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Optical sensors for on-line inspection of

industrial materials

Paolo Cielo, MEMBER SPIE

National Research Council Canada
Industrial Materials Institute

75 de Mortagne Boulevard
Boucherville, Quebec

Canada, J4B 6Y4

Abstract. Recent work on the development of optical sensors for on-line
inspection of industrial materials is reviewed. Examples include on-line
thickness profilometry for sawmill process control, polymer morphology
analysis by light-scattering techniques, lubricant oil quantifcation on alu-
minum sheets, in-process inspection of plasma sprayed particles, and
infrared temperature sensing in a continuous annealing furnace. The em-
phasis is on noncontact techniques well suited to automation and spe-
cifically adapted to each particular application with minimal perturbation
of the industrial process.

Subject terms: optical sensors; three-dimensional profilometry; light scattering; on-

line analyzers; process control; temperature sensors.
Optical Engineering 32(9), 2130-2137 (September 1993).

1 Introduction

In the modern computer-integrated industry, statistical pro-
cess control plays an increasingly important role. Rugged
and noninvasive on-line sensors are correspondingly needed
to provide real-time data input for continuous and unattended
process optimization.

In the materials processing plant, harsh environments,
high temperatures, and continuous product motion are typ-
ically encountered, so that noncontact sensors are often pref-
erable to contacting devices. Optical techniques are well
suited for such tasks because they combine remote sensing
possibilities with the increasing ruggedness of modern optical
components.

This paper reviews recent developments at our institute
on optical sensors for continuous quality and process control
of industrial materials. The emphasis is on application-driven
sensors well adapted to the real needs of the materials in-
dustry.

2 Thickness Profiling for Sawmill
Process Control

In a sawmill plant, logs are reduced to boards whose market
value critically depends on their section and length. To choose
the best sectioning geometry or to decide how much of the
rough edges of a semifinished board should be trimmed in
the edging process, a full three-dimensional (3-D) profile of
each board must be acquired in real time. Our institute was
recently associated with a manufacturer of sawmill process
control instrumentation to develop such a 3-D scanner.
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2.1 Design of the Optical Scanner

One possible approach for the profiler is shown' in Fig. 1.
This configuration requires 2-D image scanning that is suf-
ficiently rapid for the case shown in Fig. 1, where the board
moves along its longitudinal axis. In our case, however, pro-
cess requirements made it necessary to scan the board as it
moves laterally, as shown in Fig. 2. Because the required
resolution is much higher in the transverse than in the lon-
gitudinal direction, a faster method was required.

The approach adopted by our institute for the optical de-
sign of the light projection and viewing modules is shown
in Fig. 3. A multiple-beam projection system, using a plu-
rality of diode laser sources, simultaneously illuminates a
number of spots, typically spaced at 10-cm intervals, on the
lumber surface. A single line-array camera records the an-
gular position of the illuminated spots and thus the surface
depth at typically six positions along the board. The surface
profile at such positions can thus be recorded by triangulation
as the workpiece moves at a known speed in a direction
normal to the plane of Fig. 3. At typical process conditions,
the spatial resolution is of the order of 0.5 mm across the
axis of the board, while being equal to 10 cm along the board.
This is satisfactory for elongated workpieces such as lumber
boards or trunks, whose size varies only slightly along their
axes. As to the depth accuracy, it is of the order of 250 um
over a range of 30 cm.

The important advantage of this design as compared, e.g.,
to the configuration shown in Fig. 1, is that a single line-
array camera is required to collect surface profiles at multiple
locations. If a line-projection and 2-D camera viewing system
of the kind shown in Fig. 1 was used for each module, a
typical number of 300,000 pixels should be scanned at each
time sampling interval of 1 ms, compared to 1000 pixels for



OPTICAL SENSORS FOR ON-LINE INSPECTION OF INDUSTRIAL MATERIALS

Camera

Generated light line

Fig. 1 Lumber profiling system using line projection camera and
viewing at an angle.
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Fig. 2 Multiple-module system to acquire the top and bottom sur-
face profile of a lumber log or board while it is moving in a direction
normal to its longer axis.
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Fig. 3 Schematic diagram of one of the lighting and viewing mod-
ules in Fig. 2.

a typical 1-D camera. A view of the full system, which is
now commercialized by the Canadian company Dynamic
Control Systems, is shown in Fig. 4.

To relax alignment requirements within each module (the
axis of the line-array detector and the center of the imaging
lens must be coplanar with the projected beams) a wide-
aperture array (with 0.001-X0.010-in. elements) was used
to collect the images of the projected spots, as shown in Fig. 5.
The actual position of each spot in the board-movement di-
rection is recorded and kept in memory for normalization
purposes during the calibration step when a workpiece of
known profile is passed through the scanner.

2.2 Speckle Averaging by Spatial Integration

The spot images shown in Fig. 5 are elliptical in shape. This
results partly from angular perspective, and partly from noise
averaging requirements, as will now be discussed.? The image

Fig. 4 View of the lumber board projection profiler ready to acquire
dimensional information of parts fed by the conveyor belt. The 10
upper modules are visible in the photo (courtesy of Dynamic Control
Systems, Delta, British Columbia).

Photodetector array

Al

Fig. 5 Images of projected light spots on a wide-aperture array.

Ml

Light spot images

of a typical projected light spot on a rough surface is shown
in Fig. 6. Speckle effects in the coherently illuminated area
produce fluctuations of the light intensity along a typical line
AA', as shown in Fig. 6(b). Similar spatial noise is introduced
by reflectivity fluctuations along a matt-finished surface.

Spatial averaging along a direction normal to the photo-
detector array axis can be performed as shown in Fig. 5 with-
out decreasing the depth resolution if a wide-aperture array
is used in conjunction with the projection of elliptical spots
elongated in a direction normal to the array axis. The smooth-
ness improvement in the line-array-recorded spot profile (and
thus the accuracy of the computed center of gravity) obtained
by projecting a light spot of elliptical, rather than circular,
cross section is well illustrated in Fig. 7.

3 Polyblend Characterization by
Light-Scattering Techniques

3.1 Introduction

Polymer blends are physical mixtures of different polymers
whose microstructure typically consists of micrometer-sized
domains of a given polymer in a matrix of a different polymer.
Polymer blends are experiencing a rapid growth because of
the following advantages of blended versus single-polymer
processing: (1) blending can generate a unique material as
far as cost and/or performance is concerned, (2) it allows for
the quick modification of performance as a market develops,
(3) it involves relatively low capital investment, and (4) it is
more rapid to generate a new blend from conception to com-
mercialization as compared to generating a new polymer.
The morphology of a blend can be changed considerably,
in terms of microdomain size and/or elongation, depending
on the processing conditions or material composition em-

OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9 /2131
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(a)

Fig. 6 (a) Image of a projected light spot showing speckle effects
and (b) light intensity profile along AA’.

ployed. Such changes are significant because the size and
shape of the domains can affect material performances such
as its impact resistance and directional mechanical properties.

Morphological characterization is typically performed on
samples of the polyblend material by optical or electron mi-
croscopy. These techniques are laborious, require sampling
conditioning, and are not suitable for continuous process con-
trol. There is a need for in situ techniques, which can au-
tomate morphological analysis during polyblend processing.
Work has been performed at our institute over the recent
years to develop morphological analysis techniques based on
the light-scattering properties of the bulk polyblend material.

3.2 Orientation Analysis

Microdomain elongation and orientation are strongly depen-
dent on the molten polymer processing procedures. An elec-
tron micrograph showing the microstructure of a polypro-
pylene (PP)-polycarbonate (PC) blend after extrusion
through a slit die is shown in Fig. 8. Different degrees of
particle elongation were observed for different values of the
extruded ribbon HSR (hot-stretch ratio: ratio between the
ribbon lengths before and after stretching).> Methods for in
situ continuously monitoring the average particle elongation

2132/ OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9

without requiring periodic sample collection are highly de-
sirable.

A simple approach investigated to analyze the ribbon mor-
phology is shown in Fig. 9. A laser beam, focused to a nearly
300 wm diameter, is directed on the ribbon surface at 45 deg
to the surface normal to avoid the surface specular reflection.
A video camera (matrix-array CCD) is used to image the
diffuse light pattern (isointensity curves) produced by the
laser beam scattered within the thin ribbon. Two images are
shown, corresponding to a fiber orientation within the ribbon:
Fig. 9(a) perpendicular and Fig. 9(b) parallel to the plane of
incidence (plane of the figure). These two pictures were ob-
tained by illuminating the same spot of the anisotropic ribbon,
which was rotated by 90 deg around the surface normal in
Fig. 9(b) as compared to Fig. 9(a). The difference between
the pictures shows that such a method is highly sensitive to
the orientation of the polyblend structure.

The particle directionality is usually depth variable, being
typically maximum close to the top surface of the processed
polymer product, and tending toward isotropy at depths of
the order of 1 mm below the surface in thick products. We
have recently undertaken an investigation* to evaluate the
applicability of light scattering imaging techniques to depth-
resolved orientation analysis on artificial samples simulating
skin/core morphologies.

The basic principle is shown in Fig. 10. A sample con-
taining a simulated skin (y oriented glass fibers embedded in
a polystyrene matrix) on an isotropic, optically thick core
(glass microspheres in an epoxy matrix) is illuminated at 45
deg by a narrow light beam. As in Fig. 9, a video camera is
used to image the diffuse pattern produced by light scattering
within the double-layer sample. The expected imaged pattern
is shown in the insert: apart from the reverberation noise
(caused mainly by surface scattering) at the center of the
pattern matching the light beam cross section, the isointensity
curves are expected to be roughly elliptical, as in Fig. 9(a),
at distances from the point of incidence smaller than or of
the order of the skin thickness. As the distance from the center
of the pattern increases, the influence of the thin skin becomes
negligible and the curves tend to assume the circular shape
characteristic of the isotropic, and thus uniformly scattering,
core. By plotting the ellipticity (ratio of the major axis a and
the minor axis b) of the isointensity curves versus the distance
from the pattern center one can thus hope to obtain some
indication of both the orientation and the depth of the skin
layer.

A few results obtained with skins of different thicknesses
over the same core are shown in Fig. 11. A certain degree
of correlation between the skin thickness and the degree and
evolution of the ellipticity is visible. Still clearer results were
obtained more recently using a normal incidence beam with
cross-polarized imaging.’

3.3 Particle Size and Concentration

An analysis of the diffuse patterns of the kind shown in Fig. 9
can also provide information on the average particle size or
concentration of the minor phase in the polyblend. Simply
stated; in the absence of absorption, the size of the diffuse
pattern is inversely proportional to the light-scattering coef-
ficient within the blend. The scattering coefficient depends
on the particle concentration (usually known) and on their
size through a rather complex relationship of the particle
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Fig. 7 Typical spot image profiles recorded with a wide-aperture linear array detector in a triangulation
setup of the kind shown in Fig. 3. Either a circular (a) or an elliptical (b) laser beam was projected on

the surface.

Fig. 8 Electron micrograph obtained in the center of a 100-pum-thick
93% PP/7% PC ribbon extruded with an HSR=5.

effective cross section versus size, which is determined, at
low concentrations, by the Mie diffraction theory.

Figure 12 shows examples of transmittance spectra
through 0.2-mm-thick polyblend sheets with average spher-
ical particle diameter of 1.6 [Fig. 12(a)] and 18.9 [Fig. 12(b)]
pm (with size distributions widely polydisperse). Disregard-
ing the absorption bands, it can be seen that the sample be-
comes translucent at longer wavelengths, when the wave-
length becomes comparable to or smaller than the particle
size (Rayleigh scattering domain). By evaluating the scat-
tering coefficient at proper wavelengths, one can thus estab-
lish correlations between the extension of the diffuse pattern
and the average particle size if the concentration is known.3-3
Furthermore, the concentration parameter can be eliminated
by using two laser wavelengths and taking the ratio between
the measured diffuse pattern brightnesses at two different
distances from the point of incidence.’

4 Lubricant Oil Quantification
on Aluminum Sheets

Relubricant layers are normally used to improve the lubricity
properties of aluminum sheets during subsequent forming
operations. On-line lubricant film thickness monitoring
would be desirable as an input parameter for process control
as well as to ensure that customer specifications are met.
Interrelations between organic deposits on the surface and
metal performance such as corrosion properties and paint-
ability are well known. We have recently performed a fea-
sibility study in collaboration with an aluminum manufac-
turer on the quantification of thin oil layers on as-rolled
aluminum sheets using a reflection-absorption spectroscopic
approach.®

The basic approach is shown in Fig. 13. A light beam from
a wideband infrared source is projected on the surface to be
inspected and the reflected light is spectrally analyzed by a
dispersive or nondispersive analyzer. The thickness of a film
of known composition can be determined by monitoring the
depth of a characteristic absorption band (around 3.4 pwm for
most hydrocarbons) by taking the ratio of the light intensity
transmitted through an ‘‘on-band’’ and an ‘‘off-band’’ filter
and applying the Beer-Lambert law.’

Because the oil films to be monitored are in the 10- to
500-nm-thickness range, the setup must be optimized in terms
of light beam angle and polarization. Indeed, in the case of
normal incidence (or of any incidence for perpendicular-
polarized light) on a highly reflective metal, and for an oil
film thickness much smaller than the analyzing wavelength,
the film is located at a node of the standing-wave pattern
(produced by the interference between the incident and the
reflected beams) over the illuminated surface. Relatively few
photons will thus be interacting with the oil film material,
resulting in a low visibility of the oil spectral features in the
reflected beam.

We thus performed a series of tests® to optimize the po-
larization (we obviously chose parallel-polarized light) and
angle of the projected beam in presence of the directional

OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9/2133
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Fig. 9 Reflection configuration used to evaluate structural orientation within the ribbon of Fig. 8, with
the fibrillar structure (a) perpendicular and (b) parallel to the plane of the figure. The two corresponding
video camera images (showing isointensity curves) cover each an area of 3.5x3.5 mm around the

point of incidence of the laser beam.

surface finish of as-rolled aluminum sheets. We also verified
the repeatability of calibration for oils of different nature and
for different orientations of the setup with respect to the
rolling direction. Figure 14 shows typical results obtained at
an angle of incidence of 54 deg, compared to the actual film
thickness as measured by gravimetric techniques. The output
signal is roughly linear and the accuracy is considered sat-
isfactory over the required thickness range of 10 to 500 nm.

Further tests were performed on as-coated sheets, and an
on-line sensor based on these principles is now being installed
on a pilot line at our partner’s plant.

5 Monitoring Plasma-Sprayed Particles

Plasma spray deposition is an in situ coating process by which
ceramic or refractory metal particles are melted and projected
by an arc plasma over the surface to be coated. To better
understand the physical phenomena taking place as the mol-
ten particles come into contact with the substrate, an on-line
fiber optic temperature sensor system was recently developed
at our institute to monitor the particle temperature after im-
pact.89

A schematic diagram of the experimental setup is shown
in Fig. 15. Particles are sprayed by the plasma torch over a
substrate through a 2-mm-diam hole on a V-shaped metal

2134/ OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9

shield. At each pass of the torch over the observation plane,
a few particles are projected through the metal shield hole
and may be detected by the pyrometer, which is a fiber optic
collector connected to a double-wavelength pyrometer. When
both the pyrometer and the coincidence sensor, a simple fiber
optic intensity sensor, simultaneously detect a particle, the
pyrometer output is recorded. This eliminates spurious pulses
caused by in-flight particles.

Figure 16 shows an example of thermal event correspond-
ing to the impact of a TiC ceramic particle on the steel sub-
strate. Signals 1 and 2 are plotted and correspond, respec-
tively, to the simultaneous outputs of detector 1 (centered at
900 nm) and of detector 2 (700 nm). By taking the ratio of
these two signals and comparing with a previous ratio versus
temperature calibration, one can obtain the temperature evo-
lution of the projected particle during and after the impact.

A number of basic parameters can be obtained from data
of the kind shown in Fig. 16. The particle cooling rate, a
parameter that determines the sprayed layer morphology, can
be obtained directly from such data; it has been found to
depend on a variety of variables, such as the substrate material
and the coating thickness.” By comparison with a finite-
difference model, the thermal resistance at the particle-to-
substrate interface could be evaluated, and its effect was
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Fig. 10 Schematic diagram of the setup used for depth-resolved
analysis experiments. A simulated oriented-skin/isotropic-core sam-
ple is illuminated at 45 deg by a narrow light beam impinging on the
skin surface. The isointensity curve pattern seen by the video cam-
era imaging the surface area surrounding the incident beam is
shown schematically in the insert.
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Fig. 11 Ellipticity of the isointensity curves versus the distance of
the curve from the center of the diffuse pattern as.obtained with a
setup of the kind shown in Fig. 10 for simulated skin/core samples
with the indicated values of the skin thickness. The skin was con-
stituted of 5% volume concentration oriented glass fibers of diameter
d=0.35 um in a PS matrix, whereas the isotropic core was made
of dispersed glass microspheres in an epoxy matrix.

found to dominate on the observed cooling rate.® The effects
of phase changes, undercooling, surface roughness, and mol-
ten particle rheology at impact are also being studied using
this setup. Finally, a similar system is being developed to
monitor the particles in flight for direct process control pur-
poses.
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Fig. 12 Transmission spectra obtained through two 0.2-mm-thick
polyblend sheets, 93% polypropylene-7% polycarbonate volume
concentration, with volume average particles diameters (a) 1.6 um
and (b) 18.9 um.
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Fig. 13 Typical setup for spectroscopic coating thickness evalua-
tion.
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Fig. 14 Integrated absorbance over the 2900-cm~"' spectral band
for a variety of samples with different relubricant thicknesses under
p-polarization and at an angle of incidence of 54 deg. Results are
shown with two different lubricant types and at two different orien-
tations of the plane of incidence with respect to the rolling direction
of the aluminum sheet. The two interpolating lines correspond to the
cross-web (upper line) and down web (lower line) orientations.

6 Infrared Temperature Sensing
in an Annealing Furnace

The problem to be solved here is the continuous monitoring
of metal-sheet temperature in a continuous annealing line to
ensure proper annealing at the highest allowed line speed to
maximize the production rate. Infrared devices are widely
used for noncontact temperature monitoring of the moving
sheet. Commercial infrared pyrometers are, however, af-
fected by important errors related to variations of the surface

OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9/2135
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Fig. 16 Example of outputs from detectors 1 and 2 on the arrival of
a projected particle.

emissivity, which may change unpredictably depending on
the metal composition, surface finish, and degree of surface
cleanness or oxidation.

To overcome the emissivity problems, an integrating cav-
ity infrared temperature sensor whose design is shown in
Fig. 17 was first developed for an aluminum furnace at our
institute.!® A double-wavelength sensor was coupled to a
fiber optic probe to transmit the infrared radiation from the
aluminum sheet within the furnace to the detector unit, which
is installed in a protected environment outside the furnace.
The operating spectral range is in the 1.5- to 2.5-um area,
where silica fibers have an absorptivity smaller than a few
decibels per meter. This spectral range is appropriate to mon-
itor plate temperatures from 250 to 500°C.

The sensor head comprises an integrating cavity made of
two gold-plated mirrors at a small angle to the aluminum
plate. The infrared emissivity of bare aluminum is typically
0.05 in the near IR, but may easily increase to 0.2 or 0.4 if
the aluminum is oxidized or soiled. Because the sheet surface
conditions may vary unpredictably in the annealing surface,

2136 / OPTICAL ENGINEERING / September 1993 / Vol. 32 No. 9
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Fig. 17 Schematic diagram of the fiber optic in-furnace temperature
sensor.
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Fig. 18 Ray paths within the double-wedge cavity for light
(a) transmitted through the optical fiber and (b) originating from out-
side heat sources.

important temperature evaluation errors are made with con-
ventional infrared devices using no integrating cavity.

The effect of the double-wedge cavity can be described
in qualitative terms with reference to Fig. 18. A light beam
exiting from the fiber is shown in Fig. 18(a) to undergo mul-
tiple reflections within the cavity. If the gold-plated mirrors
have a high reflectance, most of the light will end up being
completely absorbed by the aluminum sheet, which will thus
have an effective absorptivity close to unity. By inverting
the direction of the light rays, it can be concluded that the
wedge-covered sheet has an emissivity close to unity. Con-
versely, if ambient light from nearby heat sources leaks into
the cavity, multiple reflections in the wedge will tend to
decrease the ray’s angle with the sheet surface, as shown in
Fig. 18(b). Ambient light will thus reach the input end of the
fiber optic bundle at an angle outside of the angular accep-
tance of the fibers so that a good discrimination is obtained
against spurious reflections. The acceptance angle is of the
order of 25 deg for the 0.2-numerical-aperture (NA) fibers
that were chosen for our prototype.

A higher temperature version of the sensor was also de-
veloped for installation in a steel continuous annealing line.'!
This second sensor is water-cooled and is based on a conical
cavity to facilitate the design of the cooling system. The basic
principle is similar to the one depicted by Figs. 17 and 18,
but the spectral range is now in the 1.2- to 1.6-pm region,
to sense steel sheet temperatures from 500 to 800°C. Typical
results of in-furnace tests are shown in Fig. 19, where the
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Fig. 19 On-line comparison of reflecting cavity and conventional py-
rometer outputs showing emissivity instability effects.

outputs of a conventional pyrometer and the reflective cavity
(RC) pyrometer are compared for a period of approximately
2 h around a line stop. Preceding the line stop, the RC py-
rometer follows the output of the conventional instrument
with a constant offset of approximately 40°C. The RC py-
rometer typically reads lower temperatures than the conven-
tional pyrometer, because of the influence of reflected am-
bient heat on the latter. Immediately following the line stop,
the temperature reading from the conventional pyrometer
undergoes some instability not experienced by the RC py-
rometer. This is understandable in terms of fluctuating strip
emissivity on the material stalled upstream in the process, to
which surface cleaning and annealing operations are applied
nonuniformly. This shows that the RC pyrometer is less sen-
sitive to both emissivity variations and spurious reflections
as compared to a conventional one.

As to the aluminum sensor, our prototype has been in-
stalled in the continuous annealing line and has been pro-
viding a reliable output over a test period of almost 2 years
with minimal maintenance requirements. By optimizing the
sheet speed in the furnace based on the sensor output, the
operator could increase substantially the furnace yield, with
the annealing temperature being properly reached as con-
firmed by off-line hardness tests.

7 Conclusions

A few examples of on-line optical sensors recently developed
at our institute for continuous quality or process control in
the materials processing industry have been presented. De-
sign choices as adapted to the specific requirements of dif-
ferent industrial applications, in both the visual and the non-
visual fields, have been discussed. It is shown that optical
sensors may provide powerful, reliable and cost-effective
tools for primary data collection needs in the modern auto-
mated industry. One conclusion that can be drawn from this
kind of experience is that on-line inspection requirements
must often be approached on a case-by-case basis: production
sensors must usually be adapted to the needs of each specific
industrial application.
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