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ABSTRACT: The rapid prototyping and copying of real 3D objects play a key role in some industries. Both applications rely
on the generation of appropriated computer aided manufacturing (CAM) files. These files represent a set of coordinates of an object
and can be understood by a computer numerically controlled (CNC) machine. Non-contact techniques, like laser scanning and fringe
projection, are among the possibilities for obtaining such CAM files. In this work, a comparison between the two aforementioned
non-contact techniques is presented. The comparison is made based on their performance as candidates for generating CAM files
of objects of high reflectivity and maximum lateral dimensions of the order of 15 mm The parameters tested are the quality of the
3D reconstruction, the processing time, and the possibility of these being implemented in industrial scenarios, among others. Under
the scope of these parameters, it is concluded that laser scanning offers superior performance for the kind of objects here considered.
The techniques are evaluated with dental pieces in order to validate these methodologies in the rapid prototyping and copying of teeth.
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RESUMEN: La generacion rapida de prototipos y la copia de objetos 3D reales desempefian un papel clave en algunas industrias. Ambas
aplicaciones se basan en la produccion de archivos apropiados de fabricacion asistida por computadora (CAM). Estos archivos representan
un conjunto de coordenadas del objeto y que pueden ser entendidos por maquinas de control numérico (CNC). Técnicas de no contacto,
como el escaneo laser y la proyeccion de franjas, se cuentan entre las posibilidades de generar los archivos CAM. En este trabajo se presenta
una comparacion entre las dos mencionadas técnicas de no contacto, sobre la base de su desempefio como candidatos para la generacion de
archivos CAM de objetos con dimensiones laterales maximas del orden de 15 mm y alta reflectividad. Los parametros de prueba son la calidad
de la reconstruccion 3D, el tiempo de procesamiento, la posibilidad de ser aplicado en los escenarios industriales, entre otros. En el marco de
aplicacion de estos parametros se concluye que el escaneo laser ofrece un rendimiento superior para el tipo de objetos aqui considerados. Las
técnicas son evaluadas con piezas dentales para la validacion de estas metodologias en la generacion rapida de prototipos y copiado de dientes.

PALABRAS CLAVE: proyeccion de franjas, escaneo laser, reconstruccion 3D

1. INTRODUCTION into two large categories: interferometric and non-
interferometric. Although both approaches can generate
Dimensional control and rapid prototyping are needed a 3D representation of an object, they have specific
in many industries. These techniques are supported ranges of application and sensitivity. Because the
on the possibility of generating a 3D representation objects of our interest (dental pieces) are in the range of
of the objects of interest. The best case scenario is the application of the non-interferometric methods, we only
possibility of obtaining 3D reconstruction without any introduce the reader to this type of optical methodology.
mechanical contact and in the shortest possible time.
Optical metrology techniques offer a solution for these There are several non-interferometric methods used to
requirements. These optical methods can be divided produce a 3D representation of an object. These include:
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time/light in flight, moir¢, photogrammetry, laser scanning,
and fringe projection, among others [1]. As its name
indicates, the time/light in flight technique measures the
time difference that a light source undergoes as it travels
on two different paths. One path is of a known length,
and therefore the time difference can be converted in a
distance [2]. The time difference is computed for each of
the points of the object and then a 3D time differences set
of the object is generated. The sensitivity of the method
is of the order of millimeters. To improve this sensitivity,
different techniques avoid the direct measurement of the
time difference: some use image correlation [3] and/or by
holography methods that employ sources with reduced
temporal coherence [4-6].

One widely applied method for 3D reconstruction of
objects is the moire effect. This phenomenon occurs as
two regular patterns are superimposed over a surface.
Its use in optical metrology started in the 1920s with
the work of Ronchi [7], Raman [8], and Datta [9]. The
moire effect has been used in fields as diverse a life
science and engineering. In life sciences, moiré has
provided valuable information in facial plastic surgery
[10], in the study of vertebral column malformations
[11], and in face morphometry [12], among many
others. The study of strain and stress of materials [13],
the measurement of the deformation of a bridge [14],
are some examples of the use of the moir¢ technique
in engineering. The use of moir¢ in the mapping of
phase objects and mirror-like surfaces [15,16] should
also be named.

Another method to generate a digital 3D representation
of an object is the photogrammetry technique. This
method determines the geometrical properties of an
object through a series of photographic images [17]. The
method has been improved by the use of two or more
photographic images taken from different positions; the
common points are identified on each image to obtain the
required information. The intersection of the known rays
originated at the different camera position can determine
the 3D points that constitute the object [18,19].

Perhaps the simplest and most used methods for 3D
reconstruction of objects are laser scanning and fringe
projection. In laser scanning, one uses the method of
optical triangulation [20] to reconstruct the 3D object. In
this method, a laser line is projected on a reference surface
and the object under study. The comparison of the absolute
positions of both lines on the plane of the recording device

provides the 3D information of the object via a map of
heights. The use of structure light [21], the projection of
simultaneous multiple stripe [22], the use of hand-held
laser and standard grayscale cameras [23] are methods
proposed for improving the performance of laser scanning,

The other widely used method for 3D reconstruction is fringe
projection. This methodology encodes the depth information
via the deformation that suffers a known fringe pattern. The
deformed pattern is recorded with a digital sensor, and the
fringe deformation is analyzed via conventional methods of
phase extraction [24-26]. The very portable, reliable, and
cheap digital devices for fringe projection and their recording
(which are available on the market) have propelled the wide
use of this methodology for 3D reconstruction. The analysis
of the fringes is performed on very fast personal computers,
and systems operating in real time can provide accurate 3D
reconstruction of the object under study [27].

Since all the above techniques use light as a probe, they
are of great interest for obtaining the 3D reconstruction
of an object. They do not destroy the samples at the
time of analysis, which ensures that the object will not
be distorted by the measuring technique. The surfaces
generated are used in applications such as reconstructive
surgeries [28], the documentation of archeological or
architectural pieces [29], security applications [30], in
forensic science [31], dentistry [32], reverse engineering
[33], and many other production fields [34,35].

Because of their accuracy, robustness, simplicity and
possibility of being implemented in industrial environments,
we present a comparison between fringe projection and laser
scanning techniques for 3D reconstruction of dental pieces.
These pieces, whose lateral dimensions are in the range of
Smm to 15mm, have surfaces with high reflectivity which
makes the measuring process more difficult. The paper
is organized as follows: in Section 2 we present a brief
introduction to both techniques. In Section 3, the comparison
of the experimental performance of both methods is shown
and we present some conclusions in Section 4.

2. TECHNIQUES DESCRIPTION

2.1 Fringe projection

In fringe projection, a fringe pattern which could be
cosine- or Ronchi-type, is projected on a reference

plane and thereafter over the object under study. The two
independently recorded images of the fringes are saved for
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their analysis. The assessment of the differences between
these records is the core of the fringe projection technique;
currently it is performed by digital means providing great
versatility and speed of performance. Figure 1 illustrates
the fringe projection technique. For providing even more
versatility and speed to the technique, the fringe patterns
are generated in a personal computer (PC) and projected
using a commercial liquid crystal display (LCD). A
charge-coupled device (CCD) camera is used for imaging
and recording the projected fringe patterns; the recorded
images are sent to a PC for their processing where the 3D
representation of the object is produced.

In general, a fringe pattern with a period dx is projected
perpendicularly onto a reference plane and onto the
object studied. The latter is represented by the S
curvature in Fig. 2. Due to the presence of the object,
the fringe located at the point P1 on the reference plane
undergoes a displacement towards P2. This shift is
related with the geometrical setup:

u(x)=ztan @ (1)

with z representing the distance from the reference
plane to the surface of interest, 6 the angle between the
projection and viewing directions, and u(x) the lateral
displacement of the fringe analyzed on the reference plane.

Figure. 1. Illustration of a fringe projection system.
The fringe pattern generated in the PC is projected by
the LCD. The CCD camera records the fringe patterns

projected on the reference and object surfaces.

Ifthe projected fringes are cosine-type, the displacement
of the fringe pattern will be noticed in a change in the
argument of the function; namely, it changes phase
w (x). This phase shift is related to the fringe pattern
period by y (x)=27u(x)/d, . The value z for each of
the x values can be found through the assessment of
phase w(x) of the deformed fringe system evaluated
at the point of interest x [36]:

d)c

z(x)— 27rtan0¥/(x)' @
According to Eq. (2) the correct finding of the height
map z(x) relies on the appropriate measurement of
the phase map y/(x) . In the literature there are various
methods for finding phase y (x) —the Fourier transform
method [37] or any of the phase shifting techniques
[38] are the most efficient and widely used. Once phase
w(x) is obtained, the height map z(x) can be obtained,
thus the topography of the surface of the studied object
is reproduced. The 1D analysis here presented can be
straightforwardly extended to 2D, leading to the map
of heights z(x,y) that constitutes the topographical
representation of the object under study, namely its
3D reconstruction.
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Figure 2. Fringe projection geometry on an arbitrary
surface with regard to the reference plane. 6 is the angle
between the projection and viewing directions.

2.2 Laser scanning

In laser scanning, a laser spot is used as a sampling
tool of the surface to study. An imaging system
captures an image of the laser spot on the detector
plane. Conventionally the detector is a CCD camera
which has been previously calibrated. The optical
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axis of the imaging system makes an angle 6, with
respect to the perpendicular at the reference plane. The
laser beam makes an angle 6, with respect to the same
perpendicular, as shown in Fig. 3. In the same way as
it is for fringe projection, initially the spot is projected
onto a reference plane. The image of the spot for each
position is recorded, such that the corresponding location
of that image on the detector is registered as zero height;
this process constitutes the initial calibration step of the
CCD [23]. The information on the height with respect to
the reference plane is therefore given by the deviation of
the spot image on the sensor plane as the spot is projected
onto the surface under study.

Figure 3. Laser scanning technique. The laser spot image
is acquired by the imaging system onto a calibrated
detector.

For displacement z of the reference plane, or
equivalently for an object with a height z relative to
the reference plane, the image of the spot will move
on the image plane the quantity [36]:
Z,:mzsin(ﬁl—i-é’z)’ 3)
cos g,

where m is the magnification of the imaging system.
Following Eq. (3) the CCD plane is then calibrated so
that for each displacement z of the reference plane
the z' displacement produced on the image plane is
known. Hence, the measurement of the displacement or
height is made by means of the point-wise assessment
of the spot image position on the CCD plane as it is
projected onto the surface under study. To speed up
the measurement process, instead of using a laser spot,
one or more laser lines are projected simultaneously on
the surface under study [22]. The displacement of the
line or the whole line system is evaluated and a similar

calibration process is followed; the line image location
on the CCD plane is encoded in terms of the height or
displacement of the reference plane.

3. EXPERIMENTAL COMPARISON OF FRINGE
PROJECTION AND LASER SCANNING

The experimental performance of fringe projection and
laser scanning techniques is evaluated in this section.
As a case study, dental pieces have been chosen to
obtain their 3D topographical reconstruction. In both
cases, the potentiality of the method to generate CAM
files is considered.

3.1 Fringe projection

Figure 4. Reconstruction of a tooth by means of
projection of Rochi-type fringes. Panel a shows the
Ronchi-type fringes with a period d, = 1.2 mm projected
onto the frontal tooth surface. Panel b shows a wrapped
phase map for this surface and panels ¢ and d are frontal
and rear views of the tooth, respectively.

To evaluate the fringe projection technique, it was
implemented using a system such as the one illustrated
in Fig. 1. Ronchi-type fringes were generated in a
PC, and the resulting pattern was projected by a LCD
on the reference plane and the object. For the phase
quantification, the five-step phase shifting method
proposed by Hariharan [38,39] was implemented.
Therefore, five Ronchi-type patterns with a phase shift
of /2 among them were sequentially projected on the
object under study and recorded.
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The generation of the Ronchi-type fringes and
the image acquisition are performed with a single
computer. This fact enables the full automation of the
process. Through Hariharan’s algorithm the phase
maps of the object and reference plane are computed.
A pixel-wise subtraction between those two phase
maps, leads to the wrapped phase map of the object.
On the latter phase map, an unwrapping algorithm is
applied [40] which allows for one to obtain the actual
height of the object according to Eq. (2). Figure 4
shows the whole experimental procedure for obtaining
the 3D representation of a tooth with the approximate
dimensions 8x8x12mm?®. In panel a, one of the five
images projected on the high reflectivity tooth surface
is shown. Those five images are processed according
to Hariharan’s algorithm and the same is done for
the images from the reference plane. The pixel-
wise subtraction between the resulting images from
Hariharan’s algorithm leads to the wrapped-phase map
shown in panel b. With a red ellipse we have outlined
a region in which noise has arisen after Hariharans
processing. The origin of this noise is the existing
mismatch between the period of the projected fringes
and the period of the projecting system. The ratio of
those two periods should be an irrational number and
a beat-waving phenomenon arises on the projected
fringe patterns, as it has been highlighted on panel a.
Even though that deleterious noise could ruin any phase
unwrapping method, the use of regions of interests
for the phase unwrapping eases that situation. Once
unwrapped and calibrated following Eq. (2), images
like those in panels c and d for frontal- and rear- tooth
surfaces, respectively, are obtained. Both surfaces show
an adequate performance of the methodology. The
need for doing a phase unwrapping process to get the
surface contour generates noise. It has its origin on the
processing or lack of numerical data, for instance, in
shadow regions [24]. The spike-structures at the edges
of the surface in panel d of Fig. 4, are clear evidence
of those unwrapping errors.

To validate the quality of the measurements made
with fringe projection, a calibration object with lateral
dimensions of 36.65 +0.05 mm and a height of 18.25
+0.05 mm was used. Once performed, it was found
that for the experimental condition employed, namely
for a perpendicular projection and recording angle of
11°, there is an error of 2.6% for lateral and 1.5% for
height measurements.

3.2 Laser scanning

Conventionally in laser scanning, the laser line is
generated by means of a cylindrical lens attached to
the outlet of a solid state laser. For scanning, the laser
has to be moved somehow to sweep the whole surface
of interest. Elaborated electro-mechanical systems are
the ultimate way to make such scanning, but yet the
most used is manual scanning. In order to improve
the automation of the laser scanning technique, we
have replaced the laser line by one generated in a PC
and projected it with an LCD. As in laser scanning,
the resolution does not depend on the spot or line size
[41], this change does not mean any drawback on the
performance of the technique. The line is generated
with the software Matlab® so that the system does
the scanning on the object surface automatically
by changing the line position. As line scan we have
used a black line on a white background. The line is
moved pixel-by-pixel on the LCD, generating in this
way a suitable scan to reproduce the 3D object. The
information has been collected by a CCD camera and
processed in the same PC that generates the scanning
line. The results obtained for the same object used in
the fringe projection technique are shown in Fig. 5.

On the left, panel a in Fig. 5 shows the reconstruction of
the anterior superior teeth, incisors, and canine teeth. This
image shows the possibility of performing full 3D scans
of dental pieces that show high reflectivity and surfaces
with some detail. To provide more detail, on the right
in the same panel, we have zoomed on the incisor. This
image shows the smooth surface that can be reproduced
via laser scanning, besides the little artifact introduced in
the process. In panels b and c the lateral and rear views
of the same incisor are shown. These images can be used
as the inputs for an image-fusion process to produce a
complete 47 Steradian representation of the object.

We have calculated the introduced error by the laser
scanning technique by using the same calibrated object
used above. While a 3.5% error is introduced in lateral
measurements, the error in height measurements is 1.4%.

3.3 Techniques comparison
Table 1 summarizes a set of features that we have

evaluated for comparing the fringe projection and
laser scanning techniques. With regards to the errors
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introduced by both techniques, while the smaller
lateral error produced by fringe projection suits this
methodology ideally for performing 2D measurements,
the laser scanning technique excels on sizing heights;
these two results agree with the recommended
applications for the 3D methodologies mentioned [1].

Figure 5. Reconstructed teeth/tooth by means of laser
scanning. Panel a shows the reconstruction of the anterior
superior teeth. Panel b shows the lateral and panel ¢ the rear
surface of an incisor. The scale bar applies for panels b and c.

With regards to the lateral application range, both methods
are completely compatible with the objects of interest in
this study. Moreover, it must be accounted that since laser
scanning has a wider range of operation; it is possible for
it to be used in a large number of applications, where the
most important measurement should be the height. The
computation time spent on generating topographical 3D
surfaces of an approximate area of 12x8mm? are shown in
the last column of Table 1. Even though fringe projection
involves more process than laser scanning, the time elapsed
in the former is at least half of that employed in the latter.
This fact strengthens the idea of the suitability of fringe
projection as an ideal tool for getting a rough description
of objects under study, when the height measurements
are not of great concern. For instance, lateral dimensional
control of tiles with coarse height measurement could be
an appropriate application for fringe projection.

The smaller axial error introduced by laser scanning
has a connection with its intrinsic capability of getting

smaller details on the surface under study rather than
fringe projection. From Eq. (3) the Az variation height
that can be measured with laser scanning is given by:

M':mwM_ 4)
cos 6,

Table 1. Comparison of laser scanning and fringe
projection 3D reconstruction techniques

APPL. SURFACE
LATERAL AXIAL :
METHOD ~Loooo” obomp  RANGE  CALCULATION
(LATERAL) TIME
Laser = 350, 14% Olmmtolm  10min
Scanning
Laiies 1.5% 2.6% 3mmto0.5m 4 min
projection

Equation (4) means that the minimum Az that can be
detected would be that which introduces the minimum
detectable displacement on the CCD sensor, namely
one pixel. Therefore according to the specification
of the system, the factor msin (6, +6,)/cos6, is tuned
such that the smallest detectable Az produces at least
a displacement of one pixel on the CCD plane.

The same analysis applied to fringe projection leads to
the minimum Az that can be detected with this method,
which is:

d
Az = Ay ®)]
27tan @ v

Equation (5) means that the minimum detectable
displacement is related with the minimum measurable
phase Ay via the geometrical factor d,/27tan@ . Since
phase y is indirectly quantified via Hariharan’s algorithm
and phase unwrapping methods, at least three pixels must
be employed to represent the smallest phase change Ay .
d_/2rtan @ plays the role of the tuning factor that drives
Ay to be represented by at least three pixels. The above
statements lead to the conclusion that when the same detector
for fringe projection and laser scanning is employed, there
is an implicit smaller axial sensitivity associated with the
former method. In this work, we used the same CCD camera
for implementing both methodologies; hence the smaller
axial error was achieved with the laser scanning.

The visual quality of the reconstructed surfaces by
means of the laser scanning technique shows more
details than those visible with the fringe projection
technique. The lack of such details in the latter method
can be understood from the perspective of the multiple
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processes through which the information passes before
generating the final result. All together, those processes
have a low-pass filter effect that smoothes the surfaces,
thus eliminating details that could be of interest in a
manufacturing processes. Of course this low-pass filter
effect is added to the smaller sensitivity of the fringe
projection formerly mentioned.

When all the characteristics analyzed are put together
and considered at the moment of choosing the most
appropriate method for the generation of input files
for CAM systems, the outcome depends on the kind of
object to be studied. In the case under consideration,
namely dental pieces, laser scanning is the chosen
methodology for producing the 3D representation that
serves as input for CAM files.

4. CONCLUSIONS

We have analyzed the performance on 3D reconstruction
of teeth of two different techniques of easy optical and
computational implementation. The processes involved
for obtaining 3D surfaces have been described for the
fringe projection and laser scanning techniques. We
have also shown some advantages and disadvantages
in terms of computation time, sensitivity, application
range, and rates of measurement error. The techniques
studied show promise in the implementation of
many applications such as replica of objects, reverse
engineering, rapid prototyping, parts inspection, and
dimensional control.

From the results, we have concluded that laser scanning
has a greater potential for CAM file generation than
fringe projection, when the level of detail of objects
to reproduce is of the sub-millimeter order. To get a
rough and rapid idea of the object under study, the
fringe projection technique can be used in generating
the corresponding CAM files.
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