Tobsρ2Rρ1TprI0

r2
(3.4)

=
I0ρ1ρ2R(x, y, z

r2(x, y, z)
TprTobs (3.5)

=
I0ρ1ρ2R(x, y)

r2(x, y, z)

[
1

2
+

1

2
sin

(
2πx1

p
+ φ1

)]
·
[

1

2
+

1

2
sin

(
2πx2

p
+ φ2

)]
(3.6)

with ρ1 and ρ2 the insertion losses of lenses L1 and L2, R(x, y) the reflectivity of
the object’s surface at the point (x, y), and r(x, y, z) is the sum of the distances of
point (x1, y1, z1) onG1 to the object surface point (x, y, z), and of this object surface
point to (x2, y2, z2) onG2. Depending on the local reflectivity and color of the object,
R(x, y) can have a different value on each point (x, y).

From the construction in figure 3.1, we see that a point on the object surface with
coordinates (x, y, z) will be reached by a ray of light coming from a point (x1, y1, z1)
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on G1 which is given by

x1 = 2D − x+ dx1 (3.7)

y1 = −y − dy (3.8)

z1 = 2L (3.9)

where dx1 and dy is given by

tanα1 =
dx1

z
=
D − x+ dx1

L
=

2D − 2x+ dx1

2L− z
(3.10)

dx1 = z
D − x
L− z

(3.11)

dy = z
y

L− z
(3.12)

When the reflected light originating from the object point (x, y, z) is imaged by lens
L2 on the grating G2, the light ray will arrive in a point (x2, y2, z2) on this grating
given by

x2 = −2D − x− dx2 (3.13)

y2 = y1 (3.14)

z2 = 2L (3.15)

where dx2 is given by

tanα2 =
dx2

z
=
D + x+ dx2

L
=

2D + 2x+ dx2

2L− z
(3.16)

dx2 = z
D + x

L− z
(3.17)

Substituting x1 and x2 by (3.7) and (3.13) in equation (3.6), we see that the observed
intensity distribution after G2 is given by

Iobs(x, y, z) = A

[
1

2
+

1

2
sin

(
2π(2D − x+ dx1)

p
+ φ1

)]
·
[

1

2
+

1

2
sin

(
2π(−2D − x− dx2)

p
+ φ2

)]
(3.18)

with

A(x, y, z) =
I0ρ1ρ2R(x, y)

r2(x, y, z)
(3.19)
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The amplitude factor A does not change when a phase-shift is introduced by grid
translation. Using (3.11) and (3.17), we can rewrite equation (3.18) as Iobs:

A

4

{
1 + sin

(
2π
(
2D − x+ zD−x

L−z

)
p

+ φ1

)

+ sin

(
2π
(
−2D − x− zD+x

L−z

)
p

+ φ2

)

+
1

2

[
cos

(
2π
(
−4D − z 2D

L−z

)
p

+ φ2 − φ1

)

− cos

(
2π
(
−2x− z 2x

L−z

)
p

+ φ1 + φ2

)]}
(3.20)

In equation (3.20), the second, third and fifth term all have a dependency on the x-
coordinate and on the grating phase. The second term for instance can be written
as

A

4

{
sin

(
2π
(
2D + zD−x

L−z

)
p

+ φ1

)
cos

(
2πx

p

)

− cos

(
2π
(
2D + zD−x

L−z

)
p

+ φ1

)
sin

(
2πx

p

)}
(3.21)

Rewriting the third and fifth term yields similar results. The sin
(

2πx
p

)
(or cos

(
2πx
p

)
)

factor can then be interpreted as a high frequency spatial modulation of the light
along theX-axis. The three terms are therefore seen as spatial high frequency terms,
and are referred to as grating noise.

The fourth term in equation (3.20) is solely modulated by the object surface height z.
The term is seen in the image as light and dark moiré fringes on the object surface.
The fringe plane distance is a function of the setup geometry (the distances L andD)
and of the grating period p, and also depends on the z coordinate (cf. section 3.3.2).

3.2.2. Grid noise removal

To remove grating noise from the moiré topograms, gratings can be translated si-
multaneously during image recording, so that the grid lines are wiped out. This
simple trick has been mentioned by Takasaki [1982]; Halioua et al. [1983] for pro-
jection moiré without mathematical proof. It was shown experimentally that if the
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two gratings are translated synchronously along the X-axis, while integrating the
light coming fromG2, the grating lines will be wiped out, and only the moiré fringes
will remain, with unaltered position. In an earlier publication, Dirckx et al. [1990]
has given the mathematical description of this translation- and averaging process for
a shadow moiré setup. For projection moiré, a similar reasoning can be applied, if
the two gratings are translated perfectly simultaneously. If the two gratings are trans-
lated in the same direction along the X-axis at the same speed v during time t, the
grating phases change and are at each instant given by

Φ1 = φ1 +
2πv

p
t (3.22)

Φ2 = φ2 +
2πv

p
t (3.23)

If we now integrate the observed light during the translation over a period T (expo-
sure time of the camera), the intensity contribution In1 of the first noise term (second
term in (3.20) is given by

In1 =
A

4

∫ T

0

[
sin

(
2π (2D − x+ dx1)

p
+ Φ1

)]
dt (3.24)

=
A

4

∫ T

0

[
sin

(
2π (2D − x+ dx1 + vt)

p
+ φ1

)]
dt (3.25)

=
pA

8πv

[
− cos

(
2π(2D − x+ dx1)

p
+ φ1

)
+ cos

(
2π(2D − x+ dx1 + vT )

p
+ φ1

)]
(3.26)

From equation (3.26) we see that the amplitude of the noise term does not increase
with T . The same applies to the other two noise terms In2 and In3.

For the moiré term you will see an intensity Im (fourth term in (3.20), given by

Im =
A

8

∫ T

0

[
cos

(
2π
(
−4D − z 2D

L−z

)
p

+ Φ2 − Φ1

)]
dt (3.27)

=
A

8

∫ T

0

[
cos

(
2π
(
−4D − z 2D

L−z + vt− vt
)

p
+ φ2 − φ1

)]
dt (3.28)

=
TA

8
cos

(
2π
(
−4D − z 2D

L−z

)
p

+ φ2 − φ1

)
(3.29)

=
TA

8
cos

(
2π
(
−z 2D

L−z

)
p

)
(3.30)
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3.2 Projection moiré topography

where we choose φ2 − φ1 = 2π4D
p

to make the constant phase offset in the moiré
term disappear. Equation (3.30) shows that the amplitude of the moiré term increases
linearly with T , while the noise terms remain constant.

In a moiré setup, the observed intensity distribution I is captured and digitized by an
imaging system with a certain dynamic range before calculations can be performed.
In general, the imaging (and digitizing) system has a dynamic range θ, defined as
the ratio of largest measurable intensity Isat (saturation of the camera) divided by
smallest measurable intensity change δIdet (noise floor of the imaging device):

θ =
Isat
δIdet

(3.31)

The noise terms will no longer be observed when the ratio of the maximum of the
moiré term and the sum of the maxima of the noise terms becomes larger than the
dynamic range θ.

max(Im)

max(In1) +max(In2) +max(In3)
=
πvT

5p
≥ θ (3.32)

Equation (3.32) shows that if the product of the translation speed v and integration
time T is large enough, the ratio of the moiré fringe amplitude and the noise ampli-
tude becomes larger than the dynamic range of the imaging system: the grid noise
will no longer be observed and the noise terms can be omitted in equation (3.33). Af-
ter the translation process and integration of the images with the ccd, the observed
intensity distribution IT becomes

IT =

∫ T

0

Iobs(t) dt (3.33)

≈
[
TA

4
+ Im

]
(3.34)

In practice, an offset term B(x, y) has to be added, because of the presence of am-
bient light, background illumination and electrical offsets in the ccd imaging array,
so the finally recorded moiré topogram is given by

I =
TA(x, y)

4

[
1 +

1

2
cos

(
2π
(

2zD
L−z

)
p

)]
+B(x, y) (3.35)
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3.2.3. Non-sinusoidal gratings

In equation (3.2) we used gratings with a sinusoidal transmission profile. It is often
experimentally convenient to use a grid whose intensity transmission T ′ is a square
wave. The Fourier transformation of this grid transmission function is then given by

T ′ =
1

2
+

2

π

∞∑
n=1,odd

1

n
sin

(
2πnx

p

)
(3.36)

The equation for the moiré term is obtained in the same manner as equation (3.30)
and follows from (3.36) as

Im =
2TA

π2

[
∞∑

n=1,odd

1

n2
cos

(
nz

2π

p

2D

L− z

)]
(3.37)

=
2TA

π2

[
cos

(
2π
(
z 2D
L−z

)
p

)
+

∞∑
n=3,odd

1

n2
cos

(
nz

2π

p

2D

L− z

)]
(3.38)

The first term is exactly the same as (3.30). The other terms contain a higher fre-
quency (or smaller grating period p

n
) and are diminished in amplitude by 1

n2 . In
section 3.4.1 we will show that if certain design criteria are met for the first term,
they will also be met for the higher order terms, so the theory derived for sinusoidal
gratings will also apply for square grids.

3.3. Calculation of the object shape

3.3.1. The four-image phase-shift method

The shape of the object surface can be described as a function O(x, y), giving the
height z for each object point (x, y). As in all fringe techniques, formula (3.35)
shows an equationwith three degrees of freedom. To solve this equation for the object
height z = O(x, y) on each object point (x, y), we need (at least) two more equations
in A, B and z. In the moiré phase-shift method, these are obtained by recording two
extra intensity observations I ′ and I ′′ for different grating phases of the cosine moiré
term. In shadow moiré interferometry, Dirckx et al. [1988] introduced a method
where the phase-shifts are obtained by sliding the object backward along the Z-axis.
For projectionmoiré interferometry, Andresen [1986] proposed a phase-shift method
where the phase-shifts are obtained by an in plane motion of the gratings.
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3.3 Calculation of the object shape

If one solves the problem with only three measured images, the expression to calcu-
late z contains a number of subtractions multiplications and divisions, which all take
computer time. By recording one redundant image the solution becomes more ele-
gant, and less computation time is required. To implement the four-image method,
called the four-bucket (phase-stepped) algorithm [Jeong and Kim, 2001], one first
records an intensity distribution I1. Then we change the X-position of only one of
the gratings sequentially over distances p

4
, 2p

4
and 3p

4
(each relative to the starting po-

sition) to record the phase-shifted intensity distributions I2, I3 and I4. By subtraction
of I2 from I4 and I3 from I1, the offset term B(x, y) disappears, because this term is
independent of the grid phase. By division of the resulting intensities, the amplitude
factor A disappears, as A is also independent of the phase. The z-coordinate at each
object point (x, y) is then obtained from

arctan

(
I4 − I2

I1 − I3

)
=

4πD

p

z

L− z
(3.39)

3.3.2. Fringe plane distance

If the grid to object distance 2L is large in comparison to the object height z, equation
(3.39) simplifies to

arctan

(
I4 − I2

I1 − I3

)
=

4πD

p

z

L
(3.40)

This approximation is commonly made in moiré topography. From that equation you
see that each time the object height coordinate changes with pL

2D
, a full fringe plane

period is completed. Hence, pL
2D

is called the fringe plane distance. From equation
(3.39) we see that the presence of the factor L − z will cause a small non-linearity
within each fringe plane. This systematic error limits the accuracy of moiré mea-
surements. As the object shape is not known, this systematic error can not readily be
eliminated from measured data. One can however predict the (maximal) magnitude
of the artifact, and adapt the design of the setup to meet a specific accuracy level.
We will discuss this in the following section.

To determine the fringe plane distance of the plane with order n, the assumption of
L� D is needed. In other words, light rays coming from and going through respec-
tively lensL1 andL2 (at heightD) are considered parallel in the vicinity of the object
(at distance ∼ L from the lens). To incorporate their diverging nature, the light rays
are represented in figure 3.2 as parallel lines with growing period p going outwards.
Notice the fringe planes not being equidistant but changing with fringe order.
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Figure 3.2.: Because of magnification (∼ 1 : 1), the projected grid period is not con-
stant as the light rays diverge. Nevertheless, the light rays are assumed parallel. In the
drawing, we increased the grid period slightly to incorporate the divergence, leading to
non-equidistant fringe planes.

As z is increasing from one fringe plane to the next, the fringe plane distance will
decrease (as L−z is decreasing). From figure 3.2, we derive that the distances of the
zeroth-order (starting at z = 0), first-order (starting from z = λ0) and second-order
(from z = λ0 + λ1) fringe planes:

p
2

D
=
λ0

L
→ λ0 =

pL

2D
(3.41)

p
2

D − p
2

=
λ1

L− λ0

→ λ1 ≈
p(L− λ0)

2D
(3.42)

p
2

D − p
=

λ2

L− λ0 − λ1

→ λ2 ≈
p(L− λ0 − λ1)

2D
(3.43)

Analogously we obtain for the n-th fringe plane order a fringe plane distance λn

λn =

p

(
L−

n−1∑
i=0

λi

)
2D

(3.44)

As the fringe plane distance only grows slowly with increasing fringe number, the
recursive equation (3.44) can be approximated to

λn ≈
p(L− nλ0)

2D
=
pL(2D − np)

4D2
(3.45)
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Using a fixed fringe plane distance therefore introduces again a systematic error in
the moiré calculations. This artifact can be overcome by using the corrected fringe
plane distance each time the z-coordinate changes to a next fringe plane. As we will
see in the next section, a change in fringe plane order can readily be detected as a
phase jump, so this improvement in measuring accuracy can easily be made.

In the numerical example (section 3.4.3), we will show that introduction of this cor-
rection causes an important gain in reducing the setup dimensions and in measuring
accuracy, especially of course if the object crosses many fringe orders.

3.4. Design implications

3.4.1. Approximation: (L-z) as L

In practical moiré topography, suppositions are made to simplify calculations. The
factor A(x, y) should remain constant when the phase of the moiré term is changed.
In projection moiré this is indeed the case: the insertion losses ρ1 and ρ2, as well as
the reflectivity R(x, y) and distance r(x, y, z) are all phase independent. In shadow
moiré topography, in contrast, the phase-shift method can be obtained by moving
the object backward [Dirckx et al., 1988], which results in a change of r, a change of
L − z, and a change of object magnification or XY -position of the surface points,
and thus a change of A. A full analysis of the errors in shadow moiré interferometry
by Han and Han [2006] therefore incorporates all these effects.

The only supposition needed to extract the shape distribution O(x, y) = z from
equation (3.39), isL� z for all z to justify the Taylor expansion and approximation:

Lz

L− z
= L

(
z

L
+
z2

L2
+
z3

L3
+ ...

)
≈ z (3.46)

Within one fringe plane the approximation (L − z) ≈ L will result in a small error
ε on the measured z, given by

ε =
4πDz

p(L− z)
− 4πDz

pL
=

4πD

p

z2

L(L− z)
(3.47)

We will now derive the conditions under which this error becomes negligible. As
stated in section 3.2, in every phase-shift moiré setup the observed intensity distri-
bution I will be captured and digitized by an imaging system with a certain dynamic

- 215 -



Chapter 3: Moiré design considerations with respect to errors

range θ. Technically, such a system will be a ccd-camera, coupled to an analogue-
to-digital converter (a/d). Simple cameras have a dynamic range of 28 or 210 (8 or
10-bits), while more sophisticated cameras may have a dynamic range of 16-bits and
more.

According to (3.35), a small change in the z-coordinate will result in a small change
in the intensity of the moiré image. The gray scale resolution of the intensity mea-
surement system will therefore put a limit on the smallest change in the z-coordinate
that can be detected. Again from equation (3.35) you see that the maximal intensity
Imax in the moiré image is given by

Imax =
TA

4

3

2
(3.48)

The lens apertures and intensity I0 of the projector light should be adjusted so

Imax = Isat (3.49)

so that as much as possible advantage is taken of the dynamic range of this system.
The smallest intensity Imin in the moiré term is obtained from (3.35) as

Imin =
TA

4

1

2
(3.50)

From equations (3.48) and (3.50) you see that the moiré term only uses 2/3 of the
available dynamic range θ of the intensity measurement system.

As the dynamic range is limited, the effect of any approximation made in the moiré
equations will fully disappear as soon as the effect causes a change in intensity ∆I

which is smaller than the intensity resolution δIdet of the imaging system. When the
moiré term uses as much as possible of the dynamic range, an approximation causing
an intensity difference ∆I will not be resolved as soon as

∆I

Imax − Imin
=

∆I
2
3
Isat
≤ δIdet

2
3
Isat

=
3

2θ
(3.51)

From equation (3.35) you see that the approximation (L − z) ≈ L will cause an
intensity difference given by

∆I =
TA(x, y)

8
cos

(
2πz 2D

L−z

p

)
− TA(x, y)

8
cos

(
2πz 2D

L

p

)
(3.52)
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Using (3.48), (3.50) and (3.52) in equation (3.51), you see that the effect of the ap-
proximation will remain undetectable if∣∣∣∣ ∆I

Imax − Imin

∣∣∣∣
=

4

TA(x, y)

∣∣∣∣∣TA(x, y)

8
cos

(
2πz 2D

L−z

p

)
− TA(x, y)

8
cos

(
2πz 2D

L

p

)∣∣∣∣∣ (3.53)

=

∣∣∣∣sin( 2πDz2

pL(L− z)

)
sin

(
2πD(2zL− z2)

pL(L− z)

)∣∣∣∣ (3.54)

=

∣∣∣∣sin( 2πDz2

pL(L− z)

)
sin

(
4πDz

pL

)∣∣∣∣ (3.55)

≤ 3

2θ
(3.56)

As the object has to remain in focus, z will always be significantly smaller than L.
If we now look at the second sine factor in equation (3.55), we see that it contains
a dependency on z

L
, which means that it will oscillate between 1 and -1 within one

fringe plane distance. The first sine factor depends on z2

L2 , and as L is much larger
than z, the argument in the sine will have a small value, and this sine factor will
grow slowly within a fringe plane distance. We can therefore interpret the second
sine factor in equation (3.55) as an error that fluctuates rapidly as a function of z (at
nearly the frequency of the moiré fringes), and the first sine factor as an amplitude
modulation that grows gradually with the z coordinate. This is demonstrated in figure
3.3, where we have plotted equation (3.55) in function of z but without absolute
value. The dashed curve in figure 3.3 represents the amplitude modulation factor.
The numerical values for L, D and p are the same as in the numerical example that
we will discuss below in section 3.4.3.

The maximal value the error can have at a given point z will therefore be determined
by this slowly growing amplitude factor, so we may write the condition for the dis-
appearing error as

2πDz2

pL(L− z)
≤ 3

2θ
(3.57)

where we have replaced the sine function with its argument, as the argument is small.
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Figure 3.3.: Relative intensity error ∆I
(Imax−Imin) in function of object depth z. The

horizontal line indicates the intensity difference resolving power 2
3θ = 0.59% for an

imaging system with dynamic range θ = 256. The thin full line and the dashed line
respectively indicate the error and its amplitude for a setup with dimensions 2D =
54mm and L = 268mm. The figure shows that for these dimensions, the amplitude
of the error remains smaller than 0.59% for z values in the zeroth order fringe plane,
and increases dramatically for higher z values. The thick full line and the dotted line
indicate the error and its amplitude for a setup with dimensions 2D = 5.39m and
L = 26.8m. The figure shows that for these (very large) dimensions the amplitude of
the error remains smaller than 0.59% for all z values up till 5mm.

3.4.2. Elimination of the approximation e�ect within one

fringe plane

Within the first fringe plane, the maximal value of z is λ0 = pL
2D

. At this maximal
value of z, the error caused by the approximation becomes maximal. Within a fringe
plane, the error will therefore always remain undetectable if

2D ≥ 2θ

3

(
πp+

3p

2θ

)
=

2πθ

3
p+ p ≈ 2θp (3.58)

where we have substituted z = pL
2D

in equation (3.57). Because πθ
3
≈ θ is a number

ranging from hundreds to thousands, the one extra p can be neglected.
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In section 3.2.3 we showed that square gratings produce moiré terms with n-times
higher frequency or smaller grating period p

n
. If condition (3.58) is fulfilled for a grid

period p, it will certainly be fulfilled for the higher frequency components with grid
period p

n
and amplitude 1

n2 , so the contribution of these terms will not be resolved.

If we have a setup with given geometry and grating period p, equation (3.58) can
be used to calculate the maximal useful dynamic range θmax of the imaging system.
If one uses a dynamic range bigger than this maximum θmax, the approximation(s)
made, will no longer hold and will introduce artifacts in the moiré topograms.

When we want the setup to have a certain fringe plane distance λ = pL
2D

, the minimal
value for L will then be given by

L =
2λD

p
≥
λ
(

2θ
3

(
πp+ 3p

2θ

))
p

= 2
π

3
λθ + λ ≈ 2λθ (3.59)

Equations (3.58) and (3.59) show that if we have an imaging system with k times
better gray scale resolution (k times more dynamic range and k times better height
resolution for the moiré setup), we will have to use a value of D that is also k times
larger if the systematic error is to remain negligible. If we want the fringe plane
distance to remain constant, L will also have to be k times larger. In other words:
for a fixed fringe plane distance, the physical dimensions of the projection apparatus
have to grow proportionally with the dynamic range of the imaging system.

For a system with a given (zeroth order) fringe plane distance λ0 = pL
2D

, an object
with a maximal depth zmax (distance between the highest and the lowest point on
the object surface) uses for example a distance along the Z-axis of (approximately)
n times λ0. If we want the approximation to be valid over the whole object surface
depth, we need to substitute z = zmax ≈ nλ0 = n pL

2D
in equation (3.57), to obtain a

distance D with condition

2D ≥ 2n2π

3
pθ + np ≈ 2n2θp (3.60)

and a distance L determined by

L ≥ 2n2π

3
λθ + nλ ≈ 2n2θλ (3.61)

So if one were to eliminate the effect of the approximation over more than one fringe
plane, the setup geometry will scale with n2. Clearly a different approach is needed
as we will show in section 3.4.4.
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3.4.3. Numerical example

We will now demonstrate the formulas (3.60) and (3.61) with a realistic numerical
example. Consider a telecentric moiré projection setup with a grating of 10 line
pairs per millimeter (p = 0.10mm), and an imaging system with a dynamic range
of 256 : 1 (a typical value for a low cost ccd system). We wish to use a fringe plane
distance of λ = 0.5mm, to study objects with a maximal depth of zmax = 5mm, so
that we will get at the most n = 10 fringe orders on the object.

If you look at equations (3.58) and (3.59), you see that for the effect of the approxi-
mation to remain undetectable within the zeroth order fringe plane only, the values
of 2D and L in our example are given by

2D ≈ 2π

3
× 0.1× 256 + 0.1 ≈ 54mm (3.62)

L ≈ 2π

3
× 0.5× 256 + 0.5 ≈ 268mm (3.63)

These conditions can more than easily be fulfilled in a practical setup. Even with
a high quality 10-bit camera, with a dynamic range of more than 1000, 2D and L
would still remain limited to the acceptable values of 22 cm and 107 cm respectively.

From equations (3.60) and (3.61) we learn that in order for the effects of the approx-
imation to disappear over the whole object depth, we have to use distances 2D and
L given by

2D ≈ 102 × 2π

3
× 0.1× 256 + 10× 0.1 ≈ 5390mm (3.64)

L ≈ 102 × 2π

3
× 0.5× 256 + 10× 0.5 ≈ 26810mm (3.65)

One sees that we can make the effect of the approximation disappear by adjusting
the setup dimensions, but to measure this 5mm object with this apparatus, with
the same absolute accuracy over its whole depth, we need a setup of about 10m

wide and 54m long, clearly a ludicrous solution to the problem. This numerical
example shows that in practice another approach will have to be made, instead of
only increasing the setup dimensions.

In figure 3.3 we have plotted the relative intensity error (thin solid curve), given by
equation (3.55) without absolute value, and its amplitude (dashed curve), given by
expressions (3.57), as function of z for the numerical values of equations (3.62),
(3.63) and p. From this figure you see that at a depth of z = pL

2D
= 0.5mm the error

indeed still amounts to a value smaller than 3
2θ

= 3
2×256

= 0.59%, so it will not be
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resolved. For higher z values reaching in subsequent fringe plane orders, the error
increases dramatically. In the same figure we have also indicated the error (thick
solid curve) and its amplitude (dotted curve) for the values of 2D and L given by
expressions (3.64) and (3.65). The figure shows that for these (gigantic) values, the
error remains also smaller than 0.59% for the whole depth range until z = 5mm.

3.4.4. Elimination of the approximation e�ect over

multiple fringe orders

If we would have a way to measure the object in slices of a thickness pL
2D

, so that
within each slice the coordinates all lay in a zeroth order fringe plane, it would be
possible to maintain high accuracy throughout the object depth without having to
use a gigantic setup. We will now describe how this can be done in practice.

We may write the z-coordinate of any point on the object surface that lays within the
n-th fringe plane as

z = z′n +
n−1∑
i=0

λi (3.66)

where λi is the fringe plane distance for the i-th order fringe plane, and z′n is the
distance from the start of the n-th order fringe plane. If we know the order n of the
fringe plane in which the object surface point lays, we can use in the shape calculation
(3.39) a corrected value L′n instead of L, which is given by

L′n = L−
n−1∑
i=0

λi (3.67)

In the n-th fringe plane, the z-coordinate is z′n, with maximal value λn. The approx-
imation L− z = L′n − z′n ≈ L′n will cause an intensity difference ∆I , cf. equation
(3.52), given by

TA(x, y)

8

cos

 4πz′nD

p

(
L−

n−1∑
i=0

λi − z′n
)
− cos

 4πD

p

(
L−

n−1∑
i=0

λi

)

 (3.68)

With reasoning identical to that above, you see that the effect of this approximation
will remain undetectable if
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2πD

p

(
L−

n−1∑
i=0

λi

)
z′n −

(
L−

n−1∑
i=0

λi − z′n
)
z′n(

L−
n−1∑
i=0

λi − z′n
)(

L−
n−1∑
i=0

λi

) ≤ 3

2θ
(3.69)

When we substitute z′n with its maximal value λn, we get

2πD

p

λ2
n(

L−
n∑
i=0

λi

)(
L−

n−1∑
i=0

λi

) ≤ 3

2θ
(3.70)

The fringe plane distance of the n-th order fringe plane (cf. equation (3.44) for z > 0

and n > 0) is given by

λn =

p

(
L−

n−1∑
i=0

λi

)
2D

≤ pL

2D
= λ0 (3.71)

This equation shows that ∀i : λ0 ≥ λi, so if we substitute λ0 = pL
2D

for all λi in
equation (3.70), this will onlymake the criterion forD a bit too stringent. Performing
the substitution yields

2πD

p

λ2
0

(L− (n+ 1)λ0) (L− nλ0)
=

πp

2D
(

1− p(2n+1)
2D

+ p2n(n+1)
4D2

) ≤ 3

2θ
(3.72)

As the grating line period distance p is very small compared with D, the quadratic
term p2

D2 will only add a very minor correction to D. The necessary value for D and
L is then given by

2D ≥ 2π

3
pθ + (2n+ 1)p (3.73)

L ≥ 2π

3
λ0θ + (2n+ 1)λ0 (3.74)

When we apply these equations to the previous numerical example, we find

2D ≈ 2π

3
× 0.1× 256 + 19× 0.1 ≈ 55mm (3.75)

L ≈ 2π

3
× 0.5× 256 + 19× 0.5 ≈ 277mm (3.76)

Even for large numbers of fringe orders, the dimensions of the apparatus will need
hardly to be larger than for a small object which only extends over a single fringe
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plane: if the change in fringe plane distance is compensated from plane to plane,
high accuracy can be maintained over large objects with only a minor impact on the
needed apparatus dimensions. For the values of 2D andL given by (3.75) and (3.76),
we have plotted in figure 3.4 the relative intensity error (given by (3.54) as a function
of z′n + nλ0, but now with the amplitude determined by equation (3.72) and without
absolute value. The thick horizontal line indicates the imaging system resolution of
3
2θ

= 0.59%. The figure demonstrates that the error now remains smaller than 0.59%,
for all z-values under 5mm. In figure 3.4 we have plotted the error for values of z
up to 15mm, to demonstrate the small increase of the error (caused by the (2n+1)p

term) as n becomes larger. So the use of the corrected L′ value allows a smaller
setup, and allow us to maintain high accuracy over the entire object.

The actual z distance of a given surface point is now calculated as the z′n value within
the fringe plane where the surface point lays, added to the summation of the previous
fringe plane distances (in this example all approximated to λ0).

For ease of calculating, we approximated every λi in the example by λ0. To obtain
accurate z′n values, the iterative equation (3.44) or (3.45) for λn should be used, and
in section 3.5 we will show this can easily be done in practice: Each time the z-
coordinate grows with one fringe plane distance, we perform the next calculations

of z with an adjusted distance L′n = L−
n−1∑
i=0

λi, cf. equation (3.67).

Figure 3.4.: Relative intensity error ∆I
(Imax−Imin) in function of object depth z

′
n + nλ0,

for setup dimensions 2D = 55mm and L = 277mm and with compensation for
the change of fringe plane distance with fringe plane order. The distance z′n is the
distance of the z-coordinate within the n-th order fringe plane, and nλ0 is n times
the zeroth order fringe plane distance. The thick horizontal line indicates the imaging
system intensity difference resolving power of 0.59%. The figure shows that for all
depth values up till z = 5mm, the intensity error remains smaller than the error which
can be detected by the imaging system. For higher values, the error increases slightly.
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Using adequate design and this calculation method, all effects of approximation will
remain undetectable. The equations (3.73) and (3.74) specify the setup geometry
once a fringe plane distance is chosen and the maximal object depth to be measured
is known. The equations can, of course, also be used the other way round: if one has
a given opto-mechanical setup, one can calculate the highest camera dynamic range
of the camera to be installed, or for a given opto-electrical setup one can calculate
the maximal z-size of objects that are to be accurately measured over their full depth.

3.5. Practical implementation

Shape calculations are performed by calculating the arctan function as given in equa-
tion (3.39). This delivers zr-data in radians, modulo 2π. To go from radians to cal-
ibrated zmm-height values in millimeters, each zr-value needs to be multiplied with
the correct fringe plane distance over 2π. If this scaling is started at the center point
of the object, the zeroth order fringe plane distance λ0 has to be determined at that
point. In principle, this distance can be calculated from exact values of p, L and D,
but in practice this can also be directly measured by sliding the object backward in
small calibrated steps and determining the distance along the Z-axis between two
intensity maxima or minima. Dirckx and Decraemer [1990] have introduced this
method of calibration previously.

Once the fringe plane distance has been calibrated at the center point, all zr-values
within the same fringe plane order are multiplied with λ0/2π, resulting in z. From
the phase unwrapping algorithm, a matrix is generated that indicates for each point
(x, y) how many phase jumps it differs from the center point. For each additional
phase jump, the zeroth order fringe plane distance is corrected according to equation
(3.44), and zr-values are multiplied with their corresponding corrected fringe plane
distance over 2π. As phase unwrapping works sequentially (e.g. starting from the
center point up and down in the first image column, and from this one column left and
right to the next), the iterative correction equation (3.44) can easily be implemented
as phase jumps indicate when a zr-value moves to the next fringe plane.

Finally some other effects have to be considered. The actual measuring accuracy of
a projection moiré setup is determined by a number of aspects. First of all, perhaps
quite trivially, there is the mechanical stability of the setup. If one wishes to measure
object shapeswithmicrometer accuracy, the dimensions of the setup have tomaintain
this same accuracy throughout themeasurement. Wewill not mathematically discuss
the effects of lack of stability, as they should simply be ruled out by rigid construction.
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The averaging process to remove the grating noise from the final images asks for a
simultaneous translation of both gratings. The phase between the gratings should
be perfectly maintained, which can be done by mounting both gratings on the same
translation stage. If the gratings sit on different stages, the phase asynchrony between
themotions should be smaller than the smallest detectable phase change.The gratings
should also move exactly in the focal plane, perfectly perpendicular to the Z-axis.
Any misalignment will result in a change of the distance between the object and the
gratings, and hence in a change of the measured z-value.

The translation of the grating to obtain the phase changes has limited accuracy along
the x-axis, and this will lead to a phase error. The effects of phase errors in phase-
stepping techniques have been described in general [Patorski et al., 2005, 2006], for
instance tilt-shift errors and translation-step errors. Due to the limited dynamic range
of the camera, we can again establish a design criterion for the precision of the grid
translation so that the phase error will become fully negligible.

An error δx on the grid translation will result in a phase error δφ = 2πδx
p

. This
error on the phase change causes an intensity difference. If this difference remains
unresolvable for the imaging system, no phase error will be detected. The maximal
permissible error on the translation, using similar equations as (3.53) and (3.56), will
again be determined by

1

2
[cos (φ+ δφ)− cosφ] ≈ 1

2
(δφ sinφ) ≤ 3

2θ
(3.77)

The sine equals maximally 1, so the criterion for the translation accuracy becomes

δx ≤ 3p

2πθ
(3.78)

For a setup with a coarse grating the translation can be done with a low quality
translation system, but for a high resolution setup with a grating of 10 line pairs per
millimeter and a 256 gray value camera, (3.78) shows that a translation accuracy
better than 0.18µm will be necessary. Such an accuracy can be achieved with a
stepper motor driven translation stage, currently with accuracies of 50nm and better.
Cameras with higher dynamic range demand more precise translation systems.

- 225 -



Chapter 3: Moiré design considerations with respect to errors

3.6. Conclusion

We have presented a mathematical description of the projection moiré process and
have derived the equations that determine the relation between the design of a pro-
jection moiré setup and its measuring accuracy.

From these equations we showed that systematic errors are present within one fringe
plane, and we derived the conditions for which this systematic error will remain
smaller than the measurement precision: if setup geometry is adapted to the dy-
namic range of the imaging system, systematic errors will remain unresolved. Be-
tween subsequent fringe planes, the fringe plane distance also changes, and we have
shown that physical dimensions of the setup will grow dramatically to suppress this
systematic error over the entire object depth. We have therefore proposed a method
that allows us to compensate this systematic error and have shown that, when us-
ing this compensation, setup geometry needs to be hardly larger than the geometry
needed to suppress systematic errors within a single fringe plane. In a numerical ex-
ample we showed that if the geometric design of the setup is adapted to the gray scale
measuring resolution of the camera and error compensation between fringe planes is
applied, systematic errors remain below the measurement precision for all n fringe
planes. These design considerations allow us to determine the appropriate dynamic
range for the imaging system given a specific setup geometry, or vice versa.
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Chapter 4
Moiré pro�lometry using liquid crystals

Abstract

We present our projection moiré profilometer setup in which both grid projection
and optical demodulation are realized with liquid crystal light modulators. The
computer generated grids, realized on thin film transistor liquid crystal matrices,
allow phase-stepping and discrete grid averaging without the need for any mechan-
ically moving component. Spatial line pitch and phase steps can be readily adjusted
to suit the measurement precision and object geometry.
The device is able to perform topographic measurements with a height resolution
of 15µm on every pixel of the recording device.

This chapter has been published in full in Optics Express, 2008 [A.6].
A paper with similar content to this chapter was invited to appear in a special issue
on fringe projection techniques in Optics and Lasers in Engineering, 2010 [A.12];
and in Handbook of Interferometers, 2009 [B.4].
New results were published in the proceedingsbooks Fringe 2009, 2009 [B.2];
and Optical Measurement Techniques for Systems & Structures, 2010 [B.6];
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4.1. Introduction

Grid or structured light projection profilometry is an optical technique which allows
to quantify the 3-d shape of surfaces [Chen et al., 2000]. A grid of straight lines is
projected onto the surface of a diffusely reflective object. When this line image is
observed under an angle with the projection direction, the lines deform due to the
object surface shape, and this deformation can be interpreted as a frequency mod-
ulation of the grating pitch. To obtain full field quantitative shape data, essentially
two different methods are used for demodulation of these lines and extraction of the
height information.

In one scheme, the projected line image is recorded directly, and the demodulation is
performed digitally [Martínez-Celorio et al., 2008; Dirckx and Decraemer, 1997b;
von Unge et al., 1995; Takeda et al., 1982; Su and Liu, 2006]. As this method only
needs a simple optical setup using a single image, it is fast. However it has the major
disadvantage that the camera needs to fully resolve the individual projected grid lines
on the object, while the sensitivity depends on grid pitch. High shape accuracy can
thus only be obtained using cameras with very high spatial resolution. The gray scale
resolution of the camera is also left unused in the demodulation process, as the gray
values are only used in the recorded images to locate the position of the lines. In ideal
circumstances, a one bit camera would suffice to locate the black and white grid lines
(if resolved). To extract the shape information from this kind of images, basically two
approaches exist. One is digital moiré interferometry using virtual interference with
a computer generated grid [Martínez-Celorio et al., 2008], or with a pre-recorded
reference image in a video frame buffer [Dirckx and Decraemer, 1997b; von Unge
et al., 1995]. Another approach using direct recording of the grid lines is based on
frequency domain techniques, which perform Fourier analysis on the deformation
of the lines [Takeda et al., 1982; Su and Liu, 2006]. In any case, at some point in
both approaches the image grid lines need to be removed by a type of filtering, at the
expense of spatial resolution.

In the other basic scheme for demodulation, the image of the deformed lines is pro-
jected onto a second grid, identical to the projection grid, and is referred to as optical
moiré interferometry [Meadows et al., 1970; Takasaki, 1970; Halioua et al., 1983;
Dirckx and Decraemer, 2000; Buytaert and Dirckx, 2007] . The geometric inter-
ference between the deformed and the undeformed grid leads to the formation of
so called moiré fringes, which represent contours of equal object height. They can
be interpreted as the intersection of the object with a set of subsequent bright and
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dark planes, called fringe planes which (in the ideal case) have a fixed equidistant
fringe plane distance. By changing the relative distance between the projection and
observation grating, the phase of the moiré fringes changes, and arctangent methods
can be applied to calculate object height from a set of phase shifted moiré interfero-
grams [Creath, 1988; Wyant, 1982; Wyant et al., 1984]. The method needs a more
complex optical setup, but has the major advantage that the camera does not need
to resolve the fine projected grid lines, as the demodulation is now performed opti-
cally by the second grid: the camera only needs to record the low frequency moiré
fringes. In this manner, fine grids can be used to obtain high resolution, even with
low spatial resolution cameras. The essential advantage of the method is that the
gray scale dimension of the camera is now actively used in the calculation of the
shape information. The gray values are not just used to locate the grid lines, but the
change in gray scale value between phase shifted moiré fringes is used. The moiré
fringes are however superimposed on the remaining fine grid lines, which is called
grid noise (cf. figure 4.1(a)). Since the method does not use the image of the grid
lines themselves, residual grid noise can be removed by simultaneously translating
the projection and observation grating in their own plane [Takasaki, 1970; Halioua
et al., 1983]. During this translation, the relative distance between the two grids is
kept the same, so that the phase of the moiré fringes remains unchanged. This grid
averaging can be performed by a continuous motion during continuous acquisition of
the moiré interferogram, or by recording the moving grids at discrete instants in time
[Dirckx et al., 1990]. The result is called a moiré topogram in which all grid noise
is washed away, cf. figure 4.1(b). To obtain the phase changes on the one hand and
the grid averaging on the other hand, precise mechanical translation of both grids is
needed. In phase-stepping methods phase unwrapping is an inevitable procedure to
remove the 2π-phase jumps in order to recover the absolute phase, cf. figure 4.1(c,d).

Recently, the use of a single liquid crystal light modulator for the projection of the
grid lines was introduced by Asundi [1991] [Asundi and Chan, 1994; Quan et al.,
2003; Fujin et al., 2005; Ryu et al., 2008]. This method has the advantage that the
grating pitch, and therefore the sensitivity, can be easily adapted to the measure-
ment problem at hand, and allows the implementation of new advanced unwrapping
methods based on recordings with different grid pitches. However, this was always
combined with digital moiré or Fourier profilometry. We now propose a new tech-
nique in which we use two separate liquid crystal light modulating grids, one for
projection and one for optical demodulation, and which combines the previously ob-
tained flexibility with the advantages of optical demodulation. With our setup, phase
stepping and grid averaging can be realized without any mechanically moving parts.
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Figure 4.1.: a) moiré interferogram of a sphere
with fringes and grid noise after optical demodulation.
b) moiré topogram of the sphere with altitude contour fringes
using grid averaging: grid noise is no longer present.
c) the 4-step phase-shifting algorithm delivers a wrapped phase map with 2π jumps.
d) after unwrapping and calibration a continuous height map is obtained.

We will now discuss the optical design and theoretical background of our method,
and demonstrate its capabilities.

4.2. Device design

4.2.1. Optical setup

The schematic representation of our new projection moiré setup is represented in
figure 4.2. Surface height is expressed as distance along the Z-axis. The origin of
the coordinate system is chosen in the vicinity of the object’s surface (shaded) and
on the symmetry axis of the setup. The projection and observation lens, respectively
L1 and L2 (150mm SchneiderG-Claron f/9), are positioned symmetrically at dis-
tanceD above and below this axis. We opted for macro lenses as they are optimized
to take recordings of small nearby objects with an even focus across the field of view,
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Figure 4.2.: Schematic layout of the liquid crystal grids setup for projectionmoiré. Lens
L1 projects the light going through liquid crystal grid unit lcg1 onto the surface, creat-
ing a shadow of grid G1 on it. The projected line pattern is modulated by the object’s
geometry, and projected onto gridG2 of lcg2 by lens L2. The created interferogram is
recorded by a CCD imaging device with lens L3. A light path from point (x1, y1, z1)
on G1 to surface point S(x, y, z), and from S to (x2, y2, z2) on G2 is drawn.

as in this setup the imaging takes place at the edges of the image field. The magni-
fication is chosen equal to 1 : 1 by positioning the object and the two grids (G1 for
projection and G2 for optical demodulation) at distance L = 2f from the lenses.
The line grids are formed on 0.7-inch matrices of thin film transistors (1024 × 768

p-Si tft contrast ratio 1 : 400), of which the tft pixels can be controlled separately
by a computer using dvi communication. Digital visual interfacing (dvi) is a video
interface standard designed to maximize the visual quality of digital displaying. The
dvi protocol transmits brightness binary to the exact appropriate pixel (when driven
in native resolution) without analog distortion. By grouping pixel columns together
to form a periodic (square) line grid, a liquid crystal light modulating grid is created.
Both liquid crystal light modulators are placed between two linear polarizers with
orthogonal polarization direction. When a tft pixel is fully activated, it rotates the
incoming polarized light over 90 degrees. In that case, the light can pass through
the second orthogonal polarizer, thus creating a bright transparent pixel. Otherwise
when the tft is inactive, the incoming polarized light is not rotated and therefore ab-
sorbed by the second polarizer, creating a dark pixel. The combination of a tft grid
Gi with its two polarizers Pi and P ′i forms what we will call a liquid crystal based
grid (lcgi). The collimated light source (200W uhp with 2000 lumen) behind lcg1

is not shown on figure 4.2. A ccd camera (PixelFly pco 210xs1540) with 640×480

pixels and a 12-bit gray scale range (4096 values) takes an image of the moiré inter-
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ference pattern on grid G2, which contains the interferogram with fringes and grid
noise after transmission through lcg2. The camera has a macro imaging lens L3

(50mm Super-Takumar Asahi f/1.4) and is positioned along the observation axis,
and not orthogonally behind G2, to avoid vignetting. This oblique orientation has
little influence on the image as the depth of field of the ccd imaging lens covers the
entire depth of the grid. A pc software environment created inMatlab R2007a con-
trols the entire setup: generating the grids on both tft matrices with the necessary
simultaneous or relative pixel shift, taking the ccd-recordings, performing the nec-
essary calculations (see section 4.2.2) and phase-unwrapping, and finally saving and
displaying the three-dimensional surface result.

4.2.2. Theory

The intensity I0 of the light source is spatiallymodulated by lcg1, and themodulation
pattern is projected by L1 onto the surface of the object. For simplicity we will
assume that G1 generates a line pattern with a sinusoidal cross section and period p.
The transmission of lcg1 can be written as

T1(x1) =
1

2
+

1

2
sin

(
2πx1

p
+ φ1

)
(4.1)

with x1 the position on theX-axis along the grid G1 and φ1 the initial arbitrary grid
phase. In reality we use a square grid transmission profile which can be expressed
in sinusoids:

T ′(x) =
1

2
+

2

π

∞∑
n=1,odd

1

n
sin

(
2πnx

p
+ φ1

)
(4.2)

The higher order components of the resulting intensity profile are however reduced
by the limited bandwidth of the projection and demodulation lens, and it has been
shown that the presence of the higher orders basically leads to the same result [Buy-
taert and Dirckx, 2007].

The projected intensity profile on the surface becomes frequency modulated by the
object’s shape when observed under an angle ψ. The surface of the object is imaged
by lens L2 onto lcg2 grid G2, which also has period p. Transmission of the light
through the liquid crystal grid unit lcg2 is again described by a multiplication of the
light by transmission profile T2(x2) = 1

2
+ 1

2
sin
(

2πx2

p
+ φ2

)
, with x2 the position

along the second grid on the X-axis and arbitrary phase φ2. The created interfero-
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gram is recorded by a ccd. So light from (x1, y1, z1) onG1 falls on the surface point
S(x, y, z) and is reflected onto grid G2 point (x2, y2, z2), cf. figure 4.2. The length
of this light path is defined r(x, y, z). Transmission through lens L1 and L2 create
insertion losses ρ1 and ρ2, and the reflectivity R(x, y) on the surface is position de-
pendent. For the intensity I at point S(x, y, z) on the surface, seen by the ccd, we
obtain

I(x, y, z) = T2(x2)ρ2R(x, y)ρ1T1(x1)
I0

r2(x, y, z)
(4.3)

= A(x, y, z)

[
1

2
+

1

2
sin

(
2π(2D − x+ dx1)

p
+ φ1

)]
·
[

1

2
+

1

2
sin

(
2π(−2D − x− dx2)

p
+ φ2

)]
(4.4)

with A(x, y, z) = I0ρ1ρ2R(x,y)
r2(x,y,z)

constant during phase shifting. The positions x1 and
x2 have been substituted in (4.4) using

x1 = 2D − x+ dx1 y1 = y2 = −y − dy (4.5)

x2 = −2D − x− dx2 z1 = z2 = 2L = 4f (4.6)

Geometry shows that

dx1 = z
D − x
L− z

(4.7)

dx2 = z
D + x

L− z
(4.8)

dy = z
y

L− z
(4.9)

Working out expression (4.4) gives

I(x, y, z) =
A

4

{
1 + sin

(
2π
(
2D − x+ zD−x

L−z

)
p

+ φ1

)

+ sin

(
2π
(
−2D − x− zD+x

L−z

)
p

+ φ2

)

+
1

2

[
− cos

(
2π
(
−2x− z 2x

L−z

)
p

+ φ1 + φ2

)

+ cos

(
2π
(
−4D − z 2D

L−z

)
p

+ φ2 − φ1

)]}
(4.10)
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Note that the second, third and fourth term all have a dependency on x. If we rewrite
the second term to

sin

(
2π
(
2D + zD−x

L−z

)
p

+ φ1

)
cos

(
2πx

p

)

− cos

(
2π
(
2D + zD−x

L−z

)
p

+ φ1

)
sin

(
2πx

p

)
(4.11)

you notice the sin
(

2πx
p

)
and cos

(
2πx
p

)
factor which can be interpreted as a high-

frequency modulation of the light with x. Therefore the second term as well as the
third and fourth terms, are interpreted as the grid noise. The last term in equation
(4.10) is solely modulated by the object surface height z and causes the bright and
dark moiré fringes. One can conclude that the multiplication of the modulated grid
lines with the second grid’s transmission profile delivers an optical demodulation of
the height information.

As stated in the introduction, grating noise can be removed by translating both grids
simultaneously. One option is to integrate the recorded light over precisely time
T = p

v
while moving the grids at constant velocity v over exactly one period p (which

is technically difficult and sensitive to errors). The movement of both gratings with
speed v is described by adding a time dependent part to the constant arbitrary phase:

φi → φi +
2πv

p
t (4.12)

In equation (4.13) is shown that the second term of equation (4.10) becomes zero for
integration time T = p

v
(similar for the third and fourth term).

A

4

∫ T

0

[
sin

(
2π
(
2D − x+ D−x

L−z + vt
)

p
+ φ1

)]
dt (4.13)

=
pA

8πv

[
cos

(
2π(2D − x+ D−x

L−z )
p

+ φ1

)
− cos

(
2π(2D − x+ D−x

L−z + vT )
p

+ φ1

)]

So expression (4.10) can be reduced to

IT (x, y, z) =
TA(x, y, z)

4

{
1 +

1

2
cos

(
2π
(
z 2D
L−z

)
p

)}
(4.14)

with removal of the constant phase offset by defining φ2 − φ1 = 2π4D
p

.
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Another option leading to (4.14), is integrating over a very long period T � p
v
at

constant velocity v until the grid noise falls below the dynamic range of the camera
[Buytaert and Dirckx, 2007]. Both procedures are called continuous grid averaging,
which can only be realized by mechanically moving the grids. In the case of grids
on liquid crystal light modulators, grid noise can be removed without any moving
part, using discrete grid averaging.

4.2.3. Discrete grid averaging

To remove grid noise, we now record N static interferograms, each with an extra
phase shift Φ for both grids. The transfer function of both grids during the capture
of the k-th picture is expressed as

Ti(xi) =
1

2
+

1

2
sin

(
2πxi
p

+ φi + kΦ

)
(4.15)

by changing the arbitrary phase of the transmission profiles to

φi → φi + kΦ (4.16)

Calculating the interferogram intensity with transmission profile (4.15), or by sim-
ply substituting (4.16) in (4.10), the average of all recordings with exposure time T
gives us the topogram IN(x, y, z) expressed in equations (4.17) and (4.18). Equa-
tion (4.14) resurfaces in the first two terms of equation (4.18), again representing the
moiré fringes. Notice how it is independent of N and Φ.
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(4.17)
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(4.18)

To make the remaining terms (the grid noise) disappear, we need to pose certain
conditions onN and Φ. Let us consider the first noise term in equation (4.18), which
we can rewrite to expression (4.20) when we assume N even.
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]
(4.20)

You now see in (4.20) that this noise term will cancel out when Φ = 2π
N

(2l + 1)

with l ∈ N and N
2
∈ N0. The second noise term vanishes in a fully analogous way

under the same condition. The third noise term in (4.18) however does not always
disappear under this condition, compare (4.21) with (4.20). If we however substitute
Φ = 2π

N
in (4.21) and make N a multiple of four, after some mathematics we obtain

equation (4.22), showing that the final noise term also becomes zero.
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To summarize, we have to takeN = 4 or 8 or 12 or 16... images with corresponding
phase stepsΦ = π

2
or π

4
or π

6
or π

8
... (or grid pixel shifts ppix

N
) for both grids in between

recordings, to perform discrete grid averaging and to obtain a topogram without grid
noise. As we will be performing the simultaneous grid shifts digitally on two liquid
crystal grids, the minimal displacement of such a virtual grid is 1 tft pixel. To
extract the height by applying the 4-step phase-shifting algorithm (see below), we
need four equally spaced relative grid shifts in one grating period, which requires
the pixel period ppix of our digital grid also to be a multiple of 4.

Expressed in formulas, we get

Φ =
2π

N
(2l + 1) ∆ =

p

2π
Φ =

p

N
(2l + 1) ∆pix =

ppix
N

(2l + 1) (4.23)

with l ∈ N and N
4
≤ ppix

4
∈ N0. According to this theory, grid noise can be perfectly

removed using just N = 4 images in the discrete averaging process. In practice
however, common liquid crystal tfts only have a limited fill factor: in between pixels
are inactive zones which remain opaque. During discrete averaging these very fine
dark lines can not be made to move, while the formulated theory needs completely
moving gratings. The use of more averaging images than 4 is thus needed to diminish
the contribution of this fixed line pattern to the image content.

We end upwith ameasured image I(x, y, z) to whichwe added an offset termB(x, y)

to incorporate background illumination and other undesirable effects:

I(x, y, z) =
TA(x, y)

4

[
1 +

1

2
cos

(
2π
(

2zD
L−z

)
p

)]
+B(x, y) (4.24)

To extract the height z from (4.24), we apply the 4-step algorithm on four phase-
stepped moiré topograms I1→4 with respectively a relative grating shift 0, p

4
, 2p

4
and

3p
4
, each causing an extra phase π

2
:

arctan

(
I4 − I2

I1 − I3

)
=

4πD

p

z

L− z
≈ 4πD

p

z

L
(4.25)

with z � L. This also shows that a full fringe plane distance λ (bright and dark
fringe) has been completed every time the height z changes pL

2D
.
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4.3. Performance and results

Wewill demonstrate the performance of our moiré device with liquid crystal grids on
several objects. A stringent condition for the applicability of a moiré technique is the
need for diffusely reflective surfaces. We counter low or direct specular reflectivity
by applying a thin layer of inert magnesium oxide powder (MgO) on the surfaces
[Dirckx and Decraemer, 1997a], unless otherwise mentioned. A magnesium strip
is burned in open air and the object is held and rotated in the formedMgO smoke.
These smoke particles stick to almost any surface and deposit a layer of inert and
loose powder of 17µm thickness.

4.3.1. Grid noise removal and grid period

From equation (4.25) we obtained the expression for the fringe plane distanceλ = pL
2D

which is directly dependent on period p. Within every λ, the phase (corresponding
to the height z) has evolved over 2π and is obtained from gray scale variations within
this interval by the arctan method. The number of detectable gray scale values thus
determines the number of height steps in each fringe plane distance λ. For a certain
camera (e.g. with 4096 gray values) and a certain setup (with fixed L and D), the
only way to increase the height sensitivity is by using a smaller pitch p so that the
same gray scale range is obtained on a smaller fringe plane interval.

All grids are created digitally by activating groups of tft pixel columns, thus ob-
taining liquid crystal light modulators. Each ccd pixel has a measured dimension
of 19µm in object space, and each tft pixel measures 11.8µm. With liquid crystal
computer grids, periods are easier expressed in pixel columns (ppix) than in mil-
limeters (p), which is why we will use ppix from now on. The ccd has a resolution
of 640 × 480 pixels, which in our optical setup corresponds to an image field of
12.2 × 9.1mm. As the moiré information is demodulated by the second grid, and
remaining grid lines are averaged out, the number of ccd pixels only determines the
number of objects points on which height is measured.

We tested the grid noise removal theory of section 4.2.3. Equation (4.23) states that
N images should be taken with both grids shifted over ∆pix =

ppix
N

pixels between
each recording, andN a multiple of 4, to fully remove the grid noise. As we already
explained, the limited fill factor of about 80% of each liquid crystal light modulating
pixel also introduces a fine line fixed grid, so more than the minimal theoretical 4
images will be needed to average out all grid noise. The higher the number of av-
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eraged images N , the better the grid noise removal will be able to suppress the fine
fixed grid. Of course, averaging over more frames takes more time, so one has to
look for an optimized number N without unnecassary increase of measuring time.
To determine the optimal number N of frame avergings, we measured the standard
deviation of the difference between the measured cross sections through the height
profile of a flat plate and the theoretical ideal shape, with systematic distortions re-
moved, for different numbers of averaging steps. Figure 4.3 shows these standard
deviations obtained from topograms with N averaged images. This standard devia-
tion has two main causes: residual grid noise after grid averaging (caused by the fine
fixed grid) and noise of the optical system (electronic noise from the ccd, noise in
the background illumination etc.).

Figure 4.3.: Standard deviation on height measurements when using the discrete grid
averaging theory with N images.

The standard deviation decreases dramatically when going from N = 4 to 8. The
averaging over 4 images clearly still contains residual grid noise. Using 8 images,
results are far better, and with N = 12 or 16 the residual grid noise disappears in
the measurement noise floor. Once the grid noise is fully removed, standard devi-
ation can be further decreased by increasing the number of averagings. This de-
crease however evolves only proportionally to the root of the number N , thus de-
manding many more image recordings (and time) before significant improvements
are achieved. Clearly, nothing is gained anymore by using more than N = 16 image
recordings.

As the lcgs allow easy adaptation of their grid period, an optimal setting can easily
be chosen. To demonstrate this, we have used different grid periods ppix in mea-
surements on an oblique flat plate. It was clear that a larger period and therefore
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a larger fringe plane distance λ, gives rise to fewer phase jump errors, but also
lower resolution. In principle, the highest resolution is obtained with the smallest
period but, as previously stated, the minimal period ppix has to be at least 4 tft pixel
columns. Throughout this chapter, we used square gratings, so half of every lcg
period ppix is inactive and dark and the other half is transparent. Recordings with
periods ppix = 4, 8, 12, 16, 20, 32 were taken, and showed that period ppix = 4 (con-
sequently combined with the bad discrete grid averaging of N = 4) gave a poor
result. Four pixel columns form a very high frequency grid (transparent regions of
only about 25µm) which are poorly resolved by the projection and demodulation
lens. Periods of ppix = 8 and more gave good results, also because we then can
apply discrete grid averaging of N = 8 and more.

All followingmeasurementsmadewith our device are either constructed fromN = 8

discretely averaged images with period ppix = 8 pixel columns, or N = 16 with
ppix = 16 for best image quality. In the latter case, a measurement takes several
seconds as 16 images (of in-phase shifted grids) for each of the 4 relative phase
shifted topograms have to be recorded.

4.3.2. Resolution

To obtain the height resolution of our digital moiré device, we made repeated surface
recordings of a flat plate using optimal settings, namely ppix = 16 and N = 16.
From the reconstructed surfaces of the flat plate, we compared the center horizontal
line with a straight line. The differences between three measured profiles and the
theoretical straight line are plotted in the upper part of the graph in figure 4.4. The
three plotted curves fall on top of each other and differ less than ±15µm from the
ideal straight line.

The curve in the upper part of figure 4.4 shows in every difference curve a low fre-
quency variation, pointing to a systematic error which we will discuss later. If we
subtract two subsequent shape measurements, we remove the systematic error and
obtain the curve shown in the lower part of figure 4.4. This shows the noise limit of
our system, with amplitude 5µm.

4.3.3. Phase versus height calibration and focal depth

In equation (4.25) we obtained the phase from 4 phase shifted images, which can
be translated to an altitude z. The conversion factor 4πD

pL
can be calculated from the
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Figure 4.4.: Top: difference between the measured profile and an ideal straight plane
along a horizontal cross section for three representative measurements. A (systematic)
error with amplitude of about 15µm is present. Bottom: difference between two sub-
sequent recorded shape profiles, showing a noise floor of about 5µm.

geometry parameters of the setup, but it is easier and better to calibrate directly by
comparing the phase change between two measured surfaces that are shifted over
a known distance along Z [Dirckx and Decraemer, 1990]. By dividing the known
physical object shift and the difference of the phase at a certain point, the conversion
factor was found to be 0.137mm/radian for a grid of ppix = 16. This means that
the distance between two dark or two bright moiré fringes are separated λ = 2π ×
0.137mm = 0.858mm fringe plane distance apart for ppix = 16 pixels. From now
on, we will always show calibrated results in millimeters.

Figure 4.5.: Ratio of the measured height over the actual mechanical height displace-
ment at Z-steps of 350µm for pixel coordinates (100, 100), (100, 550), (240, 320),
(350, 100) and (350, 550). Deviation of unity is less than 5% over a 5mm range.
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To check linearity of the Z-scaling, we measured the flat plate object positioned at
increasing depth steps of 350µm over a distance of several millimeters along Z. The
height was determined at the corners and in the center of the image. In figure 4.5 we
show the measured height normalized by the actual applied translation, for all five
points, as a function of measurement depth. The figure shows that within a range
of 5mm nearly perfect linearity is obtained over the entire imaging field. At the
position z = 0mm, where the conversion factor was initially determined, the ratio
is of course exactly 1 (within the measurement precision). The value for the ratio
becomes gradually slightly larger (< 5%) when going 2.5mm closer to the camera,
and slightly smaller going backwards. We will address this in the discussion.

4.3.4. Spherical objects and di�erence in re�ectivity

As a realistic test object, we used spheres from ball bearings with a measured diam-
eter of 7.99mm and 15.8mm. Images at different stages of the moiré topography
process for the smallest sphere were already shown in figure 4.1. They lead to the
three-dimensional surface presented in figure 4.6. We used ppix = 16 and N = 16

for all recordings in this section. If we fit a sphere through this (partial) surface, we
obtain a radius of 4.09mm, a deviation of 2.5% from the actual value.

Figure 4.6.: 3-d representation of the sphere in figure 4.1 obtained with lcd moiré.

Ideally, the 4-step phase-shifting algorithm removes differences in reflected ampli-
tude A(x, y) and background illumination B(x, y), as shown in expression (4.25).
In practice however, slight changes in A and B may occur during the subsequent
image recordings which can lead to intensity dependent errors. Even if the lighting
and reflection coefficient R(x, y) do not change and A and B remain stable, large
differences in R(x, y) might be problematic.

- 242 -



4.3 Performance and results

Figure 4.7.: a) moiré topogram of a diagonally white-gray painted sphere.
b) cross section plots (×10) along the lines in a: no effect of the two regions.
c) the differences in reflectivity have no influence on the calibrated height map.
d) cross sections along the lines in c, with arrows indicating the bright-dark boundary.
e) the 3-d representation of c with one of its topograms mapped on the surface, shows
again no problems.
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To test the behavior of our moiré method on large differences in reflectivity, the
bigger test sphere was not coated homogeneously withMgO, but instead was painted
diagonally half in white and half in gray with Chinese ink. A moiré topogram of this
surface is shown in figure 4.7(a). In the printed picture, the moiré fringes are barely
visible in the dark region, which is also shown in the cross sections plotted in figure
4.7(b). The intensity drops roughly 9 to 10 times between the dark and bright region
because of the difference in reflectivity R(x, y), but the height map shown in figure
4.7(c) does not show any artifact. The sphere is perfectly resolved and continued over
the dark-bright boundary, demonstrated in the cross sections and 3-d surface in figure
4.7(d) and figure 4.7(e). By using a 12-bit camera, the subtle intensity variations of
these fringes are apparently still resolved.

We applied similar reflectivity measurements on a kodak gray scale chart which
clearly showed that intensity differences are well resolved, and are only noticed in a
small increase of the noise on the reconstructed surface in extremely dark areas. The
surface shape itself did not suffer from jumps at gray scale edges.

4.3.5. Fresnel prism

As an application example we measured the topography of a Fresnel prism (Fresnel
Optics, Apolda, Germany) which consists of isosceles right-angled triangles of mea-
sured height β = 0.49mm and base width γ = 1.00mm, shown in figure 4.8. The
right angles of the steps are well resolved (maximal deviation 2.5%) and the length
of its isosceles sides α deviate no more than 0.5% from the real value, indicating that
the X, Y, Z-calibration of the device is isometric.

4.4. Discussion

Basically two different methods exist to obtain shape information, each with their
specific (dis)advantages. The first type of method, digital moiré and Fourier based
techniques, offers simplicity of optical setup and speed, as one only needs to project
a single static grid and record a single image. A second grid is not needed, but the
projected lines need to be resolved by the camera, so even with a high resolution
camera, the grid pitch is limited and inversely related to the height resolution. The
fundamental drawback for these techniques lays in the necessary filtering. Digital
moiré creates the moiré interferograms by multiplying the single recording with a
digital demodulation grid. Grid lines and grid noise still need to be removed from
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Figure 4.8.: Triangular Fresnel prism
with depth β = 0.49mm and width γ = 1.00mm.
a) cross section through the calibrated height profile shows
right-angled isosceles triangles.
b) and c) 3-d representations of the shape with a topogram mapped on the surface.

the digitally created fringes by image filtering. These resulting images are typically
interpreted by tracing the fringe intensity maxima andminima [Nakadate et al., 1981;
Yatagai et al., 1982; Osten, 2000], followed by interpolation between these altitude
contours to deliver a heightmap of the entire surface [Drerup, 1982;Mieth andOsten,
1989; Osten, 2000]. The drawback of the Fourier technique also lays in filtering.
The object modulates the grid frequency within a certain range. Only this range of
frequencies is of interest and is selected in the Fourier spectrum. The object shape is
then obtained by inverse Fourier transform [Takeda et al., 1982; Su and Liu, 2006].
As high frequency components are filtered out in digital moiré and Fourier based
techniques, this inevitably means the object shape is low pass filtered and steep steps
will be smoothed, limiting the in-plane resolution.
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The second type of method, used in the present chapter, is based on optical demod-
ulation and phase stepping. By using a second grid for optical demodulation, the in-
plane resolution of the camera is fully utilized to obtain a height value for every pixel
of the recording device without using interpolation or image filtering. The 4-step
phase-shifting algorithm uses four phase shifted topogram recordings to calculate
the object height from the brightness variations in between moiré fringe extremes,
independently for every pixel. Even with our modest 12-bit camera of spatial reso-
lution 640× 480 pixels, we already achieve an XY measuring resolution of 19µm.
The camera also does not need to resolve the grid lines, but only needs to record the
moiré interference fringes, which have a low spatial frequency. A smaller grid pitch
can thus be applied. The fundamental advantage lays in the fact that the third dimen-
sion of the camera, its gray scale range, is used to calculate the height values. The
disadvantage of the phase stepping technique is the higher complexity of the setup,
since an extra grid is present and both need to be moved in their own plane over ex-
act distances to average out grid noise. Four moiré topograms with different fringe
phases are needed for the arctangent method, making phase shifting moiré inevitably
slower than the single image direct recording techniques.

Our projection moiré profilometer is based on computer generated grids on liquid
crystals for projection and optical demodulation, and performs accurate topographic
measurements without any mechanically moving component. Theoretically, the use
of liquid crystal grids introduces no new problems to the projection moiré technique,
as groups of active and inactive pixel columns can be used to create straight grid lines
on the tft matrices. Combined with orthogonal polarizers, these create the neces-
sary projection and demodulation grid. In practice, the fact that our grids need to
be shifted on tft matrices (simultaneously in-phase for grid noise removal, or rela-
tive to each other for phase-stepping with the arctan method), and that the minimal
displacement distance is one liquid crystal tft pixel, puts conditions on the phase
shifting and grid period.

The 4-step algorithm requires interferograms with fringe phase steps of π
2
between

them, corresponding to p
4
relative shifts between the two virtual tft grids. Therefore

the pixel period ppix needs to be a multiple of 4. Good results are obtained with pixel
period ppix = 8, and even a little better with ppix = 12 or 16 or higher. For ppix = 4

(line width p
2
≈ 25µm) the measurements fail because the fine grid lines are not

resolved by the projection and demodulation lens.

The discrete grid averaging theory, presented in section 4.2.3, demands that N in-
terferogram recordings are made, with N also a multiple of four but limited by ppix.
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The theory states that N = 4 would already be sufficient as it fulfills the prescribed
theory. This however only holds if the entire grid moves between averaging steps.
In reality, a liquid crystal pixel or tft has a limited fill factor, so a very fine static
grid is present which does not move between averaging steps. The relative contri-
bution of this extra grid can only be suppressed by recording more averaging steps.
The number of steps needed, depends on the width of the non-active lines: if they
are small enough, they will not be resolved by the lenses, broader lines will cause
a more pronounced artifact. We therefore measured the residual noise as a function
of the averaging number N , cf. figure 4.4. Results obtained with N = 4 showed
clearly a lower quality than with higher averaging numbers. With discrete averaging
of N = 8, 12 and certainly 16 recordings all grid noise is washed away and the the-
ory produces moiré topograms with clear fringes. Higher averaging numbers do not
significantly improve the measurement quality further.

We obtained a fringe plane distance λ = 0.858mm for tft pixel column period
ppix = 16. Avoiding over-exposure and removing the baseline intensity, about 2500
of the 4096 gray values of our camera are applied in the λ interval with the arctan
method. This allows for surface reconstruction with a resolution of 15µm, as shown
in section 4.3.2. This resolution is the same as obtained in conventional moiré tech-
niques (for similar applications) with solid Ronchi rulings [Dirckx and Decraemer,
2000]. Ronchi grids have a very large contrast ratio while the tft pixels of the liq-
uid crystal grids have a limited contrast ratio, typically between 1 : 100 or 1 : 1000.
This contrast ratio limits the range of gray scale values, which in turn effects the
height measuring resolution. Our resolution can in future work be improved using
light modulators with a higher contrast ratio and higher fill factor, eliminating the
systematic error and using more dynamic range of the camera.

As we designed our moiré device for measuring the shape and deformation of tym-
panic membranes of small mammals [von Unge et al., 1995; Dirckx and Decraemer,
2001], our imaging field with magnification 1 : 1 corresponds to 12.2 × 9.1mm.
Measurements proved that we maintain a good calibration over the entire image field
and over a depth range of 5mm, cf. figure 4.5. However, as was mentioned in section
4.3.3, the calibration ratio becomes slightly larger than unity for object points closer
to the camera and a little smaller for deeper points, but less than 5% in the depth
measuring range of 5mm. This can completely be attributed to the approximation
made in (4.25) where z

L−z ≈
z
L
. The effect of this compromise is limited, and can

be compensated as described by Buytaert and Dirckx [2007] in the future. Imaging
larger objects is perfectly possible by changing the setup layout or imaging lenses.
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Objects with inhomogeneous reflectivity or different color can be imaged without
difficulty. We performed measurements on a gray scale chart with relative density
values from a nominal white of 0.05 to 1.95, and found no effect on the measured
height. On a painted sphere with an intensity drop of 90% on the surface, the topog-
raphy showed no artifact, cf. figure 4.7.

It is a challenge to analyze surfaces with lots of discontinuities or complex and steep
height differences, especially for correct phase unwrapping. Altitude change be-
tween two neighboring ccd pixels is limited to half the fringe plane distance, if stan-
dard unwrapping algorithms are to be used (such as our Matlab function). Several
authors proposed solutions for this problem by combining two or more recordings
with different pitch into new advanced unwrapping algorithms [Zhao et al., 1994;
Ladak et al., 2004; Su and Liu, 2006; Ryu et al., 2008], making it possible to unam-
biguously unwrap the height maps by comparison andmanipulation of the recordings
with different height resolution and inter fringe plane distance. Moiré recordings
with different grating pitch were previously achieved by physically interchanging
the grids, or by ingenious methods like rotating the grid [Xie et al., 1996], project-
ing a superposition of several grids in different colors [Jeong and Kim, 2002], or by
encoding the projected grid with two frequencies [Su and Liu, 2006].

With our computerized liquid crystal grids, the implementation of these advanced
phase unwrapping algorithms becomes easy and fast, and needs no physical interac-
tion anymore with the optical setup: One simply needs to change the virtual grid in
the computer and the lcgs have another pitch with corresponding sensitivity.

4.5. Conclusion

We presented a projection moiré profilometer which uses liquid crystal light mod-
ulators for both projection and demodulation grid. Optical demodulation has the
fundamental advantage that the recording camera does not need to resolve individ-
ual grid lines, and that high resolution height information is obtained on every image
pixel, by using the gray scale sensitivity of the camera and phase-stepping. We re-
alized a setup with projection through and optical demodulation on a tft matrix,
combined with grid noise averaging of discretely moving computer generated grids
on liquid crystals. The optical setup was demonstrated with practical measurements,
showing a height resolution of 15µm.
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4.5 Conclusion

The liquid crystal grids offer the advantage over classical fixed grids that the period
of the grid can be easily adapted: different height sensitivity adjusted to the ob-
ject surface geometry can be obtained without any need for physical intervention in
the optical setup, and new advanced phase-unwrapping algorithms needing several
pitches can be easily implemented.
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Chapter 5
Phase-linearization in liquid crystal moiré

Abstract

The moiré profilometer using liquid crystal panels presented in the previous chapter
suffers from non-linear intensity projection. Here is explained how we counter this
non-linearity caused by the liquid crystals, presently by gamma correction of the
projector and in the future also by using error-compensating phase-shifting algo-
rithms.
The performance of the gamma correction approach is discussed. Implementa-
tion of different phase-stepping methods is planned for the near future. However,
I present already a summary of my extensive literature study in preparation of the
implementation.

Parts of this chapter were published in a special issue
on fringe projection techniques in Optics and Lasers in Engineering, 2010 [A.12];
and in the proceedingsbooks Fringe 2009, 2009 [B.2];
and Optical Measurement Techniques for Systems & Structures, 2010 [B.6].
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5.1. Liquid crystal detector non-linearity

5.1.1. Introduction

The preferred phase-evaluation method (pem) to obtain the phase, encoded in inter-
ference fringes, employs phase-stepping algorithms or psas, cf. figure 2.1(8). This
is discussed in chapter 2, cf. section 2.4.2, and in this chapter, cf. section 5.2.

Although using sinusoidal transmission functions ti in the theory, one often uses
square grids in practice as they are more readily available, cf. chapter 2. With our
liquid crystal moiré setup, we now have the option, as we can just as easily generate
square or (stepped) sine grids on the liquid crystal panels, cf. figure 5.1.

(a) square line pattern

(b) sinusoidal line pattern (c) sinusoidal line pattern gamma-corrected

Figure 5.1.: Discrete grid profiles created on the liquid crystal panels of our setup.

We wondered how important the shape of the transmission function was. Do square
grids perform as well as sinusoidal grids? How perfect does the sine wave have
to be (because we noticed that the light output of our lcd projector for a sine grid
needs a gamma correction to make the liquid crystals behave linearly with respect to
luminance)? Does this gamma deviation on the sine pattern cause errors?
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5.1.2. Gamma

To verify these issues, we first derived a gamma correction sowe can compare the lin-
ear and non-linear behavior of the projector. Through measurement of the light out-
put with linearly increasing activation of the liquid crystal pixels, we obtain the nec-
essary information to derive a correction algorithm. Function fitting of the normal-
ized light output versus the normalized input allows to calculate the inverse gamma
function, which provides an equation representing the necessary gamma correction
we need to apply on our input to have linear output, cf. figure 5.2.

When we project a gamma-corrected and not-corrected sinusoidal grid and fit a per-
fect sine through a picture of the output, the root-mean-square (standard) deviation
or rms is a factor 4 better after gamma correction, and the total harmonic distortion
or thd is 12.5 times better. The gamma deviation is clearly effective.

Figure 5.2.: a) Light intensity measured with a photodiode of a sinusoidal projected
grid by LCM1 (in blue). The lower part of the sine is clearly too broad to be truly
sinusoidal. After applying gamma correction on the LCM pixel values, the measured
light intensity approaches a perfect sine (in red).
b) The gamma nonlinearity of the original LCMs is shown in blue. They need the
gamma correction in red to achieve linear input versus output.

5.1.3. Transmission function shapes

As we now can choose between three grid line patterns to be projected, cf. figure 5.1,
we verified what the effect of their shape was on the moiré fringes and the eventual
height measurement. Projection of square grids delivered more triangularly shaped
moiré fringes (red curve), cf. figure 1.6; standard sinusoidal grids achieved more
or less sinusoidal moiré fringes (green curve); but only gamma-corrected sinusoidal
grids on the liquid crystal panels managed to achieve perfect moiré fringes (blue
curve), cf. figure 5.3(a). The moiré fringes are obtained by recording an oblique flat
plate.
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(a) Measured moiré fringe profiles caused by
the three different projected grid shapes

(b) The corresponding error of these shapes on
the actual height measurement

Figure 5.3.: Actual measurements of the moiré fringe shapes and relative height error.
red: square grid, green: not-corrected sine grid, blue: gamma-corrected sine grid.

Remember that our and most other theoretical descriptions use sinusoidal transmis-
sion functions so that pure sinusoidal moiré fringes are obtained, as these can be
more easily used in the mathematics of the phase-shifting arctangent calculations,
cf. section 2.4.2 and 5.2. Consequently, any deviation from a perfect sinusoidal
shape of the projected grid (and thus sinusoidal moiré fringes) will deliver a sys-
tematic height error. This was confirmed by actual measurements with our setup,
cf. figure 5.3(b), where the square grids deliver a large systematic error (red), whilst
the gamma-corrected sine grids showed the smallest height error (blue). Obviously,
from now on we use sinusoidal line grids with gamma correction for best height
accuracy.

It came to our attention that linear recording of a gamma-deformed projected sine
grid or recording of a perfect sine pattern with a gamma deviation of the camera
detector, are one and the same. This non-linear detector behavior can be remedied by
using certain specific phase-stepping algorithms, thus also the gamma deformation
of the lcd projector can be, cf. section 5.2.1.

We have not yet performed the necessary test measurements but in the future we will
also try to correct the gamma error using dedicated psas. The question, however, will
be what performs best: making the projector gamma-corrected (and only needing to
record three fringe images), or using a robust algorithm for luminance non-linearity
(with possibly many more recordings and measurement time required).
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5.2. Phase-shifting interferometry

In what follows, I will give general but useful information on phase-shifting inter-
ferometric algorithms. With phase-shifting, phase differences are changed stepwise
(or continuously), and the resulting irradiance distribution is recorded at each step
(or bucket). The object phase can be obtained from the arctangent of the ratio be-
tween two combinations of the observed irradiances, according to the phase-shifting
algorithm used. Their are many such combinations or thus different psas, each with
specific performance and properties. I briefly discuss the error sources which might
influence the measurement quality and performance, followed by a (non-exclusive)
list I made containing many algorithms to counter some of the error causes. Es-
pecially the robustness of certain psas against non-linear detector behavior are of
interest to us, cf. section 5.2.1. In the future, we will study the performance of these
algorithms with our moiré setup, with and without application of gamma correction.

5.2.1. Error types

Error sources are often categorized in the following groups:

1. Phase type errors (f.i. phase-shift miscalibration and non-linearity, vibration)

2. Intensity type errors (f.i. detector non-linearity)

or in these groups:

1. Error sources associated with data acquisition (f.i. detector non-linearity)

2. Environmental effects (f.i. vibration or air turbulence)

3. And those associated with defects in optical and/or mechanical design

Phase-shift errors

Most psas rely on shifting the phase in a knownmanner as part of the acquisition pro-
cess. The expected variation of the intensity at any point in the interference pattern
is purely sinusoidal with a linear change in the phase.

If the increment in phase-shift of an N phase-step algorithm deviates from 2π
N

with
ε1, then the fringe phase-shift ψ becomes ψ′ = ψ(1 + ε1) and the obtained measured
object phase ϕ′ will deviate from the true phase ϕ:

∆ϕ(x, y) = ϕ′(x, y)− ϕ(x, y) (5.1)
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This is called linear miscalibration. It can be shown that in this case the error in the
phase (∼ height) fulfills the following relation

∆ϕ(x, y) ≈ a+ b cos (2ϕ(x, y)) + c sin (2ϕ(x, y)) (5.2)

with a, b and c coefficients from Schwider [1989].

This error can be minimized by for instance the 4-step Carré [1966] and the 5-step
Hariharan and Oreb [1987] algorithm. The Carré [1966] method suffers from no
error for a linear error in the phase-shift increment (as the algorithm calculates the
shift in phase itself), cf. section 2.4.2. The Hariharan and Oreb [1987] method is
even insensitive to other errors in addition to the linear error. Many other custom-
designed methods have immunity against phase-shift errors as well, cf. section 5.3.
A general phase shift error can be described as ψ′ = ψ(1 + ε1 + ε2ψ + ε3ψ

2 + · · · ).

Detector non-linearities

Non-linearity of the detector becomes important when the dynamic range (and con-
trast) of the fringes is large. And, large dynamic range will often be the case as it
influences the height resolution positively [Buytaert and Dirckx, 2007]. In the case
of low dynamic range (detector bit-depth) detector non-linearity is insignificant.

Gamma correction, gamma nonlinearity, gamma encoding, or often simply gamma,
is the name for the non-linearity in the coding and decoding of luminance in video
or still image systems. Gamma correction can, in the simplest cases, be defined by
the following power-law expression

Iout = Iγin (5.3)

with both the input and output intensities normalized and gamma γ ≥ 0. In general,
when an image is recorded with γ 6= 1, the recorded intensity distribution I ′i depends
on the real intensity Ii as follows

I ′i(x, y) = αIi(x, y) + βI2
i (x, y) + γI3

i (x, y) + δI4
i (x, y) + · · · (5.4)

= a(x, y)

[
1 +

j∑
k=1

sk(x, y) cos (ϕk(x, y) + kψi)

]
+ b(x, y) (5.5)

with j the maximum order of harmonic components, sk and ϕk amplitude and phase
of the k-th component, and ϕ1 the unperturbed object phase.
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With any algorithm, the phase measurement is perfectly free of error for a linear de-
tector (in the absence of other errors). But when the detector possesses small second-
order non-linearities, this is not the case with the three-step Wyant et al. [1984] al-
gorithm. The four-step Bruning et al. [1974] on the other hand is robust against
second-order non-linearities, however, fourth-order detector non-linearities do con-
tribute to errors that excite the third harmonic of the spatial variation of ϕ(x, y).
More phase-steps in a psa should reduce higher-order non-linearities in detection
as well (which corresponds to higher-order harmonics). Hence, certain algorithms
handle non-linearity well without the need for gamma correction, cf. section 5.3.

Source stability

The stability of the interferometer light source is important, both in light frequency
and amplitude. Frequency instabilities can give rise to corresponding instabilities
in the generated fringe patterns. The effect of projected light intensity fluctuations
depends on the algorithm and number of phase-steps used, as the standard deviation
of the measured phase is given by

σϕ ≈
1

S
√
N

(5.6)

with S the signal-to-noise ratio of the detector.

Vibration errors

Mechanical stability is paramount in interferometry. Some algorithms cope better
than others with vibration, cf. section 5.3. The square root of the number N of
phase-steps in the algorithm is roughly in inverse proportion to the phase standard
deviation σϕ:

σϕ ≈
σvib

aIa
√
N

(5.7)

with σvib the standard deviation of the intensity fluctuation, a the fringe modulation
factor and Ia the average intensity.

Optical errors

Aberrations can be created by the overall quality of the interferometer (components).
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Extraneous fringes

When using lasers to generate fringe images, reflections from surfaces within the
coherence length can interfere with one another and create extraneous fringes. This
coherent effect creates an error ∆ϕ according to Schwider et al. [1983]:

∆ϕ(x, y) = arctan

(
q sin (η(x, y)− ϕ(x, y))

1 + q cos (η(x, y)− ϕ(x, y))

)
(5.8)

The effect of spurious reflections can be removed by several approaches. However,
also the algorithm used is important.

Quantization errors

The accuracy of a/d conversion also depends upon the bit-depth. The influence of
(limited) bit-depth varies with the algorithm used.

Air turbulence

There are algorithms more robust against errors caused by air currents or air turbu-
lence, cf. section 5.3.

5.2.2. Method families

First we distinguish two main classes and subdivide them by the number of phase-
shifted fringe images (or steps) that are required. The first class α are the generic
psas which use known phase values ψi resulting in fringe images Ii. The second
class β are the specific psas for dedicated applications.

α class or generic families

N bucket least-squares algorithms have been derived by Bruning et al. [1974] by
approaching phase data in a least-squares way to a sinusoidal function:

tanϕ =

N∑
i=1

Ii sin
(

2π(i−1)
N

)
N∑
i=1

Ii cos
(

2π(i−1)
N

) (5.9)
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Ii(x, y) = a(x, y)

[
1 +

1

2
cos (ϕ(x, y) + ψi)

]
+ b(x, y) (5.10)

= a(x, y)

[
1 +

1

2
cos

(
ϕ(x, y) +

2π(i− 1)

N

)]
+ b(x, y) (5.11)

Averaging techniques generate a big family of algorithms. Especially the Schwider
et al. [1983] averaging technique, the Schmit and Creath [1995] (a and b) extended
averaging technique and the Schmit and Creath [1996] multiple averaging technique
are famous. Section 2.4.2 hasmore information on the extended averaging technique.

j+1 bucket algorithmswith symmetrical phase-shift from Larkin and Oreb [1992]
fall in family type a, cf. equation (5.12), and the improved version by Surrel [1993]
forms family type b, cf. equation (5.13). Especially type b correct for phase-shift
errors. They both require N = j + 1 frames.

tanϕ =

j∑
i=2

Ii sin
(

2π(i−1)
j

)
I1+Ij+1

2
+

j∑
i=2

Ii cos
(

2π(i−1)
j

) (5.12)

tanϕ =

Ij+1−I1
2

cot
(

2π
N

)
−

j∑
i=2

Ii sin
(

2π(i−1)
j

)
I1+Ij+1

2
+

j∑
i=2

Ii cos
(

2π(i−1)
j

) (5.13)

Windowed discrete Fourier transform (wdft) algorithms by Surrel [1996] are
designed to be insensitive to harmonics up to order N − 2 (even with linear phase-
shift miscalibration).

tanϕ =

−
N−1∑
i=1

i(Ii − I2N−i) sin
(

2πi
N

)
NIN−1 −

N−1∑
i=1

i(Ii + I2N−i) sin
(

2πi
N

) (5.14)

j+4 bucket algorithms by Hibino et al. [1997] are an improved version of the j+1

family. They require N = j + 4 irradiance frames and compensates for quadratic
phase-shift errors and harmonics up to order j.

tanϕ =

1
4
(I0 + I1 − Ij+3 − Ij+4)

sin ( 3π
j+2)

sin2 ( 2π
j+2)

+
j+3∑
i=2

Ii sin
(

2π
j+2

) (
i− j+5

2

)
1
4
(I0 − I1 − Ij+3 + Ij+4)

cos ( 3π
j+2)

sin2 ( 2π
j+2)

+
j+3∑
i=2

Ii cos
(

2π
j+2

) (
i− j+5

2

) (5.15)
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β class or speci�c families

We will not go into details but within class β of specific psa, the 4-step Carré [1966]
and 2+1Angel andWizinowich [1988] are very famous. We refer you back to section
2.4.2 for some information.

5.3. Overview and comparison

In the following table, I painstakingly gathered many popular psas and some of their
properties from literature. However, many discrepancies were found between au-
thors’ statements and wording, not to mention typos. I did my best to sort them out,
but especially the robustness and immunity for certain effects or errors is difficult
to verify or compare from literature. Consequently, the robustness columns in table
5.1 are just a rough guide and are incomplete. Also keep in mind that certain men-
tioned error immunities are only true when the fringes are purely sinusoidal (without
harmonics), or when none of the other errors occur simultaneously.

Hence, one should always test a range of qualified algorithms with your specific
setup, and not just blindly follow the literature or the table here.
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Chapter 6
Semi-continuous grid noise averaging

for liquid crystal moiré

Abstract

In phase-shiftingmoiré profilometry, grid noise is removed by translating both grids
simultaneously in their own plane, and fringe phase-shifts are obtained by changing
the relative distance between the two grids. Classically, translation of the grids is
performed mechanically.
In chapter 4, we have introduced a method using two liquid crystal light modulators
to perform high-resolution phase-shifting moiré topometry without any mechani-
cally moving parts. It is shown how this new method can be implemented using
a low-cost consumer product lcd projector, how the different lcd panels can be
addressed separately, and how fast grid noise averaging can be implemented using
a standard computer graphics board.

This chapter was invited to appear in a special issue
on fringe projection techniques in Optics and Lasers in Engineering, 2010 [A.13];
and was published in the proceedingsbook Fringe 2009, 2009 [B.3].
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Chapter 6: Semi-continuous grid noise averaging

6.1. Introduction

Moiré profilometry is a non-contacting optical technique which allows to measure
the shape of 3-d diffusely reflective surfaces. The technique was first introduced by
Meadows et al. [1970] and Takasaki [1970], who used the interference between a
straight line grid and its shadow on an object to obtain moiré fringes. The shadow
technique is simple, but is has the drawback that the object needs to be close to the
grid. By translating the object perpendicular to the grid, the phase of the moiré
fringes can be changed and surface height can be calculated [Dirckx and Decraemer,
1989].

In a more complex, but also more versatile version of the moiré technique, a set of
grid lines is projected onto the object using a projection lens. When viewed under
an angle with the projection direction, the grid lines appear deformed due to the
object surface shape. These deformed lines are then projected by a second lens onto
a second grid, called the demodulation grid. The projection and the demodulation
grids are positioned in the same plane, and have the same line pitch. When the object
is observed through the demodulation grid, a so called moiré interferogram is seen:
light and dark interference fringes overlaying the object surface. It can be shown that
the intensity centerlines of these fringes represent contours of equal object height.
The height difference between two subsequent contours is called the fringe plane
distance and it can be shown that this distance remains approximately constant over
a number of fringe orders if the object height is small as compared to the projection
distance [Buytaert and Dirckx, 2007]. It can also be shown that the intensity between
two subsequent fringes varies in a sinusoidal way. Hence, if fringe phase can be
changed in a number of steps, a standard phase-stepping algorithm can be used to
calculate object height on any point [Creath, 1988].

In practice, the moiré interferogram is recorded using a ccd camera. Three or more
phase-shifted moiré interferograms are recorded by changing the relative distance
between the projection and the demodulation grid. Apart from the moiré fringes,
the original grid lines are also seen in the images. To remove this so called grid
noise, both grids need to be translated simultaneously during the recording of each
moiré interferogram. The result is a moiré topogram which is free of grid lines. The
translation can be done continuously during the ccd camera exposure, or it can be
done in steps, recording an interferogram at each grid position and averaging the
interferograms afterwards [Dirckx et al., 1990; Buytaert and Dirckx, 2008, 2010a].

Classically, the phase-stepping projection moiré method is implemented using me-
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6.2 Electro-optical setup

chanical translation of grids. Buytaert and Dirckx [2010a] have presented a new
approach, using two liquid crystal light modulators, so that fully automated moiré
profilometry can be performed without any mechanically moving part. Other au-
thors have used lcd projectors to generate grid lines is fringe projecting techniques
[Asundi, 1991; Asundi and Chan, 1994; Quan et al., 2003; Fujin et al., 2005; Ryu
et al., 2008]. In such setups, the lcd projector is only used for line projection, but
not for demodulation. In our new method, we use one lcd to project grid lines, and
a second lcd to generate moiré fringes. An important advantage of the approach is
that the ccd camera which records the moiré topograms does not need to resolve the
high frequency projected grid, and that no low-pass filtering is needed to remove the
grid noise. Phase shifting can easily be implemented, and high resolution height data
are obtained on a dense matrix of measurement points, without the typical smooth-
ing effects involved in fringe projection techniques which use the beamer only as
projection device. The projection-demodulation method can be implemented using
research grade lcd light modulators, which can be controlled by custom developed
computer drivers. In the present chapter, we will show how a commercially available
lcd data projector can be adapted to implement a low-cost version of the technique.
We will show how the lcd grids can be controlled in a simple way, and we will in-
troduce a new pseudo-continuous averaging method for removal of the grid lines,
making use of a commercial computer graphics board. Application on objects of
different sizes will demonstrate the possibilities of the method.

6.2. Electro-optical setup

In a commercial lcd projector, the light of a high pressure gas discharge lamp is
collimated, and divided into three spectral bands which are directed towards three
liquid crystal light modulators. After passing the modulators, the three colors are
again combined in a beam recombination cube, and the final color image leaves the
projector through the projection lens. The light modulators themselves consist of a
polarizer, a thin film transistor liquid crystal matrix (lcm), and a crossed polarizer.
When a pixel on the liquid crystal modulator is activated, it rotates the polarization
direction of the incoming light, so that this light now passes the second polarizer.
Several techniques exist, but essentially the liquid crystal acts as a half wave plate
with its optical axis set at 45◦ with the transmission direction of the first polarizer, so
that the polarization direction is turned over 90 degrees. Clearly, correct rotation is
only obtained for one specific wavelength. In practice, modulation contrasts of over
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500 : 1 between active (light) and non-active (dark) pixels are obtained in commercial
lcd projectors. A resolution of 1024 by 768 pixels is common on low-cost lcms.

To construct the phase-shifting moiré profilometer, one liquid crystal device needs
to be brought externally of the projector. Suppliers will often claim that this can not
be done, but this is untrue: in most models, the recombination cube with attached
liquid crystals can easily be removed from the projector, and one of the lcms can be
detached from the beam recombination cube assembly. Next, the cube with the two
remaining lcms is put back in the projector. Because the projection lamp has its peak
intensity in the green-red, we isolated the blue-channel lcm for use as demodulation
grid, and leave the green channel for projection. The red channel lcm is also left in
place, but is not used. With an extension flat cable, the blue-channel lcm is again
connected to the projector electronics, and it is mounted next to the projector.

In front and behind of the lcm, crossed polarizers are installed, and their transmis-
sion direction is turned such that maximal transmission contrast is obtained between
active and non-active pixels. Since the lcm is designed for blue light, and the light
coming from the projector is green, the angles of the polarizers need to be slightly
different from inside of the projector, and modulation contrast is slightly less. Best
result is obtained when only the green channel of the projector is used for grid pro-
jection, as this wavelength band is closest to the optimum wavelength of the blue
channel lcm used for demodulation.

Figure 6.1.: Illustration of the basic setup for phase shifting moiré profilometry using a
commercial lcd projector. A green grid is projected onto an object, and the deformed
grid lines are projected onto the blue channel liquid crystal light modulating matrix
(lcm) which is placed outside of the projector with two orthogonal polarizers around
it. The camera records the moiré interference pattern generated on this lcm.
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Figure 6.1 shows a drawing of the setup. Grid lines are projected onto the object by
the projector lens, and a second identical lens projects the deformed grid lines onto
the demodulation lcm. A ccd camera (FOculus fo442b) with an imaging lens (f =

50mm) is placed behind the blue-channel demodulation light modulator. When the
camera is focused on the lcm, the moiré interference pattern will be recorded.

Positioning of the demodulation grid is not straightforward, as the position of the
projection grid in the projector is not precisely known, especially since the recombi-
nation cube is still in place which influences the optical path length. In principle both
the projection and demodulation grid need to be in exactly the same plane. When
they are positioned in different planes, the moiré fringe planes will be slightly in-
clined with respect to the plane at right angles to the projector. Also small differences
in magnification factor between the projection and observation lens will cause angle
changes of this reference plane. By careful adjustment, however, the moiré fringe
planes can be brought nearly perfectly parallel to the plane of the grids. Another
approach is to record the shape of a flat reference plate, positioned at right angles to
the projector, and subtract this measurement from all subsequent measurement data
whenever precise reference axes are needed.

The standard lenses of the projector can be used to measure objects with dimensions
ranging from centimeters to several meters. In our own research, we wish to use the
technique to study the shape and deformations of tiny objects such as the eardrum. In
that case, the projection lens is removed from the lcd projector, and a set of lenses
with longer focal distance (Schneider-Kreuznach f = 150mm) is used. Such
adaptation works perfectly, although light efficiency drops because the projector’s
collimation optics is not designed for such long focal distance lenses.

6.3. Control of the projection and

demodulation grids

To implement phase-stepping and grid averaging, the two lcm grids need to be con-
trolled separately. In a commercial lcd projector, this can be easily realized since
the images are controlled in rgb color space. If, for instance, a pixel on the pro-
jection lcm and on the demodulation lcm needs to be active, it suffices to send an
image which contains the color cyan (∼ blue+green) to that pixel. To prepare and
display the different grid images, wemake use of theMatlab software package (The
MathWorks Inc.). Separate matrices containing columns of zeros and the number
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255, are prepared for the projection and demodulation grid. Next, these matrices are
respectively stored in the second (green) layer of a bitmap image and the third (blue)
layer. The projector is connected as a second monitor on the graphics card, and
the display is set to DualView extended desktop mode, allowing to send the bitmap
image to the second screen. If grids with sinusoidal intensity profiles are used, a
discretized sine wave of amplitude 128 and centered around the value 127 is made
using Matlab.

For pseudo-continuous grid averaging (see below) the procedure is slightly more
complicated: in that case, all grid images for the discrete simultaneous translation of
the grids are also prepared using Matlab, but then the images are uploaded to the
memory of the computer graphics board for sequential continuous playback.

As any pixel on the lcm grid can be set to a desired value, grids of different pitches
can easily be used, without any change to the moiré setup. This is another important
advantage over mechanical setups, where Ronchi rulings of fixed pitch are used.

6.4. Discrete and pseudo-continuous grid

averaging

The simplest way to remove the grid noise from the moiré topograms is to record a
number of interferograms each with the same relative phase between the two grids,
but with both grid line patterns shifted over a number of pixels for each interferogram.
It has been shown theoretically that for a sinusoidal grid, four such images are needed
to remove the grid noise [Buytaert and Dirckx, 2008]. In reality, however, the grids
are never perfectly sinusoidal or square because between the active pixel columns
there are inactive zones which always stay dark. In current commercial devices this
limited filling factor is about 70% of the pixel area [Dickey, 2002]. As a consequence
it may be necessary that more averaging steps are needed to remove the grid noise
entirely (for instance 8 or 16 steps) [Buytaert and Dirckx, 2008, 2010a]. A simple
experiment suffices to determine which is the minimal number of averagings needed
to obtain the best grid noise removal for the projector used.

When discrete grid averaging is used, a moiré interferogram needs to be recorded at
each grid position. The exposure time for the ccd camera depends on the intensity of
the projector, but typically it will be in the range of some 100ms. When 16 images
are needed for grid averaging, this amounts to a total recording time of 1.6 s. The real
bottleneck however, is the time needed to transfer and store the images coming from
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the camera, interleaved by uploading grid images on the display board. If everything
would be programmed in a low level language this could probably go rather fast,
but in a comfortable programming environment such as Matlab, the process takes
about half a second per recorded image. As we have shown in previous papers, the
discrete averaging procedure works well, but it greatly slows down the speed of the
measurement [Buytaert and Dirckx, 2008, 2010a].

Using a commercial graphics board it is however possible to greatly speed up the
averaging process. We are using an nVidiaGeForce (8800 gt) boardwith 512mb of
graphic memory for this purpose. First, all grid images are prepared for all averaging
positions in all four phases, and stored in four maps on the hard disk in the bitmap
file format. Next, a custom made program developed in C-graphics (Cg) is used to
load all the images in four buffers in the memory of the graphics board (one for each
moiré phase). The graphics processing unit (gpu) is programmed to continuously
play the content of a certain buffer. For the first map or phase, this movie of 16
images is displayed at the highest frame rate the graphics board can deliver, and the
first moiré topogram is recorded in one camera exposure time of about 300ms. Then
the next movie is played, containing 16 images with a quarter grid period translation
between the projection and the demodulation grid, and the next moiré topogram is
recorded. Finally, the same procedure is repeated for the third and forth topogram
(or only three topograms if the three-step phase algorithm is used).

To obtain good grid averaging using continuous grid translation, as done in mechani-
cal moiré systems [Dirckx and Decraemer, 2000], the grid lines need to be translated
exactly one complete grid period during the camera exposure. In pseudo-continuous
grid averaging the movie of grid positions needs to be rendered on the display exactly
one time (or exactly a whole multiple of times) during the camera exposure. In prac-
tice, the fixed frame generation rate of the graphics board determines the minimal
ccd exposure time to be used. On our system, for instance, exactly 273ms is needed
to display one sequence of 16 images, hence an exposure time of 273ms or a multi-
ple of this value should be used. This is a huge time gain as compared to the more
than 5 seconds or more needed for discrete averaging of the 16 images [Buytaert and
Dirckx, 2008, 2010a].

To make the technique work, it is imperative that the graphics board displays the
images at a perfectly fixed rate. If the images are constantly transferred from the
pc memory to the graphics board, this can never work because timing is unstable.
Therefore, the graphics board should have enough memory, so that all images can
be uploaded and playback is controlled solely by the gpu. If no other graphics tasks
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are performed in the mean time (not even moving the mouse cursor), then the image
rendering is performed at a perfectly fixed rate. Using 16 averagings and the four-step
phase algorithm with 1024 by 768 pixel images, a display card with 128mbmemory
suffices. Also, the graphic processor needs to be fast enough to obtain a high frame
rate, but on any decent modern graphics board this is no problem.

Another, rather technical issue, is synchronization between the projector frame rate
and the graphics board frame rate. Normally the graphics driver software recognizes
the projector refresh rate and matches the correct output frame rate of the graphics
board to the specifications of the projector. If the frame rate of the graphic board is
not exactly the same as the update frequency of the projector’s lcm panels, a rolling
image or horizontal tearing effect will be seen, because the switch between two sub-
sequent grid positions will not coincide with the projector’s display of a next frame.
We have encountered problems with a projector (Sanyo plc-xu83) which was rec-
ognized by the graphics adapter as having a frame rate of 60Hz, while in reality
it used 59Hz. We currently use the nec vt595 and vt695 in our systems, and the
synchronized display of images works perfectly.

Figure 6.2 shows an interferogram obtained on a window display mannequin head
without grid averaging (a), using discrete averaging (b) and pseudo-continuous aver-
aging (c). From the images one sees that both averaging methods remove grid noise
equally well.

6.5. Application examples and measurement

resolution

For relatively large objects, with dimensions from about 10 cm till dimensions of sev-
eral meters, the original zoom objective of the lcd projector works well to adapt the
measurement area to the object size. In that case, the projector lens is left in place,
and a second identical lens is used to image the projected grid lines onto the demod-
ulation grid. This simple setup has the disadvantage that the projection distance is
not large in comparison to the object depth dimension, and the magnification factor
is not constant over the object image. These factors result in curved moiré fringe
planes, and fringe plane distances which slightly increase with object depth. A first
order correction can be easily applied by performing a shape measurement on a flat
plate, and subtracting this reference surface from all measurement results. Figure
6.3 shows a 3-d representation of the measured shape of the mannequin head.
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6.5 Application examples and measurement resolution

Figure 6.2.: a) Moiré fringes obtained on a mannequin head without grid translation.
b) The same moiré topogram, after discrete grid averaging.
c) The same moiré topogram, using pseudo-continuous grid averaging.
The grid noise is removed perfectly, and only the interference fringes remain.

Figure 6.3.: 3-d representation of a shape measurement obtained on a mannequin head.
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Figure 6.4.: Schematic representation of the high-resolution setup for small objects.
The lens L1 projects the grid line image of the green projector lcm onto the object O.
A second identical lens L2 projects the deformed grid lines onto the blue demodulation
lcm. Lenses are placed parallel to the lcm planes. The camera imaging lens is placed
along the height axis, perpendicular in front of the ccd. The magnification factorM of
the projection grid determines the size of objects that can be measured.

For high resolution measurements on small objects, the projector lens needs to be
removed, and replaced by a lens of longer focal distance. The magnification fac-
tor remains constant over the object depth to a very good approximation. This lens
should also be placed exactly parallel to the lcm so that the magnification factor re-
mains constant over the imaging area, cf. figure 6.4. The identical observation lens is
placed parallel and off-axis to the first along the observation light path. In our setup,
we use two lenses of 150mm focal length (Schneider G-Claron), and an aperture
f/9 to obtain a good focusing depth. As recoding device we use a 1392×1040 pixel
ccd camera with 12-bit gray scale resolution (FOculus fo442b), equipped with a
50mm focal length imaging lens (Asahi Super-Takumar). The aperture of this lens
is set to its highest value (f/1.4), since no focusing depth is needed: the camera is
focused exactly onto the plane of the demodulation grid. The spatial resolution of
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the camera is not crucial: thanks to the demodulation grid and the phase-stepping
method, the camera does not need to resolve the grid lines. The number of pixels only
determines the number of points on which the object height value is measured. But
the camera gray scale resolution is important, since the number of gray scale steps
largely determines the height measuring resolution [Buytaert and Dirckx, 2007].

Moiré topography has become one of the established techniques for measurement
of eardrum shape and deformation in research on the mechanics of hearing [Dirckx
and Decraemer, 1990, 1992; von Unge et al., 1995, 1999; Dirckx and Decraemer,
2001]. Figure 6.5(a) shows the 3-d reconstruction of the shape of a rabbit eardrum as
measuredwith our system. The rabbit eardrum is less than 5millimeter wide. We use
the apparatus to study elasticity parameters of such membrane, for instance by point
indentation. Figure 6.5(b) shows a 3-d reconstruction of an indented membrane, and
figure 6.5(c) of the difference between the membrane in rest state and the deformed
membrane. Such full-field measurement result is obtained in a matter of seconds,
and contains a vast amount of information on the elastic behavior of this structure.

More on the use of moiré topography for eardrum measurements with point inden-
tation for elasticity parameters is given in the next chapter, although not (yet) using
the liquid crystal moiré setup.

Figure 6.5.: 3-d representation of a shape measurement obtained on:
a) a rabbit eardrum.
b) a rabbit eardrum with 500 micrometer point indentation.
c) Difference between the shape of the membrane in rest position and after indentation.
These measurements are used to determine eardrum elasticity parameters.

6.6. Discussion and conclusion

In this chapter, we showed how phase-shifting moiré profilometry can be imple-
mented using a low-cost commercially available projector. With simple interventions
an lcd data projector can be turned into a scientific moiré system with separate pro-
jection and demodulation grids, as discussed theoretically by Buytaert and Dirckx
[2010a].
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We also showed how a computer graphics board can be used to implement pseudo-
continuous grid averaging. The advantage of this technique is that for each phase-
step, only a single image needs to be recorded. The integration of the grid images
for averaging is performed on the ccd target itself, in stead of recording a number
of grid images and performing the averaging digitally. The process results in a large
increase in measurement speed.

By using different lenses, the system can be easily adapted to very different object
sizes, from objects of a few millimeters wide, to large scale structures of several
meters. On small objects, height measuring resolutions of 15µm can readily be
obtained. Precise calibration of the setup can be performed by measuring the shape
of a calibration object, or by directly determining the fringe plane distance [Dirckx
and Decraemer, 1990].
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Point indentation and moiré for

determination of eardrum elasticity

Abstract

In this chapter, the usefulness and reason why we wanted to develop an accurate
(liquid crystal) moiré profilometer is illustrated with an application. The goal is to
obtain elasticity parameters of the eardrum, as realistic finite-element simulations
depend heavily upon them.
Combined with point indentations and force measurements, a non-contacting high-
resolution technique is needed to measure the changed shape. Inverse modeling
will allow to extract the Young’s modulus and Poisson ratio, or the non-linear elas-
ticity parameters. The moiré setup used throughout this chapter is a previous and
still mechanical projection moiré profilometer, except for the data in figures 7.9
and 7.10. In these, data was already obtained with our new liquid crystal moiré
interferometer.
In general, this approach is also applicable to other membranes than the eardrum.

This chapter has been published in full in Optics and Lasers in Engineering, 2009 [A.8].
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7.1. Introduction

The middle ear (me) forms a mechanical impedance match between acoustic vibra-
tions in air and the fluid vibrations in the cochlea. The system possesses an un-
surpassed efficiency, and much of the details of its function are still to be revealed.
Finite element modeling (fem) and other modeling techniques are used to construct
computer models of this highly sophisticated and complex mechanical system. De-
tailed shape models of middle ear morphology are an important input to improve
realism of these computer models of middle ear mechanics. When the realism of the
models gets high enough, they will allow to gain insight in the fundamental work-
ing principles of middle ear mechanics [Koike et al., 2002], and also to predict the
outcome of surgical interventions [Bance et al., 2004], middle ear implantable hear-
ing aids [Zahnert et al., 2003] and middle ear ossicle prostheses [Schimanski et al.,
2007]. To obtain realistic results for these simulations and predictions, precise me-
chanic and elastic parameters of the middle ear components need to be incorporated
in the virtual computer models [Wada et al., 1992; Koike et al., 2002; Qi et al., 2004;
Schimanski et al., 2007].

The first main functional element in the middle ear chain is the eardrum or tympanic
membrane (tm). The drum captures the sound vibrations present in the ear canal,
and sets the malleus ossicle into motion. Apart from this, the eardrum also functions
as a flexible wall, closing off the middle ear cavity from the environment. Because
the middle ear cavity is closed most of the time (under normal circumstances the
Eustachian tube is also closed [Dirckx, 2006; Doyle et al., 1995]), pressure differ-
ences continuously exist between the cavity and ambient, causing displacements and
stretch of the eardrum. To obtain correct models of the middle ear function, both in
the acoustic regime and under the effect of static pressure, eardrum elasticity param-
eters are an essential necessity [Ladak et al., 2005, 2006]. A way to obtain elasticity
parameters is to deform the tympanic membrane and measure the changes in shape.

Because the eardrum is very small (about 7mm in diameter in human, less in many
commonly used animal models such as gerbil of rabbit), it is extremely difficult to
obtain samples of well defined dimensions and measure elasticity on such samples
in a classical stress-strain pulling apparatus. A far more feasible technique is to leave
the eardrum in its natural support and measure its deformation when a point load is
applied. The advantage of this point indentation method is that the applied deforma-
tion is simple and straight-forward. But just measuring the point displacement and
reaction force on the indentation needle gives, however, only limited information.
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Only when the deformation of the membrane is measured over a larger area, elas-
ticity parameters can be calculated in a backward engineering process with iterative
comparison.

We therefore need an optical topographic technique, combined with a high precision
point indentation setup, which allows us to measure the full-field membrane defor-
mation evoked by a point load. Dirckx et al. [1988]; Dirckx and Decraemer [1990]
from our laboratory have long experience with moiré interferometry: a geometrical
non-contacting imaging technique for precise measurements of three-dimensional
surfaces. This optical technique is based on the geometric interference between an
optical grid and its image deformed by the object surface. The moiré profilometric
technique produces topograms: two-dimensional images of the object surface cov-
ered with fringes, which, when the setup geometry is chosen well, can be interpreted
as the intersection of the object with a set of parallel light and dark planes, called
fringe planes. The intensity extremes of the moiré fringes in that case represent con-
tours of equal height, which can be interpreted as altitude lines on a topographic
map. Tracing of these dark and or light contours was used to extract and interpolate
the height information [Osten, 2000]. However, far more information is embedded in
the brightness variations between fringe intensity extremes, despite that brightness
variations can also be caused by differences in the object reflection and illumination
intensity. We extract the surface height coordinates from the recordings of several
phase-shifted topograms [Andresen, 1986; Dirckx et al., 1988; Buytaert and Dirckx,
2007], and after the necessary calculations we obtain a calibrated phase map repre-
senting the object’s shape.

The profilometer and indentation device together, give us an apparatus capable of
measuring accurately the three-dimensional surface of a membrane, deformed by a
precise indentation device applying a known force. The obtained data will be used by
modeling specialists to obtain accurate data of eardrum elasticity parameters. In this
chapter, we present the measurement technique and show examples of measurement
results obtained on a rabbit eardrum.

7.2. Apparatus

7.2.1. Indentation device

The indentation apparatus consists of two main parts.
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Figure 7.1.: Picture of the custom-made indentation device: X,Y, Z-translation stages
(1,2,3) with two orthogonal rotation stages (4,5) for positioning the mounted eardrum
specimen; andX,Y, Z-translation stages (6) to position the indentation needle (9); both
on top of the indentation stage (7), allow to apply and measure the deformation force of
the needle on a specimen.

The front part carries the specimen, and consists of an assembly of X-, Y - and Z-
translation stages, cf. figure 7.1(1,2,3), and two orthogonally nested rotation stages,
cf. figure 7.1(4,5). The X, Y, Z-translation is needed to position the specimen ex-
actly within the field of view of the moiré interferometer. Indentation will always be
performed along the height sensitivity vector of the moiré measuring device. The
orthogonal rotation stages are needed to orientate the surface of the object very pre-
cisely so the indentation will be applied at a well specified angle onto the surface.
Usually, the object will be positioned in such a way that its surface at the point of
indentation is at orthogonal angles with the indentation needle and height measuring
direction of the moiré setup. To verify this, the shape is measured several times with
the moiré setup while the membrane is rotated and tilted in between, until the mea-
sured shape at the location where the indentation will take place, is at right angles
with the height measuring axis. Since the shape is measured with high resolution, its
local normal can be made to coincide with the height axis (and hence the indentation
axis) to a precision of a few degrees.

The back part of the indentation apparatus is composed of a secondX, Y, Z-transla-
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tion stage, cf. figure 7.1(6), placed on top of another Z-translation stage, cf. figure
7.1(7). TheX, Y, Z-stage carries the force transducer, cf. figure 7.1(8), to which the
indentation needle, cf. figure 7.1(9), is connected, and allows to position this needle
at exactly defined points on the object. The lower translation stage, which we will
refer to further on as the indentation stage, is used to move the indentation needle
forward and deform the object.

All controls are manual, except for the indentation stage, which is driven by an high-
voltage piëzo actuator, cf. figure 7.1(10) (p-290 Long-Travel Piezoelectric Flexure
Stage Actuator, pi Polytec). Its position is monitored with a linear variable differ-
ential transducer (lvdt), cf. figure 7.1(11) (Spring Push Gage Probe, Solartron).
The signal of the lvdt is used in a feedback control loop of the piëzo driver unit, cf.
figure 7.1(12) (e509 Sensor & Position Servo-Control Module + e507 hvpzt Piëzo
Amplifier Module, pi Polytec), which allows to move and position the indentation
stage with an accuracy better than 1 micrometer. The piëzo actuator itself has a built
in lever mechanism which allows to obtain translation distances up to 1 millime-
ter. After calibration with an external measuring gauge, an analog input signal is
used to control the position of the indentation stage. The indentation force acting
upon the indentation needle (and hence upon the membrane) is measured using a
piëzo-resistive load cell, cf. figure 7.1(9) (Force Transducer model 31, Sensotec)
and custom made amplification electronics, which allow to measure forces with a
precision better than 1mN .

7.2.2. Moiré interferometer

Theory

A full mathematical description for our moiré apparatus falls beyond the scope of
the present article, and is presented in several previously published papers [Dirckx
et al., 1988; Buytaert and Dirckx, 2007].

In any moiré technique, the image of a grid is covering the object under study, either
by projecting or casting a shadow of a grid on it. Our custom-made moiré interfer-
ometer is based upon the projection moiré method, because then the object does not
have to be positioned closely behind the grating(s). In figure 7.2, a projector and
projection lens pl1 produce the grid G1 on the surface of the specimen, which de-
forms the grid lines with its surface. The projected grid image is then imaged by a
second identical lens pl2 onto a second and identical grid: the demodulation gridG2,
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which creates the topogram with fringes. A ccd-camera makes a 2-d recording of
the demodulated image of the first grid on the second. We have chosen the origin o
of our coordinate system near the object, which will have its height variations along
the Z-axis. Both grids lay in the same plane, parallel to the XY -plane, with their
grating lines perpendicular to the X-axis. The grids have an identical square wave
transmission T with period p, meaning that they consist of equidistant transparent
and opaque lines, each of width p/2, and are positioned symmetrically a distanceD
around the Z-axis, at a distance L′ from the grating plane and L′′ from the origin,
connected through the lens formula:

1

f
=

1

L′
+

1

L′′
(7.1)

The parameterL = L′+L′′ and a magnificationM are present for both optical paths:

M =
L′

L′′
(7.2)

Figure 7.2.: Schematic representation used to derive themath behind a projectionmoiré
setup, with L′ = L′′ and thusM = 1. Projection lenses pl1 and pl2, grids G1 and G2

are indicated.

If we consider a point Q(x, y, z) on the object surface located near the origin, as
shown in figure 7.2, you can see that it is reached through projection lens pl1 by
light coming from a point x1 on grid G1, and that it is imaged by lens pl2 on a point
x2 on grid G2, with x1 and x2 given by
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x1 = D +M(D − x+ dx1) (7.3)

x2 = −D −M(D + x− dx2) (7.4)

When light passes the ruling G1 (with its grid lines parallel to the Y -axis), its inten-
sity will be spatially modulated along theX-axis with the grid transmission function
T1, while along the Y -axis it remains the same for everyX-value. If the initial light
intensity is given by I0, the resulting intensity distribution I1 on the object after pass-
ing through grid G1 and lens pl1 is

I1 = I0a1T1 (7.5)

= I0a1

[
1

2
+

2

π

∞∑
n=1,odd

(
1

n
sin

(
2πnx1

p
+ nφ1

))]
(7.6)

The arbitrary grid phase φ1 is determined by the offset along the X-axis between
the grid lines and the origin of the coordinate system. The attenuation factor a1

represents the intensity loss due to lens insertion, which depends on the numeric
aperture and magnification factor of the lens. The summation in T arises from the
Fourier transformation of a square wave with period p:

T =
1

2
+

2

π
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n=1,odd

1

n
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(
2πnx

p

)
(7.7)

The intensity distribution in equation (7.6) is reflected on the object surface and is
imaged through pl2 onG2, where it is again multiplied with a intensity insertion loss
a2 and modulation function T , to result in I2:

I2 = I1Ra2T2 = I0a1T1Ra2T2 (7.8)

leading to a final observed intensity I2 behind G1 given by I2 or I(x, y, z)

I(x, y, z) = A(x, y)
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2πmx2

p
+mφ2

))]
(7.9)

with A(x, y) = I0a1a2R(x, y, z), and R(x, y, z) the object reflectivity.
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Substituting equations (7.3) and (7.4) in formula (7.9), we can rewrite and work out
the products, and after using some trigonometric identities we obtain a summation
with terms solely dependent on z (the moiré terms) and other terms depending on x
and z (the grid noise). The later terms can easily be identified in a recorded topogram
as remaining grid lines on top of the useful information from the moiré terms.

To remove these grid lines, both grids G1 and G2 need to be moved simultaneously
in the grid plane during the exposure time [Halioua et al., 1983], and over an exact
multiple of the grid line period. This way, we are left with only the moiré fringes
while the grid noise is averaged out. If equation (7.9) is integrated over time t while
both grids move at constant speeds v, under the condition t·v = k ·pwith k a positive
integer, it can be shown that the resulting intensity distribution is given by

It(x, y, z) = t · A(x, y)

[
1

4
+

2

π2

∞∑
n=1,odd

(
1

n2
cos

(
n2πz

λ

))]
+ t ·B(x, y)

(7.10)

with λ = p(L−(1+M)z)
2DM

, and the moiré fringes are superimposed on a background off-
set t · B(x, y). The offset B(x, y) is caused by effects as dark current of the ccd
and background illumination or scattering, but does not contribute to the formation
of fringes. Also the factor A(x, y) (depending on the reflectivity) is present, caus-
ing an amplitude modulation for every (x, y) location. The parameter λ is called
the fringe plane distance, as it gives the height or Z-axis difference between two
subsequent fringe intensity maxima or minima on the surface, which correspond to
parallel intersecting planes with the object. One sees that λ is a function of the ob-
ject height z(x, y): as z increases than λ decreases, so the height difference between
moiré fringes becomes (slightly) smaller. Even within one fringe order a small non-
linearity is introduced by z. However, if one creates a setup geometry with L far
larger than the height differences on the object under study, λ is constant and the
virtual intersecting planes are equidistant.

λ ≈ pL

2DM
(7.11)

To extract the height information from the moiré fringes in equation (7.10), we have
to eliminate three unknown variables: the amplitude modulation A, the background
offset B and the height coordinate z itself. To solve this we need at least two more
independent equations in A, B and z. In the phase-shift method these equations are
obtained by recording topograms under the same conditions forA,B and z, but with
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different phases in the cosine argument.

In case of projection moiré interferometry, the phase-shifts are performed by an in-
plane motion of one of the grids relative to the other (stationary) grid. Theoreti-
cally, if one records three of these interferograms we can extract the height, but if
we use four of these phase-stepped images in combination with the four-step algo-
rithm [Creath, 1988], the calculations become a lot easier. We record a first image
I1, described by equation (7.10), after which we record three more topograms I2,
I3, I4 with different phases: in between every image recording one of the two grids
has been moved further away over a distance p/4 along the X-axis, thus creating a
phase-shift π/2, π and 3π/2. By implementing the four-step algorithm we get

I4 − I2

I1 − I3

=

∞∑
n=1,odd

1
n2 sin

(
n2πz(x,y)

λ

)
∞∑

m=1,odd

1
m2 cos

(
m2πz(x,y)

λ

) (7.12)

Equation 7.12 only contains the parameter λ which is determined by the appara-
tus setup dimensions L, D and p (equation (7.11)). So, the object surface shape,
described as surface height z on a mesh of surface coordinates (x, y), can be calcu-
lated from equation (7.12). But you see that in principle the reciproque of a division
of triangular waves is needed to calculate the object shape. However, the amplitude
of higher order terms is strongly suppressed [Buytaert and Dirckx, 2007], so the
equation can be approximated as

I4 − I2

I1 − I3

≈
sin
(

2πz(x,y)
λ

)
cos
(

2πz(x,y)
λ

) =⇒ arctan

(
I4 − I2

I1 − I3

)
≈ 2πz(x, y)

λ
(7.13)

Moiré setup

Figure 7.3 shows a schematic drawing of the actual moiré setup. The following com-
ponents are indicated: the projection lenses (pl1 and pl2, f = 200mm, aperture
1:22, Schneider G-Claron), the two grids (G1 and G2, 300 lines/inch Ronchi rul-
ings, Edmund Sc. Co.), the light projector (l, 200W mercury arc lamp projector,
Leitz), and finally an imaging lens (il, f = 50mm, aperture 1:2.8, Rodenstock
Rogonar-S) which projects the moiré topogram onto the target of a ccd camera.
The imaging lens is coupled to the ccd camera by the bellows (b), so that image
magnification can be adjusted to object size.
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Figure 7.3.: Scheme of our custom-made moiré interferometer: projection lenses pl1

and pl1, grids G1 and G2, translation stage ts1 for grid noise removal driven by a
stepper motor sm, smaller translation stage ts2 (on top ts1) for phase-shifting driven
by a piëzo actuator pa, imaging lens il, bellows b, ccd-camera c, filters f and Mercury
lamp projector l.

.

One grating (G1) is mounted on a three axis tilting table so that it can be exactly
registered to the plane of the other grating, and so that the grid lines of both rulings
can be registered perfectly parallel to one another. Small misalignments of the grid
planes lead to tilting of the measurement reference plane, in other words: the height
measuring axis does not coincide exactly with the bisector of the setup. A flat plate
can be measured to determine and adjust the orientation of theXY reference plane,
and so the orientation of the setup can be adjusted to better than a few degrees. The
calibration or conversion factor of the height measuring axis can be obtained using
a reference object such as a cone, or can be done by translating the object over exact
known distances [Dirckx and Decraemer, 1990].

The light projector (l) contains a set of filters (f) which stop the heat radiation and
the dangerous uv radiation which is produced by the mercury arc of the light source.

The projection lenses were used at a 1 : 1magnification, so the grating to lens distance
L′ and the lens to object distance L′′ are both equal to 400mm. The grating centers
are a distance 2D = 130mm apart along theX-direction, which yields an angle α of
9.3 degrees between projection and observation direction. From equation (7.11) one
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sees that a small angle α, which means a large ratio of L/2D, leads to a large fringe
plane distance λ. The phase-shifting technique allows to obtain a height measuring
resolution which is a given fraction of the fringe plane distance [Buytaert and Dirckx,
2007]. By using a large angle between projection and observation direction the fringe
plane distance becomes smaller, as does the minimal height resolution fraction. This
is an easyway to improve the resolution of amoiré setup, but because our apparatus is
aimed at the study of the eardrum, we need a small angle if wewant to be able tomake
measurements through the ear canal. Therefore, an apparatus was designed which
has a very small optical angle, about the same as the angle of the stereo microscope
used in otologic surgery. Resolution was optimized by implementing a high-quality
camera and a high-frequency grid in combinationwith high precision grid translation
for very precise phase-shifting and optimal grid noise reduction.

Because measuring resolution depends on the number of gray scale levels which can
be discriminated [Buytaert and Dirckx, 2007], and because part of the dynamic range
of the camera is used by differences in reflectivity on different zones of the object,
it is necessary to use a ccd camera with a wide dynamic range. The camera used in
the present apparatus has a dynamic range of 12-bits (4096 gray scale values) and a
spatial resolution of 512 by 512 pixels (Teleris II, Spectra Source Instruments).
At this gray scale resolution, the camera offers a readout rate of 1megapixel/s. The
camera can also be operated in a high-resolution 16-bit mode, but then the readout
rate is five times slower.

We used grids with a square wave transmission profile, called Ronchi rulings. They
consist of a 3mm thick glass substrate with evenly spaced opaque lines on one sur-
face. A theoretical derivation based on gratingswith a sinusoidal transmission profile
is a lot less complex, but such gratings are seldom used because they have several
practical disadvantages: they are difficult to manufacture (photographic emulsion),
consequently are easily damaged by the heat of projectors, and finally have a modu-
lation contrast no higher than 90%. On top of that, it can be shown that the higher
order terms of a square tranmission profile are suppressed and can be approximated
as a sine profile [Buytaert and Dirckx, 2007].

The demodulation grating (G2) is mounted on a translation stage (ts2). This stage
can be moved along the X-axis by a piëzo actuator (pa, p-841.60, pi Polytec). The
piëzo has a build in strain gauge which is used in a feedback circuit in the driv-
ing electronics so that the position can be controlled with an accuracy better than
100nm. This phase-shift assembly is mounted together with a second grid G1 on
a long translation table (ts1). The position of this table is monitored with a linear
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variable differential transducer (lvdt) and moved along the X-axis using a stepper
motor (sm, 400 steps/rotation). The signal from the transducer is compared to pre-
set levels, and the camera shutter is opened and closed when these levels are crossed.
In this way, perfectly linear motion of the grids at constant speed is obtained during
the exposure time. The lvdt level at which the shutter is closed, is fine tuned until
all remaining grid noise disappears from the images.

The images of the camera are read into a pc through a pci interface card (Teleris
interface card, Spectra Source Instruments). The shape calculation algorithm
was programmed in the Matlab software package (The MathWorks Inc.).

7.3. Measurements

For the test measurements in this chapter, in which we want to demonstrate the mea-
suring device and technique, the membrane was not preconditioned. In final experi-
ments where we want to obtain useful modeling data, the measurement cycle will be
repeated a number of times (avoiding perforation of course), to be able to estimate
repeatability of the measurements. As the subsequent indentations are performed
with several seconds time lapse, hysteresis and preconditioning effects are expected
to be small, but if the material shows significant visco-elasticity, the effects will be
present. In previous work using moiré interferometry to measure pressure induced
eardrum deformation [von Unge et al., 1995; Dirckx and Decraemer, 2001], we have
seen that post mortem effects are mainly related to drying of the tissue after 30 min-
utes, and that it can be prevented by putting the membrane in a moist environment.
As our method only needs a few seconds to record a single indentation step, a 30
minutes time window will be more than adequate to record all necessary data with
our 3-d moiré device.

7.3.1. Animal specimen preparation

As a laboratory animal model, we used New Zealand White rabbits. After an over-
dose of pentobarbital, the middle ears are dissected from the temporal bone. The
middle ear cavities are opened and unnecessary bone is removed tomake the eardrum
accessible for the indentation needle from the lateral (ear canal) side, as well as for
the moiré interferometer from the medial side. The surrounding and supporting bony
structures of the tympanic membrane and ossicles remain intact to keep the natural
shape of the eardrum.
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7.3.2. Calibration

Using a 300 lines/inch ruling, the device has a fringe plane distance λ = 0.55mm

calculated from equation (7.11). The attained resolution along the X- and Y -axis
depends on the magnificationM . For the settings used in this article, field of view
was 7.4mm in each direction, resulting in an XY -plane resolution of about 14µm.

Figure 7.4.: Horizontal section through the height data obtained on an inclined flat
plate (diagonal line). Difference ×10 (for visibility) between the shape data and the
best fitted line (noisy horizontal black line).

The flatness of the reference plane and the calibration of the height scaling factor
where verified on a flat plate, as described in section 7.2.2 and by Dirckx and De-
craemer [1990]. The height measuring resolution of the apparatus was also tested
on a perfectly flat plate which was inclined along the X-direction so that about 4
fringe orders were seen on the surface. The shape was calculated, and a best line
was fitted through the shape data along and a horizontal section. Figure 7.4 shows
a horizontal shape section of the inclined plate (diagonal line). The other curve in
this figure represents the difference between this section and the fitted line (noisy
horizontal line, ten times expanded). The plots show that, over the imaging field
of 7.4mm covering a measuring depth of about 2mm, height measuring precision
is of the order of 15µm. One also sees that any systematic effect due to using the
arctangent in the shape calculation, and any non-linearity caused by the fact that λ
depends slightly on z, are smaller than the measuring precision.

With an exposure time of 1 second, full-field recording and storing of the 4 phase-
shifted images takes about 5 seconds.
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7.3.3. Tympanic membrane indentation data

Figure 7.5 shows a plot of the indentation force versus indentation distance on the
eardrum of a rabbit. The curve is clearly non-linear which shows that even for these
small displacements the object can not simply be modeled as a flat elastic membrane
since it has a complex conical oval shape and its elastic properties may not obey
Hooke’s law. We expect however that for the small indentations used, non-linearity
of the elasticity is irrelevant, but even then the geometry itself may lead to non-
linear behavior. Hence it is necessary to measure the behavior in situ, and to know
the exact deformation response. Measuring just the indentation force, or performing
the classical measurements of the stress-strain relationship will not be sufficient.

Figure 7.5.: Indentation force in milliNewton versus indentation distance along Z in
micrometer, measured on a rabbit tympanic membrane.

Figure 7.6 and figure 7.7(a) and (b) show 3d reconstructions of the full-field shape
measurement obtained with our moiré interferometer on the membrane with an in-
dentation of 500 micrometer applied from the lateral side at one point in the inferior-
superior part of the pars tensa. Figure 7.7(c) shows the difference image with the
membrane in rest position, which is obtained by subtracting the shape measurement
data of the models at 500 micrometer and 0 micrometer indentation distance. One
sees that the membrane is not just locally stretched at the point of indentation (as
would be the case in a perfectly elastic membrane), but that it rather is deformed
smoothly over a larger zone.
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Figure 7.6.:Altitude map of a right rabbit eardrum seen from the medial side, obtained
with a moiré interferometer. An indentation of 500µm was applied (at the position of
the red cross) from the external side of the tympanic membrane, in the inferior-posterior
part of the pars tensa (pt).

Figure 7.7.: a) and b) 3-d reconstruction of the 500µm indented right rabbit eardrum
surface, seen from the medial side in inferior-anterior and inferior-posterior direction.
c) Difference image of the 500µm and 0µm indentation surface.
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Figure 7.8.: a) Cross section profiles (along the line in figure 7.6: perpendicular to the
malleus) through surfaces at the point of indentation of the tympanic membrane (tm),
in steps of ∆z = 100µm indentation. b) Height difference of each profile in reference
to the 0µm profile.

Figure 7.8(a) shows cross sections at orthogonal angles with the malleus direction
(along the green line in figure 7.6), and crossing the point of indentation. Curves are
shown for indentation distances between 0 and 600 micrometer, and figure 7.8(b)
once again shows the displacement along the same line in reference to the rest posi-
tion. In these normalized cross sections perpendicular to the malleus, you see that
on the not-indented (anterior) side of the malleus the membrane remains nearly un-
deformed, while most of the posterior side deforms smoothly over a local area much
bigger than the vicinity of the indentation needle.

When increasing the indentation from 500µm to 600µm, at a force of 16.2mN the
needle perforated the eardrum. The indentation force decreases after perforation as
is seen in figure 7.5, and some shape data is missing at the spot of perforation as
indicated by the arrow in figure 7.8(a) and (b).

7.4. Discussion

The curve of displacement versus indentation force is not linear, because the eardrum
is not just a flat linear elastic membrane. This indicates that simple recordings of in-
dentation force will not suffice to calculate the elastic properties of the system. Our
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moiré shape measurements allow to measure displacement not only at the point of
indentation, but also on the entire membrane surface. From these measurements one
sees that the membrane is not just locally deformed, but that the point indentation on
posterior side causes a smooth deformation over a wider zone, which resembles the
deformation of a bending plate rather than the sole stretching of an elastic membrane.
The deformation is apparently limited (using only small distances and forces) to the
posterior side only, as no bending or elevation is noticed at the other (anterior) side
of the malleus, although the malleus was not fixed artificially. The very small inden-
tation force deforms the extremely thin membrane, but is apparently not enough to
displace the malleus considerably: only 20µm with an indentation of 500µm. For
modeling purposes, this greatly simplifies the problem, as both the rim of the tym-
panic membrane and the malleus can be regarded as fixed. These simple boundary
constraints are only true for very small deformations and indentation forces, which
can only be measured thanks to the extreme sensitivity of our apparatus.

Clearly, both the bending and the stretching characteristics, as well as the complex
conical shape of the membrane, determine its deformation, and it are also these pa-
rameters which will influence the acoustic and quasi-static behavior of the eardrum
when sound or air pressure are applied. Our full-field deformation measurements
will therefore be used in the near-future as input in backward-engineering basedmod-
eling to calculate the elastic and mechanical properties of the eardrum. These are
essential parameters in correct modeling of middle ear mechanics, or as verification
of simulated theoretical parameters [Wada et al., 1992; Koike et al., 2002; Qi et al.,
2004; Ladak et al., 2005, 2006].

Although modeling and parameter calculation are beyond the scope of the present
chapter, our results already show that our point indentation moiré technique deliv-
ers more and additional information than the classical stress-strain measurements
[Cheng et al., 2006]. In depth validation of our method is demonstrated on a latex
up-scaled phantommodel of the eardrum, cf. figure 7.10, and published by Aernouts
et al. [2010c,b,a]. Through inverse finite-element modeling, derivation of the non-
linear elasticity parameters is possible when knowing the force, the indentation dis-
tance and the full field shape deformation. By iteratively comparing the simulation
with the measured shape data of the stepwise indented membranes, one can adapt
and optimize the (first-order) Mooney-Rivlin or Ogden model to its real non-linear
parameters, instead of the linear Young’s modulus (stiffness) and Poisson ratio (com-
pressibility), cf. figure 7.9.
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(a) (b)

Figure 7.9.: a) Plot of experimental shape data through an analysis path for zero and
indentation (full lines) and modeled output for different Mooney-Rivlin parameters.
b) Plot of difference between experimental and modeled deformation data for the same
Mooney-Rivlin parameters as in the left image. From Aernouts et al. [2010c].

7.5. Conclusion

We have introduced a moiré-based optical measurement technique which is inte-
grated with a point indentation stimulator to perform full-field membrane shape de-
formations evoked by point loading. Such point indentation data are an important
input to calculate membrane elasticity parameters, which contribute to middle ear
biomechanics in both experimental measurement and theoretical analysis. Our ap-
paratus allows to record indentation force to a precision better than 1 milliNewton,
and to simultaneously measure membrane height displacements on a matrix of 512
by 512 pixels with a height measuring precision of 15 micrometer. We use the appa-
ratus to perform point indentation measurements on tympanic membranes, but the
technique can of course be applied to any membrane material. The optical measure-
ment takes 4 seconds, so deformations under many different indentation loads and
angles can be measured in a short time, thus preventing biological artifacts.
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(a) 3D reconstructions of the surface shape (b) 3D representation of the deformation

(c) 3D reconstructions of the surface shape (d) 3D representation of the deformation

Figure 7.10.: Data on a custom-made scaled model for the tympanic membrane: a
circular latex membrane is centrally pushed in with a straight rod, mimicking the con-
ical shape of the eardrum by the manubrium of the malleus. A needle locally deforms
the surface during an indentation test. The deformation is the difference between the
shape of the indented membrane and the membrane in rest (from Buytaert and Dirckx
[2010b]).
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it wouldn’t be called ‘research’, would it?
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Nederlandse samenvatting

Dit proefschrift bestaat uit drie delen. Deel één biedt een algemene introductie van
het gehoorsysteem en positioneert het huidige werk binnen de state-of-the-art. Het
tweede deel introduceert een nieuwe methode voor optische tomografie van macro-
scopische biomedische objecten, welke het mogelijk maakt om de drie-dimensionale
geometrie te meten van de middenoor beentjes en zachte weefsels die hen verbin-
den en ophangen. Naast hoog-resolutie morfologische modellen van de midden-
oor structuren, hebben we de techniek ook toegepast in andere onderzoeksgebieden.
Het derde deel handelt over de ontwikkeling van een nieuwe optische profilometrie
techniek die toelaat om de (ver)vorm(ing) te meten van trommelvliezen en andere
membranen of objecten. Deze meetmethode is initieel ontwikkeld om elasticiteits-
parameters te bekomen van in situ trommelvliezen. Om mijn samenvatting mee te
beëindigen, verkondig ik onze verdere plannen met de technieken.
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Nederlandse samenvatting

Deel I. Achtergrond

Het zoogdier middenoor bestaat hoofdzakelijk uit het trommelvlies en drie gehoor-
beentjes, en levert een impedantie aanpassing tussen geluid in lucht en drukgolven
in de vloeistof van het binnenoor. Zonder dit tussenliggende systeem met een hoge
efficiëntie en dynamisch bereik zouden we praktisch doof zijn. Fysica-gebaseerde
modellering van dit uiterst complexe mechanische systeem is noodzakelijk om ons
begrip bij te brengen over de algemene werking van het gehoor. Verder zullen rea-
listische modellen het mogelijk maken om de resultaten van chirurgische ingrepen
te voorspellen en om het ontwerpen van gehoorbeen prothesen en actieve middenoor
implantaten te optimaliseren.

Om zulke modellen en om realistische resultaten met modellering te bekomen, ont-
breken nog veel basis gegevens. In dit doctoraat werden twee nieuwe optische tech-
nieken ontwikkeld om twee essentiële datasets te bekomen: accurate drie-dimen-
sionale morfologie van de middenoor structuren, en elasticiteitsparameters van het
trommelvlies.

Hoofdstuk 1 situeert onze bijdrage aan en huidige toestand van gehooronderzoek.

Hoofdstuk 2 geeft een uitgebreide introductie tot het (midden)oor. Enkele wer-
kingsprincipes van het gehoor worden besproken, samen met een anatomisch over-
zicht.

Hoofdstuk 3 lijst de proefdiermodellen op die gebruikt zijn in dit werk.
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Deel II. Optische tomogra�e: OPFOS

Technieken die toelaten om intacte biomedische objecten in hoge resolutie te be-
studeren en visualiseren zijn in de voorbije twee decennia erg populair geworden.
Enkele gevestigde methoden zijn ondertussen gebruikt om 3-d modellen van mid-
denoor morfologie te maken, echter allen met hun specifieke beperkingen.

In 1993 kwam een nieuwe microscopische en tomografische techniek te voorschijn
die, door zijn vele voordelen, nog steeds groeit in populariteit en zijn toepassingen.
Demethode heet orthogonal-plane fluorescence optical sectioning (opfos). De tech-
niek levert microscopische beelden af met histologische informatie, en toont zacht
en beenweefsel tezelfdertijd en in real-time. In de opfos methode worden paral-
lelle optische secties gemaakt doorheen macroscopische biomedische objecten door
middel van een dun laser vlak. De omni-directionele fluorescentie in dit vlak wordt
vervolgens ortogonaal geregistreerd. Van de bekomen 2-d doorsneden kan met 3-d
software drie-dimensionale modellen gebouwd worden.

Het laserlicht vlak moet onverstrooid en niet gerefracteerd doorheen het macroscopi-
sche object kunnen. Daarom dientmen het biomedische specimen volledig doorzich-
tig te maken (dezelfde brekingsindex bezitten over zijn gehele volume). Bovendien
dient het fluorescerend te zijn. Bijgevolg is er een uitgebreide specimen preparatie
nodig. Als voordeel van de techniek geldt zijn optische en niet-destructieve aard.
Hij behaalt tevens hoge resolutie zowel in het vlak als longitudinaal. Er is geen uit-
focus fluorescentie en minder ontkleuring aanwezig dan bij gelijkaardige technieken.
Functionele kleuring is mogelijk met de opfos techniek. Beeld registratie en cohe-
rentie worden automatisch bekomen. Meerdere opnames, zelfs vanuit verschillende
snijrichtingen, zijn mogelijk. De methode is snel en in staat om real-time virtuele
secties te tonen. Tot slot is opfos in staat om zowel bot als zacht weefsel gelijktijdig
te beeldvormen.

Laterale resolutie in opfos technieken is (enkel) bepaald door de numerieke apertuur
van de observatielens en de spatiale resolutie van het opnametoestel. Axiale resolu-
tie daarentegen is bepaald door de dikte van het laserlicht vlak. Deze vlakken worden
gecreëerd door een verbrede laser bundel (hyperbolisch) te focusseren met een cilin-
drische lens. In de nabije omgeving van deze focus kan de hyperbool als een vlak
benaderd worden. De breedte waarin deze benadering geldig is, noemt men de con-
focale parameter. Voor de aanvang van het werk waren de eigenlijke axiale resoluties
in licht-gebaseerde fluorescentie microscopie ongeveer 14 à 35µm voor macrosco-
pische objecten. De minimale leest van de bundel kon wel verkleind worden met
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een cilindrische lens met grotere apertuur, wat de axiale resolutie verbeterd maar de
confocale parameter veel verkleind en zo het beeldveld beperkt tot een millimeter of
minder.

Ommicrometer resolutie te behalen in macroscopische specimens zoals het midden-
oor, ontwikkelden wij een verbeterde techniek die een groot beeldveld combineert
met hoge resolutie. Om dit te bereiken worden 2-d beelden niet langer direct op-
genomen maar wordt een beeld opgebouwd door middel van (lijn-)scannen van het
object doorheen de lijn van zijn optimale focus, gecreëerd door een cilindrische lens
met grote apertuur. Door het gebruik van zo’n grote apertuur kan een veel kleinere
focus bereikt worden, maar inderdaad ook een kleine confocale parameter. Dit is ech-
ter niet langer een probleem omdat slechts een 1-d pixel kolom opgenomen wordt
in deze focus. Bijgevolg is in hoog-resolutie opfos de sectie-dikte niet langer een
compromis met de beeld breedte, en is deze in theorie enkel diffractie gelimiteerd.
Er wordt aangetoond dat beeld voxels gegenereerd worden met een sectie-dikte van
minder dan 2µm, en tot 1× 1µm in het sectie-vlak.

Door lage X-stralen absorptie door zacht weefsel levert µct lage kwaliteit beelden
van middenoor structuren die geen calcium bevatten. Daarom combineren we hoog-
waardige data op bot van state-of-the-art µct tomografen met data afkomstig van op-
fos die wel in staat is om zacht weefsel (en bot) te meten in hoge resolutie. Op deze
wijze genereren we volledige 3-dmodellen van alle relevante en suspensie structuren
in het middenoor van woestijnratten. Bovendien zijn de kwaliteit van zowel het bot
als zacht weefsel in de modellen en de bepaling van de positie, 3-d vorm configuratie
en volume van bepaalde middenoor ligamenten en spieren ongeëvenaard.

De toepassingen van onze techniek zijn niet enkel gelimiteerd tot middenoor onder-
zoek. In een samenwerking werd de morfologie van de minuscule utriculo-endolym-
fatische klep in het binnenoor vastgelegd, ook de klep van Bast genaamd. Dit liet toe
om inzicht te verwerven en stellingen te postuleren rond de werking ervan. In andere
samenwerkingsverbanden werd opfos gebruikt om de drie-dimensionale vorm te be-
komen van de sternohyoid spier in zeepaardjes en de organogenese te bestuderen in
kikkervisjes.
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Hoofdstuk 1 plaatst de opfosmethode tussen zijn alternatieven en bespreekt alle
afgeleide en verbeterde versies ervan in licht-vlak fluorescentie microscopie. Het
illustreert bovendien onze bijdrage aan dit onderzoeksgebied in zijn beginjaren.

Hoofdstuk 2 presenteert een theoretische beschrijving van opfos, gebruik ma-
kende van vector diffractie theorie en Gaussische bundel optica. Onze idee van
opfos met lijn-scannen voor hoge resolutie en ongelimiteerde breedte wordt geïn-
troduceerd. Ook worden metingen en modellen op oor structuren getoond.

Hoofdstuk 3 beschrijft de methodologie en de eerste resultaten van hoe we met
opfos trachten een compleet en hoog-resolutie morfologisch model aan te leveren
met alle functionele deelstructuren van het woestijnrat middenoor.

Hoofdstuk 4 toont enkele van onze andere succesvolle projecten en toepassin-
gen die mogelijk of nog bezig zijn met behulp van deze techniek. Metingen op de
middenoor gehoorketen in woestijnrat, de klep van Bast in het binnenoor van cavia,
de hersenen van muizen en vogels, en de morfologie van zeepaardjes en kikkervisjes
worden besproken.

De hoofdstukken 2 en 3 zijn identiek aan hun publicaties in wetenschappelijke tijd-
schriften, alsook het deel 4.2.
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Deel III. Optische topogra�e: moiré

Projectie moiré profilometrie (pmp) is onze keuze om kwantitatieve optische metin-
gen van de topografie en vervorming van trommelvlies oppervlakken te bekomen.

De methode projecteert een gestructureerd licht patroon (rooster van rechte lijnen)
op het oppervlak van een voorwerp. Door de geometrie van het voorwerp worden
de roosterlijntjes vervormd en gecodeerd (of gemoduleerd) met hoogte informatie,
althans wanneer ze onder een hoek met de projectie richting worden bekeken. Door
afbeelding van het oppervlak met vervormde roosterlijnen op een tweede identiek
rooster worden nieuwe contouren zichtbaar via het moiré effect. Moiré franjes ver-
schijnen namelijk wanneer twee roosters op elkaar gelegd worden die lichtjes (glo-
baal of lokaal) verschillen in frequentie en/of oriëntatie.

Deze franjes stellen contouren van gelijke hoogte voor zoals op een topografische
kaart, en zodoende is de hoogte informatie optisch gedemoduleerd door middel van
het tweede (reële) rooster. Optische demodulatie vormt in onze mening de geprefe-
reerde methode om ongecompromitteerde resolutie te bekomen. De camera hoeft nu
enkel de resulterende interferentie franjes te resolveren (welke veel groter zijn dan
de geprojecteerde roosterlijntjes). Op die manier wordt beter gebruik gemaakt van
de camera resolutie. Daarbovenop is combinatie met faseverschuivings-algoritmes
mogelijk. Bijgevolg worden grijswaarden van de franjes zelf gebruikt om de hoogte
te berekenen, en zij bevatten veel meer gedetailleerde hoogte informatie dan enkel
de positie van de moiré franjes (gebruikt in franje tracering).

Franje interferometrie opnames bevatten echter nog rooster overblijfselen. Door de
beide roosters gelijktijdig te translateren in één belichtingstijd kan dit ongewenste
fenomeen verwijderd worden, wat leidt tot een zuiver moiré franje beeld zonder ge-
bruik te maken van spatiale uitmiddeling of filtering.

Om de hoogte te extraheren uit de grijswaarden zijn er meerdere zuivere moiré beel-
den met verschillende franje-fases nodig, en dit kan men bekomen door de relatieve
afstand tussen de roosters te veranderen. Om hoogte berekeningen te doen met deze
opgenomen fase-verschoven topogrammen wordt aangenomen dat de hoogte varia-
tie van het oppervlak klein is vergeleken met de dimensies van de meetopstelling.
Deze benadering leidt tot systematische fouten in de meetnauwkeurigheid. Via een
mathematische beschrijving van de vorming van franjes met projectie moiré (zowel
met magnificatie 1 : 1 als met willekeurig vergroting M : 1), bepaalden we de rela-
tie tussen de geometrie van de opstelling en de bovenlimiet van de systematische
meetfouten. Zodoende kunnen ontwerp specificaties geconstateerd worden om de
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benaderingseffecten te minimaliseren tot onder de meetresolutie van de opstelling.
Door middel van een iteratieve correctie van de ene franje naar de andere wordt de
meetnauwkeurigheid behouden over de hele voorwerp diepte.

Vervolgens werd een nieuwe projectie moiré profielmeter ontwikkeld waarin zowel
de rooster projectie als optische demodulatie gerealiseerd zijn op vloeibaar kristal
licht modulatoren. Het genereren van computer roosters op de thin film transistor
liquid crystal matrices staat faseverschuiving toe, maar heeft een discrete uitmid-
deling nodig voor het verwijderen van de rooster overblijfselen. Klassiek gebeurt
de verschuiving van beide roosters (gelijktijdig in het vlak voor het verwijderen van
rooster overblijfselen en relatief ten op zicht van elkaar voor franje-faseverschuiving)
mechanisch. Door de faseverschuiving uit te voeren op twee vloeibaar kristal pane-
len zijn er nu geen bewegende onderdelen meer. De roosterperiode en grootte van
de fase-stappen kunnen gemakkelijk en digitaal aangepast worden aan de gewenste
meetprecisie en voorwerp geometrie. Topografische metingen met 15µm hoogte re-
solutie op elke pixel van het opname toestel zijn aangetoond op kleine objecten. De
nieuwe methode kan geïmplementeerd worden met een goedkope commerciële lcd
projector en de verschillende lcd panelen kunnen apart aangesproken worden via de
kleurruimte.

Aanvullend werd een nieuwe semi-continue aanpak ontwikkeld om rooster overblijf-
selen te verwijderen. Door alle beelden van de gelijktijdig-te-verschuiven roosters
voor beide liquid crystal matrices in verschillende kleuren op voorhand te maken, en
door ze te laden in het geheugen van een standaard grafische kaart van de compu-
ter, is een gpu programma gemaakt (met C-graphics) in staat om ze snel, met vaste
frame-rate en onafhankelijk van de cpu af te spelen. Op deze manier is slechts één
korte belichtingstijd nodig om al de rooster overblijfselen in een moiré topogram te
verwijderen (terwijl onze vorige discrete methode 8 of 16 opnames nodig had).

Als gevolg van het gebruik van vloeibare kristallen is een gamma correctie op de
roostervorm nodig. Het projectie en optische demodulatie rooster op de liquid crystal
panelen is niet perfect sinusoidaal omdat de helderheid van de kristallen zich niet
lineair gedraagt. Enkel bij perfect sinusoidale roosters worden perfect sinusoidale
moiré franjes gecreëerd, wat een vereiste is bij faseverschuivings-berekeningen. Elke
afwijking van een zuivere sinus vorm zal systematische fouten opwekken. Momen-
teel worden deze fouten vermeden door de rooster afwijking van de sinus vorm te
corrigeren aan hun oorsprong: de projector. Een inverse gamma wordt gemeten
en toegepast op het beeld dat naar de vloeibaar kristal licht modulatoren gestuurd
wordt. We stellen tevens voor om faseverschuivings-algoritmes te gebruiken, welke
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de gamma correctie kunnen vervangen of de onnauwkeurigheid ervan verder kunnen
compenseren.

Hoofdstuk 1 bespreekt het moiré fenomeen etymologisch en theoretisch, en om-
schrijft de doorbraken die aan de basis liggen van moiré profilometrie.

Hoofdstuk 2 geeft een algemeen overzicht van profilometrische technieken en
gaat in op gestructureerde licht projectietechnieken. Fourier en (projectie) moiré
profilometrie zijn theoretisch uitgewerkt.

Hoofdstuk 3 beschrijft de vorming van franjes in projectie moiré met vergroting
1 : 1. Op basis van deze vergelijkingen worden ontwerp specificaties opgesteld om
systematische fouten te vermijden.

Hoofdstuk 4 stelt onze projectie moiré profilometrie opstelling voor waarin zo-
wel rooster projectie als optische demodulatie gerealiseerd zijn op vloeibaar kristal
licht modulatoren.

Hoofdstuk 5 legt uit hoe de niet-lineariteit in gestructureerde licht projectie, ver-
oorzaakt door vloeibare kristallen, wordt weggewerkt. Gamma correctie van de pro-
jector is geïmplementeerd en het resultaat ervan besproken. In de toekomst zullen
ook fout-compenserende faseverschuivings-algoritmes gebruikt worden, waarover
een literatuurstudie wordt gegeven.

Hoofdstuk 6 vertelt hoe men een moiré profielmeter met vloeibaar kristal licht
modulatoren kan maken met een goedkope commercieel beschikbare lcd projector.
Semi-continue verwijdering van rooster overblijfselen wordt geïntroduceerd door
middel van programmering van standaard grafische kaarten in de computer.

Hoofdstuk 7 illustreert met een toepassing het nut en de reden waarom we een
accurate (vloeibaar kristal) moiré profielmeter bouwden. Het doel is elasticiteitspa-
rameters te bekomen van het trommelvlies.

De hoofdstukken 2, 3, 4, 6 en 7 zijn identiek aan hun publicaties in wetenschappelijke
tijdschriften.
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Toekomstig werk

Als algemene conclusie stel ik dat mijn doctoraat twee biomedische beeldvormings-
instrumenten voor middenoor onderzoek afleverde. Deze zijn stapsgewijs ontwik-
keld tot nieuwe en praktische methodes voor optische tomografie en topografie.

De nabije opfos toekomst brengt een gefinaliseerd volledig midden- en binnenoor
model van woestijnrat dat alle gehoorbeentjes, ligamenten en spieren in hoge re-
solutie en in drie dimensies bevat. De modellen en data zullen gratis beschikbaar
gesteld worden op een website voor onderwijs en onderzoeksdoeleinden. Vooral
eindige-elementen modelleerders zullen goed gebruik kunnen maken van de meer
gedetailleerde morfologische kennis. In een voortgezette samenwerking zal onze
opfos tomograaf nog verder waardevolle morfologie data produceren op zeepaard-
jes en kikkervisjes.

Het korte termijn doel en toepassing van ons moiré profiel meettoestel is bijdragen
tot het bekomen van elasticiteitsparameters van het trommelvlies. Gecombineerd
met het punt-indentatie en kracht meettoestel dat we hiervoor ontwikkelden, zal de
contactloze hoog-resolutie moiré techniek de vorm en vervorming meten van het
membraan. Binnenkort volgen uit inverse modellering van de data de niet-lineaire
elasticiteitsparameters van het trommelvlies. Andere membranen kunnen tevens op
dezelfde manier bestudeerd worden.

Naast fundamenteel gehooronderzoek willen we het gebruik van onze moiré opstel-
ling uitbreiden naar een klinische toepassing, namelijk als een nieuw diagnostische
techniek voor de vroegtijdige detectie van trommelvlies aandoeningen bij menselijke
patiënten. Dit is momenteel onmogelijk met het bestaand toestel omdat het trommel-
vlies diep in het hoofd gelegen is en alleen in beeld gebracht kan worden doorheen
het nauwe oorkanaal. Bijgevolg is mijn toekomstige onderzoeksrichting de miniatu-
risatie van het moiré toestel en de combinatie met endoscopische projectie en obser-
vatie. Een project met de Universiteit van Dresden leidt mogelijk tot het genereren
van organische led (oled) lijnpatronen die van pas komen in de geminiaturiseerde
trommelvlies moiré profielmeter.
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