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In this work we present a method that enables simultaneous measurement of shape and wall parameters
of glass containers. The system is based on the optical coherence tomography technique, employing the
spectral domain configuration. The data were obtained by measuring the spatial coordinates of a
sequence of points in a predefined region of a sample that includes points on the surface and in the
interior of the material. Dimensional parameters, thickness mapping, and tomography studies of
the interior of the sample walls can be obtained from these measurements. © 2013 Optical Society
of America
OCIS codes: 120.3930, 110.4500.

1. Introduction

Shape and thickness measurement, combined with
flaw detection in glass containers, are important
issues in the industrial inspection processes. The
current quality demand in finished products requires
continuous improvement in the techniques used for
these processes. Determining dimensional parame-
ters, thickness measurement, and interior analysis
of container walls is of particular interest among
these processes, as they provide crucial information
in quality control, mechanical resistance studies, and
glass-forming process research.

A great variety of methods are used to perform
these measurements; among them optical methods
are widely accepted, as they have the advantage of
being nondestructive techniques. Currently the most

frequently used systems involve artificial vision, with
one or more cameras combined with different illumi-
nation configurations and a great deal of image-
processing techniques and algorithms, developed for
this purpose [1–4]. Based on these methods, a variety
of commercial equipment is available [5]. There are
more specific techniques that offer complementary in-
formation about thickness or index determination,
such as laser light reflection [6] and spectral interfer-
ence [7–9], in which measurements are obtained by
phase change retrieval. In this paper we introduce
an inspection technique based on optical coherence
tomography (OCT). This technique allows us to
obtain 3D images of transparent materials based on
low-coherence interferometry. Nondestructive testing
and materials research applications, employing OCT
techniques, have been steadily growing over the
past few years [10–12] in topics, such as material
studies, thickness measuring, index of refraction
determination, and birefringence characterization
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[13–15]. In this work we present this method as a
proposal to obtain, simultaneously, 3D shape, wall
thickness measurement, and inner studies of glass
containers. The technique can be applied to studies
of wall formation, nonhomogeneous glass distribu-
tion, and material resistance, as well as to the evalu-
ation of internal flaws.

The proposed instrument is an optical head
that contains a low-coherence fiber interferometer,
mounted on a translation stage that is combined with
a rotation stage where the sample is placed. The com-
plete system is designed to perform combined move-
ments to perform selective scans on the sample. With
the setup used in this work, the maximum distance
that can be measured with the low-coherence inter-
ferometer is 2 mm. This value, commonly known as
depth range, is determined by the features of the de-
tector of the interference signal [16]. The mechanical
system was designed to scan a region up to 25 mm in
height, and rotational angles between 0° and 360°, in
samples with diameters up to 200 mm in length. The
typical repeatability in distance measurements is
10 μm. In the following sections, general principles
of the instrument and experimental results on glass
containers are shown.

2. Principle of Operation and Description of the
System

The idea of the technique is to achieve results by
measuring the absolute spatial position of a sequence
of previously selected points, on the surface or inside
the sample. To perform this measuring, we proposed
and built a system that consists of an optical head
mounted on a vertical translation stage and a sample
holder that allows a rotational movement (Fig. 1). A
cylindrical coordinate system �r; θ; z� is used to assign
the corresponding position to each measured point.
The azimuth (θ) and the height (z) coordinates of each
point are measured through a system of encoders—
one in the translation stage, and the other in the ro-
tational stage. The radial coordinate (r) is obtained
indirectly from the optical path difference (OPD)
value (h) obtained by low-coherence interferometry.
This allows measuring the surface and inner points

in the sample. For each pair of values �θ; z� the inter-
ferometric signal allows us to achieve the corre-
sponding radial distance of the different reflections
inside the sample from the outside wall to the inside
wall.

A schematic setup is shown in Fig. 1. The sequence
of points measured on the sample is obtained with
a coordinated movement of the roto-translational
system that was designed so that the platform center
and the sample’s illuminated point (O and A in
Fig. 1) are always in the same straight line on the
radial axis.

A. Optical Head

The optical head contains a low-coherence fiber inter-
ferometer with a connection to the light source and
to the detection system. We used the configuration
known as Fourier-domain low-coherence interferom-
etry (FDLCI), with a spectrometer as detector
system. The head can be moved along the radial
direction (r axis in Fig. 1) and along the vertical di-
rection (z axis in Fig. 1). A detailed scheme is shown
in Fig. 2. In this configuration, each measurement
obtained with the interference signal (h) is the OPD
between the point illuminated in the sample (A in
Fig. 1) and the reference surface position (RS, in
Fig. 2) that is located in the optical head.

In a simplified situation in which there is only one
reflection in the sample, the interference signal can
be written as [17]

I�k� � I0�k��1� β2 � β cos�k · h��; (1)

where Io�k� and β2Io�k� are the power spectral den-
sity reflected from the reference and sample arms,
respectively, k is the wave number, and h is the cor-
responding OPD between the reference mirror and
the sample. In the conjugate space,

FT�I��H� � Γ�H� ⊗ �δ�H� � β0 · δ�H − h�
� β0 · δ�H � h��; (2)

where H is the conjugate coordinate of k, Γ�H� is the
coherence function linked with power spectral den-
sity according to the Wiener–Kinchin theorem, and
β and β0 are constant factors related to reflectivity
of the surfaces.

B. Calibration Interference Signal and Obtaining the
Radial Coordinate

To obtain the radial coordinate of each measured
point in the sample, a two-step procedure is required.
The first step is calibration of the low-coherence
interferometer [18]. The second step is to obtain a
conversion relationship to get the r coordinate from
the h value previously obtained. Calibration of the
spectrometer is performed by controlled movement
of a reference mirror, which is done with a transla-
tional stage (y axis in Fig. 2) placed inside the optical
head. The same system allows us to set the h � 0

Fig. 1. Scheme showing the coordinates system, the optical head,
and the sample holder with the rotation stage.
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value in order to employ the complete dynamic range
of the interferometer.

It is possible to extend the measurement range in
the radial axis with an additional mechanical move-
ment of the optical head along the radial direction
(r axis displacement in Fig. 1). We did not use this
movement in the experimental results shown above
(Section 3).

A referential surface, placed as a sample, is used to
convert the h value into the radial coordinate r. In
this work a metallic cylindrical surface with known
radius was employed. The surface was scanned in a
full rotation, maintaining its height (z). A sequence of
the same pitch angled points was measured with the
optical head. This provides an overdetermined set of
measurements, which is fitted applying a nonlinear
least-squares algorithm, to obtain the conversion
from the h to the r value. Figure 3 shows the mea-
sured points and the fitting curve obtained on a
cylindrical surface with a radius of 15� 0.10 mm.
The r value obtained from the fitting process is
14.99� 0.20 mm. The error in the r axis was esti-
mated as the average dispersion between the mea-
sured values and the values obtained using the
fitted curve. The calculus was made with the same

sequence of points used to obtain the h to r conver-
sion value (Fig. 3).

An additional mechanical movement of the optical
head in the radial axis, if it is necessary in the meas-
urement process, is registered by an encoder located
in the translation stage (radial axis displacement in
Fig. 1). So the actual radial coordinate of the point
measured in the sample is corrected considering this
displacement.

C. Experimental Setup

The interferometer is a fiber Michelson type, with a
circulator and a coupler fiber system (AC Photonics).
The light source is a superluminescent diode (Super-
lum, model SLD 351 HP3), centered around 840 nm,
with a 60 nm spectral width. A fiber collimator
(Thorlabs CFC-2x-B) and a different focus lens were
used at the end of the sample arm (3 in Fig. 2).
A collimator (Thorlabs CFC-2x-B) and a mirror,

which can be linearly displaced (y axis), were used
as the reference arm (2 in Fig. 2). The interval range
on the y axis is 25 mm in our system. The detection
system is a HR4000 Ocean Optics spectrometer, with
an operating interval from 700 to 900 nm.

The linear displacement system (z axis) is a linear
stage (SMA-25pp Newport), which allows 25 mm dis-
placements with a precision of 5 μm. The rotational
system was specifically designed to be used in this
setup and allows us to perform any rotation with
steps varying from 0.5° to 5° and a 9 · 10−3° resolution
(Encoder Products, model 15T01SB-000013). The
system admits samples with a radius up to 200 mm.

The optical head can be moved in the radial axis
(r axis in Fig. 1) in order to position over the sample’s
surface (SMA-25pp Newport linear stage).

3. Measurements and Results

The measurements were made on vials employed in
the pharmaceutical industry with the objective to ob-
tain dimensional parameters, width wall mapping,
and characterization of the internal bubbles, as an
example of the potential of this technique for deter-
mining internal flaws.

The system of Fig. 1 was used to obtain all themea-
surements by performing a convenient scanning on a
selected region of the sample.

A typical measurement is shown in Fig. 4.
The curve is the fast Fourier transform of the

Fig. 2. General scheme of the optical head: 1, sample; 2, reference arm; 3, sample arm; 4, fiber beam splitter; SLD, superluminiscent
diode; DT, spectrometer; RS, Reference arm surface; L, focus lens.

Fig. 3. Sequence of measured points in a complete turn of a cylin-
drical surface (reference) and the fit curve used to obtain the OPD
(h) to radial coordinate (r) conversion.
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interference signal [FFT�I�] obtained from a reflec-
tion in a particular point in the sample.

The reflections on the exterior wall (E1) and the in-
ner wall (E4) of the sample, and a third reflection in
the reference mirror (Er) placed in the optical head,
generate an interference signal whose FFT is shown
in Fig. 4. The horizontal axis is the normalized
OPD (OPD∕ng), where ng represents the group refrac-
tive index of the corresponding material. The center
coordinates of each of the three peaks (P1, P2, P3)
shown in Fig. 4 are the corresponding OPD
values—h1,h2, andh3—which in this experiment are

h1 � OPD�E1Er�;
h2 � ng · d � OPD�E1E4�;
h3 � h1� ng · d � OPD�E4Er�:

In samples havingmultiple interfaces (as in Fig. 4),
the expression for I�k� includes terms that corre-
spond to the interference of the reflected reference

beam and beams reflected from interfaces distrib-
uted within the sample, commonly known as cross-
correlation terms. In the same expression, there are
also terms associated with the interference between
beams reflected from different sample interfaces,
also known as autocorrelation terms. In the analysis
for recovering sample structure, it is necessary to
identify, in the Fourier transform of I�k�, peaks due
to the cross-correlation terms (P1 and P3 in Fig. 4)
and peaks due to the autocorrelation terms (P2 in
Fig. 4). This can be done by comparing the FFT�I�
curve when two interferometer arms are present
and when the reference arm is blocked or by increas-
ing the distance from the reference surface to the
sample, with the drawback of decreasing the depth
range. Alternatively, phase shifting can be used to
eliminate the autocorrelation terms, as was imple-
mented in differential Fourier-domain OCT [19].

Figure 5 shows the thickness wall mapping, for a
fixed value of z, in a complete turn of the sample.

Figure 6 shows the result of a complete scan per-
formed in a sector of a similar sample. This scanning
was performed in a section 10 mm in height. The
measurement was accomplished by selecting points
in steps of 1 mm in the z direction and with 9° angu-
lar pitch. A complete turn (0 < θ < 360°) for each z
value was scanned. Specific software was developed
to integrate each measurement with the radial con-
version described above and with the azimuth and
height values measured by the encoders located in
the translational and rational stages. With these val-
ues, dimensional parameters of the scanned region
can be obtained.

The time used to perform a typical measurement,
as in the examples shown in Figs. 5 and 6, can be es-
timated, taking into account that themeasuring time
of each point with the interferometer is approxi-
mately 4 ms, to which must be added the time nec-
essary to move the optical head of a point to the next
point. A measurement of wall thickness in one com-
plete turn of the sample (400 points) takes 4min. The
time for a scan of a portion of the sample, as in Fig. 6
with 4000 points, is 45 min.

A. Characterization of an Internal Bubble

In this section we show a characterization of an
internal bubble, as an application of this technique

Fig. 5. (a) Thickness of the container wall as a function of the angle θ (defined as in Fig. 1) for a constant z value. (b) Photo of the sample.

Fig. 4. (a) Schematic of the sample and the optical fields at the
sample arm. (b) FFT�I� as a function of the normalized optical path
distance, for a typical measurement. (An arbitrary zero was
selected for the horizontal axis).
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to obtain data from the interior of the container
walls. The measurement was performed with the
same scheme shown in Fig. 1.

Figure 7(a) shows reflections at the various inter-
faces of the sample. Figure 7(b) shows the FFT of the
interference signal produced with these reflections.
For clarity the reference arm was blocked and the
center coordinates of each of the three peaks (P1,
P2, and P3) shown in the figure are the corresponding
OPD values:

h1 � OPD�E1E2�;
h2 � OPD�E1E3�;
h3 � ng · d � OPD�E1E4�:

By carrying out a vertical scan (in z), the bubble’s
size and its position inside the sample can be
obtained as shown in Fig. 8.

4. Conclusions

We introduce and demonstrate a system that enables
simultaneous measurement of the dimensional
shape and wall parameters of glass containers. The
technique offers interesting alternatives that, to the
best of our knowledge, are not found in previous
works or in currently used equipment [5]. By utiliz-
ing FDLCI and the proposed mechanical design, it is
possible to obtain the spatial coordinates of different
points measured in the sample. It was shown that
from these measurements it is possible to obtain a
3D image of the sample that provides the parameters
of interest proposed in this paper, using thickness
mapping and the dimensional distances. Such im-
ages have high resolution and large depth range
compared with those obtained with other optical
techniques.

With the experimental setup employed in this
work, it was possible to scan regions that were
25 mm in height, had an azimuth angle between
0° and 360°, and were up to 2 mm in thickness (radial
axis) in samples with a diameter up to 80 mm in
length. The error in the distance measurement ob-
tained with the interference signal (h) is 2 μm, and
the error in the radial coordinate is 200 μm. To
reduce this error, it is necessary to improve the accu-
racy of the cylindrical gauge used as the referential
surface. No evaluation was made using this equip-
ment in conditions of noise as in an industrial envi-
ronment. However, proper use of the equipment in
conditions similar to those in a metrology room
has been demonstrated.

The potential of this technique as a nondestructive
test for container glasses was also shown by measur-
ing the position and dimension of an internal bubble.

The use of multiple optical heads in one measuring
station reduces inspection time and also offers the

Fig. 7. (a) Schematic of the sample and the optical fields at the
sample arm. (b) FFT�I� as a function of the OPD (h) for a typical
measurement.

Fig. 8. Reconstruction of the bubble shape and its location within
the sample. An arbitrary zero in the external wall position was
selected for the radial distance.

Fig. 6. 3D image of a sector of the sample shown in Fig. 5(b). The
Y , X , and Z axes are placed only for clarity.
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interesting alternative of employing heads with dif-
ferent characteristics (focus distance and positioning
system) aimed at specific applications. Future work
will seek to improve the technique to go in this direc-
tion for application in the packaging industry.
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