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We  report  the  evaluation  of  the  topography  of an object  with  projected  fringes  generated  with  a lat-
eral cyclic  shear  interferometer  (CSI)  and  we  then  compare  the  topography  recovery  obtained  with  the
proposed  method  with  the  one  obtained  from  a coordinate  measuring  machine  (CMM).  We  also  study
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how  the  fringes  visibility  along  the z  axis  affects  the  retrieval.  Finally,  we discuss  the  advantages  and
drawbacks  of  this  profilometry  system.

© 2013 Elsevier GmbH. All rights reserved.
ringes visibility
nterferometry
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. Introduction

During the last years, the use of the fringe projection tech-
ique for generating three-dimensional (3D) surface information
as become one of the most active research areas in optical metrol-
gy [1]. The retrieval of the three-dimensional shape of an object
s an issue of great interest for a wide range of applications such as
eritage protection, industrial, technical and medical applications
2,3].

Coordinates measurement machines (CMMs) are well estab-
ished and widely accepted in many applications. However, CMMs
ossess some limitations such as a high cost, a low measure-
ent speed and the sparseness of the measurement points [3].

ommon optical methods for surface profiling include the use of
oiré and holographic interferometry, fringe projection and oth-

rs [4]. Among them, the fringe projection method is considered
he simplest one because optical fringes can be generated and pro-

ected easily with a Michelson interferometer [5]. But the use of
his type of interferometer requires stringent vibration-free test-
ng conditions, thereby confining its applications to the laboratory
nvironment [4].
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In this paper we present a lateral cyclic shear interferometer
(CSI) to generate projected fringes. This interferometer has the
advantage of generating stable fringes with little vibration isola-
tion.

We also evaluate the influence of the visibility of the fringes and
how these affect the recovery of the topography by analyzing the
visibility as a function of the distance between the object and the
projection system, and as a function of the laser power too, and we
compare the retrieval of the test object for some values of the z axis,
with the retrieval obtained from a CMM.  Finally, we  calculate the
experimental resolution of the optical system as a function of the
distance.

2. Experimental set-up

Lateral shearing interferometry is an important field of interfer-
ometry and has been used extensively in diverse applications such
as the testing of optical components and systems and the study of
flow and diffusion phenomena in gases and liquids [6–9]. Basically
the method of lateral shearing interferometry consists of displac-
ing the wavefront laterally by a small amount and obtaining the

interference pattern between the original and the displaced wave-
fronts [6]. The beams centers are separated by a distance �s, called
shear distance [9]. The shear interferometer produces an interfer-
ence pattern that is proportional to the slope of the wavefront [10].
Shear interferometers have been used to determine the shape of
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Fig. 1. Fringe projection system using a CSI. (M and M′: mirrors, PBS: polarized
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0:50 beam-splitter, P45: linear polarizing filter placed at 45◦ with respect to the
aser polarized light, P0: linear polarizing filter used to make both beams compo-
ents interfere, lp: distance between the array and the reference plane, lk: distance
etween the camera CCD and the reference plane and �0 is the angle between lp and

k .

he objects by contouring, but calculating the spatial derivatives
f the surface topography [7,8]. By using this method, the spatial
erivatives are obtained and then they are integrated to obtain the
hape of the objects. However, in this technique, the noise in the
xperimental data affects numerical integration.

In Fig. 1, the CSI used as a fringe projection system is showed,
here the shear is generated by moving the mirror M by a small
istance �s. A Verdi laser emitting at 532 nm (2 W maximum
utput power), was expanded and spatially filtered using a 60×
icroscope objective lens and a 20 �m diameter pinhole. We  used

ivergent illumination and output laser powers of 20, 40, 60 and
0 mW.

The fringe pattern is generated as follows. Light passes through
he spatial filter and then through the first linear polarizing filter
laced at 45◦ with respect to the laser’s polarized light transmis-
ion axis. After that, the light beam passes through the polarized
eam-splitter (PBS), where it is divided into two beams. The beam-
plitter is designed to transmit one of the beams with a horizontal
olarization, while the other one is reflected with a vertical polar-

zation. Both beams are reflected in the two mirrors M and M′, that
re placed initially at a distance d from the beam-splitter. The ver-
ical polarized beam arrives to mirror M′ and is reflected to mirror

, where it is reflected back to the PBS. The horizontal polarized
eam arrives to mirror M where it is reflected to mirror M′ before
rriving to the PBS. When both beams get outside the polarized
eam-splitter, one beam polarization is perpendicular to the other
ne and a polarizing linear filter P0 is needed in order to make
hat both beams components interfere [11,12]. The fringe pattern
an then be seen in a reference plane, and the fringes pitch can be
djusted by moving the mirror M.

The use of the polarizing filters and the PBS is to obtain the
est visibility. The fringes pattern can also be obtained by using

 non-polarizing 50:50 beam-splitter and without the polarizing
lters, but in that case the visibility of the fringe-pattern would
e smaller because the transmission and reflection beams are not
xactly 50:50 in practice, that is, there is a little difference between
he two beams. By using the polarizing filter and the PBS we can
btain the best contrast rotating the polarizing filter P0 to find the
est visibility.

In the case of parallel illumination and parallel observation, the
quation to retrieve the three-dimensional shape is [13]
 = ��  ∗ p

2 ∗ � ∗ tan �0
, (1)

here p is the fringes pitch and ��  is the phase difference between
he test object and the reference plane.
Fig. 2. Experimental array. 1. Spatial filter, 2. polarizer placed at 45 with respect to
the  laser’s polarized light transmission axis, 3. mirror, 4. mobile mirror, 5. PBS: polar-
ized beam-splitter, 6. linear polarizing filter used to make both beams components
interfere, 7. CCD, 8. reference plane. The arrows show the beam path.

With the use of non-collimated illumination the topography can
be obtained by the following two equations [3,13]

z = ��  ∗ S, (2)

where S [mm/rad] is the sensitivity of the system and it depends
on the set-up geometry [3,13], and

S = pxo

2 ∗ �
∗ cos �0 ∗

[
sin �0 + (lk − lp ∗ cos �0) ∗ x

lp ∗ lk

]−1

∗
[

1 + x ∗ sin �0

lp

]2

, (3)

where pxo is the pitch of the fringe at x = 0, �0 is the angle between
the projection and the observation directions, lp is the distance
between the polarizer P0 of the CSI and the reference plane for x = 0,
and lk is the distance between the CCD and the reference plane at
x = 0 [3].

3. Results and discussion

In this section we present some experimental results of the
fringe projection profilometry system used to retrieve the three-
dimensional shape of an object. The test object is a pyramid
with a base of 89 mm  × 89 mm  and a height of 48 mm.  Fig. 2
shows the experimental optical system used to project fringes
over the test object, Fig. 3 shows the pyramid with the pro-
jected fringes, Fig. 4a shows the topography obtained by measuring
some points with a CMM  and Fig. 4b shows the topography
obtained by using the projected fringes technique. To retrieve
the object with the CMM  method, 41 surface points were mea-
sured. After that, interpolation and extrapolation were necessary
to complete the surface and to recover the topography of the pyra-

mid.

The Fourier-transform technique was used to recover the
wrapped phase of the projected fringe pattern [14]. To unwrap the
phase of the object, a noise robust algorithm was  programmed [15].
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Fig. 3. Fringes projected on a white pyramid.
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Fig. 5. Measurements obtained from the CMM  (dashed-point line) and the optical
method by using Eq. (1) considering collimated illumination (continuous line) and
Eq. (2), non-collimated illumination (dashed line), in (a) y = 0 and (b) x = 0.

fringes visibility as a function of the distance between the reference
plane center and the CCD for the different powers employed.
ig. 4. Topography of the pyramid obtained by (a) measurements from the CMM
nd (b) our fringe-projection technique.

The experimental results obtained with the projected fringes
echnique by using Eq. (2) in the case of non-collimated illu-

ination, show a maximum error of 4.5% in the topography
easurement, taking as a reference the measurement obtained
ith the CMM.  In this case, the distance between the reference
lane and CCD was lk = 160 cm and the distance between the pro-

ection head and the reference plane was lp = 158.9 cm. The laser
utput power was 60 mW.
Fig. 5 shows topography profiles by using Eqs. (1) and (2), which
re compared with profile obtained from the CMM  in (a) y = 0 and
b) x = 0. It can be observed that the topography evaluated by using
Fig. 6. Visibility as a function of distance for different laser powers.

Eq. (2), which takes into account the divergent illumination, is close
to the topography obtained by the CMM.

4. Analysis of the projected fringes visibility generated by a
CSI

The fringe pattern is recorded by a CCD at different positions
along the optical axis. The distance between the reference plane
center and the CCD is from 60 cm to 200 cm.  The fringe pattern is
recorded each 10 cm.  The output power of the laser used was  20,
40, 60 and 80 mW,  at every position of the CCD. Fig. 6 shows the
As can be seen from Fig. 6, the visibility obtained at the CCD
positions between 60 cm and 90 cm is higher for the lowest power
used, that is, 20 mW.  This is due to the saturation of the CCD for



A. Sicardi-Segade et al. / Optik 125 (2014) 1320– 1324 1323

Fig. 7. Visibility versus laser’s power at z = 200 cm.
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Fig. 8. Fringe pattern and its intensity profile.

owers larger than 20 mW.  However, 20 mW is not enough power
or distances greater than 90 cm and the fringes visibility decrease.
or distances longer than 90 cm higher powers are needed in order
o increase the fringes visibility. In the CCD position corresponding
o 200 cm,  the best visibility is obtained for a power of 80 mW (up
o 60%). Next, we fixed the distance at 200 cm and changed the
aser power in order to find the power that increases the fringes
isibility. Fig. 7 shows that a visibility of 89% is reached for a power
f 120 mW.  For higher values, the visibility decreases due to the
aturation of the CCD. The visibility (or contrast) was  calculated by
sing the following equation [16]

 = Imax − Imin

Imax + Imin
. (4)

The visibility was calculated by considering the average inten-

ity of each column of the fringe pattern and then calculating the
aximum and the minimum intensity of the resulting array. Fig. 8

hows a fringe pattern and its intensity profile used to determine
he visibility.

Fig. 9. Curves of topography error versus distance for different powers.
Fig. 10. Experimental resolution of the system versus distance.

Fig. 9 shows the root-mean-square error (rms) associated to the
topography measurement versus CCD position and for different
laser powers. It is observed that the fringes visibility affects the
measurement of the topography. We  found a maximum error in
the topography measurement of 9% for a power of 80 mW with the
CCD placed at 80 cm to the reference plane. In this same CCD posi-
tion, an error of 5.4% is obtained for a power of 20 mW.  At 200 cm,
the error increases to 11% for a power of 20 mW while the error
decreases to 5.3% when the power used is 80 mW.  The error was
calculated based on the measurements obtained from the CMM.

Finally, we  calculated the experimental resolution of the optical
system, i.e. the minimum z that can be measured. To calculate the
minimum z, Eq. (1) was  used considering that the fringe moves one
period when the object is placed instead of the reference plane.
Assuming that, the relation ��/(2 × �) = N = order of the fringe = 1
holds. As a consequence, Eq. (1) can be written as [17]

�z  = p

tan �0
. (5)

Now, to calculate the zmin, we  consider the fringe moving only one
pixel in one period, that is

zmin = �z

number of pixel per period

=
p

tan �0

number of pixel per period
.  (6)

Fig. 10 shows the experimental resolution obtained as a function
of the distance. It can be seen that the resolution improves when
the distance between the optical system and the reference plane is
decreased.

5. Conclusions

In this work we proposed a linear cyclic shear interferometer to
generate projected fringes. Being a cyclic path this interferometer
is quite stable, therefore one of the advantages of this method is
its capability to generate stable fringes in poor vibration isolation
conditions.

The fringe-pattern projected by an interferometric system has
the advantage of being absolutely sinusoidal, unlike the one gen-
erated with a multimedia projector. Moreover, with a fringe
projection interferometer, synchronization with a CCD camera is
not necessary.

By using this method, the pitch of the fringes can be varied by
changing �s,  which means that both large and small objects can be
measured.
One of the disadvantages of this optical system is that the size of
the object to be measured is limited by the size of the beam-splitter,
which imposes a limit to the expansion of he beam to cover a large
object placed at a short distance.
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In this work, we also presented an analysis of how the visibility
f projected fringes affects the evaluation of the topography of an
bject by using fringes generated by interferometry.
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