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Abstract

The quality of the surface of metallic wires is relevant for different applications. The

reflection of a laser beam on the surface of a metallic cylindrical wire provides an efficient way

to inspect the quality of its surface. Our interest is focused in the detection of axially oriented

defects, which are the most relevant for the wire drawing process. We present a simple

interference-geometrical model to describe the light pattern reflected from a wire with defects.

This model adequately accounts for the observed results from an industrial prototype

developed for the purpose. It incorporates three-laser beams incident on the wire at

equidistant locations in its perimeter, which produce three reflection cones with a CCD. This

configuration permits to explore the whole perimeter of the wire. Several results are presented,

both in static operation and in production line, in agreement with qualitative and quantitative

predictions.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In a wire drawing process it is common the apparition of axial surface defects, like
scratches, die-lines, ridges, drawing grooves and roughness-strips, due to the drawing
process itself. It is very important to detect this defects in the production process, not
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only because the quality of the surface of the wires is relevant for different final
applications, but also because the apparition of such defects is an indication of quick
deterioration of the drawing dies [1,2]. On the other hand, these structures modify
the properties of the wires in several applications. Therefore, the surface quality
should be controlled previous to its use and, if possible, during the production
process, what would reduce time and costs in the wire production.
There has been important efforts to perform a superficial characterization of fine

metallic wires (30–600 mm of diameter) employing conventional techniques (atomic
force microscopy, scanning electron microscope and confocal microscopy), to make
a classification of the different kinds of superficial structures, and also to generate a
common nomenclature [1,2]. These techniques provide a great quantity of
information of the wire surface, but they have the problem of being very slow and
need a previous preparation of the samples. Therefore, they are not suitable to be
implemented in production line. We have developed and tested an optical technique
and an industrial prototype that allows the superficial characterization of metallic
wires in a simple and quick way in situ or in the laboratory. It permits to explore the
whole perimeter of the wire by using a triple laser reflection around the wire. The
obtained experimental results, both in static mode and in production line, are in
agreement with the predictions of the presented model.
In previous works the optical model used for the static detection of defects in

metallic wires were too simple [3,4]. In this work our intention is to develop a finer
model of interaction which adequately addresses some of the features observed in the
experimental results. In an optically smooth or perfect wire, the reflected light is
distributed along a reflection cone (Fig. 1). Geometrically, every reflection direction
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Fig. 1. The oblique incidence of a laser beam on a cylindrical wire lead to a reflection cone geometrically

related to the surface of the wire.
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of the cone corresponds uniquely to a point of the wire surface. Therefore, when
there is a defect in a particular point of the wire, we encounter a strong loss of
intensity or minimum in the corresponding point of the reflection cone. This
corresponds more or less to the observed behavior. However, this approximation
does not account for the interference effects produced between normal (specular)
reflection and the scattering produced at defects. In this contribution, we develop an
interferential model more adequate to interpret the observed experimental results.
Any defect with axial structure produces a conical scattered beam which overlaps

the reflection cone coming from the smooth wire surface (the basic axial structure).
In general terms, the interference of the scattered light with the specular reflection
coming from the wire will produce a sort of speckle modulation, as we will see.
Our model deals with smooth surfaces and few isolated axial defects on the wire.

However, it establishes the basics to consider the interaction between several possible
structures. It is important here to distinguish a textured or homogenous rough surface
from a defect or collection of defects. In the first case, it is possible to determine the
roughness of the surface by observing the speckle reflected pattern [5]. Our purpose is
to analyze the simpler effect of a defect on a smooth surface. We will focus our
approach in this last sense but obtain important conclusions to apply in more general
cases. From the presented model we will be able to obtain the localization of a defect,
and also information about its size parameters (depth and height).

2. Theoretical model for the reflected light pattern

In the previous work [3,4] the effect produced by a defect was considered just like a
scattering element leading to a gap in the light intensity pattern. Now we basically
continue with a geometrical model but incorporating a phase in the reflected
wavefronts to take into accounts interferential effects.
In a general measurement configuration we have an oblique incidence on the wire

which gives a reflection cone (Fig. 1) containing the surface information of a
semicylinder profile. From the symmetry of the problem and the reflection laws, the
problem of oblique incidence can be simplified in terms of normal incidence to the
wire axis and its projection on a plane normal to the wire. Therefore, we will consider
the situation of Fig. 2. It can be demonstrated that, in a general oblique incidence,
the projected cone is a version of the normal incidence case [6]. In other words, the z-
axis propagation components are not relevant for our analysis.
Consider the presence of an isolated continuous defect (sufficiently long in the

axial direction) in the wire smooth cylindrical profile (Fig. 2) and let N0 equidistant
and parallel rays fall on the wire surface (simulating an incident plane wave). All
these rays are contained in a plane perpendicular to the wire axis. Let us denote f ðxÞ
the wire profile defined by the intersection of that plane with the wire (Fig. 2).
The incident rays may be expressed with the wave vector k0 ¼ kð0;�1Þ; the impact

points on the wire surface as PR ¼ ðxR; f ðxRÞ; the normal vector in these points as nR,
the corresponding reflected rays kR and the optical path l from a ‘‘reference plane’’
P0 to an ‘‘arrival plane’’ Pc (defined for an observation angle c). Then, we have for
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each ray

nR ¼
ð�f 0; 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 02 þ 1
p ; kR ¼ �2ðkRnRÞnR þ k0;

l ¼ ða0 þ eÞ � yR|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
P0PR

þ ða0 þ eÞ � xRsin c� yR cos c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
PcPR

; ð1Þ

where f ’ is the derivative of f ðxÞ; e is the separation distance from the planes P0 and
Pc to the smooth wire surface, and c the observation angle (Fig. 2). In expression
a0 þ e can be set to zero without loss of generality.
We define now the detection system in the following way: we count and make

interfere in the far field, all the specularly reflected rays whose directions are
comprised in an infinitesimal angular interval Dc (Fig. 2b). The wave amplitude in
each angular interval is then (assume the reflectance R=1):

uðc;DcÞ ¼ NDc

XNDc

n

eikln ; ð2Þ

where c7Dc=2 is the angular interval at which we associate an intensity of I ¼ uu�;
NDc is the number of reflected rays within this angular interval, and ln is the optical
path from every ray in this angular interval.
Finally, the intensity profile that we obtain from Eq. (2) will be resampled to

simulate the effect of a discrete detector array like a CCD, producing some
averaging. Consider a camera with a square pixel with size p: Then, the computing
angular interval Dc in should be quite smaller than the angle subtended by the pixel
size. The number of incident rays N0 is fixed when the condition of a practically
constant intensity profile is achieved, i.e. when for N0 þ DN0 we do not get a
noticeable change in the normalized intensity profile.
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Fig. 2. Collimated rays incident on a small area of a perfect wire surface centered at g are reflected into the
angular interval c7Dc=2: A more general profile f ðxÞ will scatter into this angular interval from different

points of the wire. In fact for a defect located at g we have very few rays reflected at c7Dc=2: See text for
more details.
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For the sake of simplicity we will consider axial extended defects with a cylindrical
profile (Fig. 3). In more general axial defects, we will see that the basic features
predicted by a cylindrical-defect profile are very similar. We also assume that the
rays have only one reflection.
For a cylindrical axial extended defect like shown in Fig. 3, the overall surface

profile may be described by:

f ðxÞ ¼
yD þ aDsin arccos

xD � x

a0

	 

; xAðxI ;xSÞ

a0sin arccos
x

a0

	 

; xAð�a0;xI Þ,ðxS; a0Þ

8>>><
>>>:

; ð3Þ

where a0 and aD are, respectively, the radius of curvature of the wire and the defect,
ðxD; yDÞ are the position of the centre of the defect, and xI ;xS are the defect limits on
the x-axis. The way we will denote the size parameters of the defect in the figures are
as follows: the width of the defect w; the height t and the angular position gD (Fig. 3).
Some simulation results have been obtained following Eqs. (1)–(3). They are

shown partially in Fig. 4 where we consider different defects in size t but with the
same wire and location. The bold line represents the sampling average of the lighter
line (original simulation), calculated with a sampling band of 2�, representative of
our experimental setup. In the Fig. 4 we increase the radius of the defect aD keeping
constant the wire radius (a0 ¼ 200 mm) and the defect width (w ¼ 10 mm). This is
equivalent to a decrease in the height (or depth) of the defect t. The height to width
ratio of the defect determines the angular interval in which the scattered rays are
distributed. Let denote it as Dct (Fig. 4b). In this interval the scattered light
interferes with the global reflection of the wire producing a speckle-like appearance
on the intensity profile. More relevant for defect detection is the deep minimum in
the intensity profile which corresponds geometrically to the location of the defect. In
other words, with no defect, the light specularly reflected in that position would fill
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Fig. 3. Semi-cylindrical model for defect description.
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the gap. The angular width of this dark fringe Dcw is twice the angular size of the
defect, i.e. we have

Dcw ¼ 2w=a0: ð4Þ
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Fig. 4. Intensity profile calculated with Eqs. for several semi-cylindrical defects on a wire with

a0 ¼ 200mm, w ¼ 10mm, gD ¼ 10�: The angular interval to compute the irradiance is Dc ¼ 0:25� (lighter
line) and the sampling interval is p ¼ 2� (bold line). Total number of rays is N0 ¼ 50000: Defect
parameters: (a) t ¼ 1:03 mm, (b) detail of (a), (c) t ¼ 0:44mm, (d) t ¼ 0:19mm, (e) t ¼ 0:06 mm, and (f)
t ¼ 0:03 mm.
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As the defect approach t ¼ 0 or equivalently a0 ¼ aD (no defect condition), the
angular spread of the scattered light Dct diminishes while, at the same time, it
increases the interference modulation close to the defect gap Figs. 4(c)–(e).
Therefore, high modulation peaks around a deep minimum are an indication of
shallow defects, independently of its width. For aDca0 the defect is practically a flat
surface reflecting the rays in a collimated way, what cause a maximum intensity peak
in the specular defect position since DctoDcw; surrounded by intensity minima (see
Fig. 4f). We obtain the same intensity profiles for semi-cylindrical defects negatively
curved (Fig. 5).
We see that the smallest defects which mean a little change in the slope distribution

from the surface profile from a smooth surface, cause a big change around the
specular no-defect situation on the corresponding intensity profile.
From a more generalized view we may explain the basic behavior as follows. For

relatively big defects, the main feature at the reflected pattern is a gap in the intensity
profile (which appears as a radial dark fringe in the projected cone), surrounded by
an extended ripple- or speckle-like modulation due to the interference of the
scattered light with the global smooth reflection. The minimum of intensity of this
gap is always very close to zero. The extension of the ripple around such gap is
proportional to the maximum slopes (positive and negative) of the defect profile,
relative to the smooth expected profile of the wire. The defect slope distribution is
related with the size parameters of the defect, i.e. we have bigger slopes for a big
height to width ratio ðt=wÞ:
For progressively shallower defects we encounter an increase in the intensity of the

ripple modulation but restricted to closer surroundings of the defect intensity gap. At
the same time, the minimum in the intensity profile is filled up and it may even
transform to a maximum surrounded by minimums in the case of a defect consisting
of a flattened strip (Figs. 4(d)–(f)).
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Fig. 5. (a) Surface profile for a defect on a wire like in Fig. 7 (a0 ¼ 200mm, w ¼ 10mm, gD ¼ 0�) with

t ¼ �1:15mm. (b) Corresponding intensity profile for Dc ¼ 0:25�; p ¼ 2�; N0 ¼ 50000:
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In conclusion, defects with a big slope to width ratio ðt=wÞ produce a nearly
uniform speckle-like spread Dct quite extended. For t=w small the scattering spread
Dct decreases and the interference modulation increases.
Some basic limitation to the resolution of the inspection technique based on this

model may be seen in terms of the collimation of the incident beam, which should be
below Dcw: Other aspect of the presented results is that they are geometrically
scalable. This means that from a geometrical point of view, a constant wire-defect
angular relation will produce the same intensity pattern, i.e. when w=a0 and t=w are
kept constants. For more general defect profiles, the basic features in the intensity
pattern are expected to be described within the simple model developed for
cylindrical defects.

3. Experimental setup

In the Figs. 6 and 7 we see the details of the industrial prototype we have
developed. To obtain a whole surface inspection around the wire, we need in
principle, two conical reflected beams coming from the reflection on opposite sides of
the wire, because each reflection cone contain the information from the illuminated
zone (i.e. 180� around the wire). Nevertheless, at grazing incidence and also due to
the diffraction effects which affect the rays close to the edges, we loss the information
in these regions, so finally we need at least three incident beams (angularly
equidistant at 120�) to obtain a view of the wire surface with the information
complete.
A principal laser beam is split in three beams by means of a diffraction grating and

these auxiliary beams are directed to the wire at slightly different oblique incidence
angles while keeping a perimeter separation of 120� by means of three adjustable
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Fig. 6. Optical layout of the prototype and ray tracing for the triple conical reflection.
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mirrors (mirrors 1, 2 and 3 at Fig. 6). These beams have also small different incidence
angles so that the obtained reflection cones are concentric to the wire but do not
overlap.
Mirror 4 located on the wire axis deviates the reflection cones to an optical system

of two lenses (lenses 1 and 2) which project the tree reflection cones on a CCD.
The diffraction effects (impact point of the direct incident beam) are removed
by masks located between the lenses 1 and 2. A remarkable quality of the prototype
is that it can be implemented directly in the production line of the wire without
spinning it through the prototype, what facilitates its integration in the industry. This
property is achieved by means of a breach aperture at mirror 4 that allows the wire to
pass.

4. Experimental results

4.1. Static operation

Consider first one incident beam alone and a still wire. For a smooth wire, we
obtain the reflected pattern shown in Fig. 8 and a corresponding smooth intensity
profile. In Fig. 9 we find two main surface defects on a wire which give rise to the
corresponding fluctuations of the intensity profile: a defect with big t (absolute value)

ARTICLE IN PRESS

Mirror 4Mirrors 1, 2 and 3

Wire 

Lens 1

Masks 

Lens 2

Diffraction grating
Camera

Laser

Fig. 7. Left: look at the prototype inside. Right: implementation of the prototype (covered) in a wire

drawing machine.
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Fig. 8. Intensity profile (left) taken from the intensity pattern captured with a CCD camera (right) which

intersect the conical reflected beam obtained experimentally from a smooth wire surface whose diameter is

400mm.

Fig. 9. Intensity profiles from a stainless-steel wire (a0 ¼ 340mm) with axial extended surface defects. (a)
Intensity profile of the image, (b) of the intersected reflection cone, (c) and (d) represents the same situation

with the wire rotated 45� around its axis (the reflected cone rotate then 90�).
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originates an intensity minimum (defect A), while a defect with small t; probably a
flat area, gives rise to an intensity peak between two minima (defect B) like we have
predicted in Fig. 4. In Figs. 9(c)–(d) we rotate 45� the wire around its axis causing the
corresponding displacement of the defects A and B on the intensity profile in 90�.
Therefore, we can appreciate a good correlation between the rotation of the reflected
profile and the rotation of the wire confirming the basic geometric nature of the
detection.
Fig. 10 shows the intensity profile and the image of the intersected conical

reflected beam from a wire with a defect (indicated with an arrow) like that
shown in Fig. 4d, where we can appreciate a minimum surrounded by intensity
peaks. In this case, we may estimate the width w of the defect A from Eq. (4) and
obtain 13 mm. Measurement of its width with an optical microscope give us
w ¼ 1572 mm.
Typical images obtained with the three laser beams turned on are given in Fig. 11.

In this figure we can see the three reflection cones and some ‘‘dark regions’’ (in
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Fig. 10. Intensity profile of the image of conical reflection taken at a wire of 150 mm. Clear defects are
differentiated. The arrow indicates a defect of w ¼ 13mm (see text).
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external ring: at 1 a o’clock, in internal ring: at 9 a o’clock, and in all the rings: at 6 a
o’clock) which correspond to the masks and the mirror slit (mirror 4) and not to
axial defects. We can appreciate that a smooth surface (Fig. 11 center) gives rise to a
smooth angular intensity distribution, while a wire with a faulty surface (Fig. 12)
gives a strong modulation of the annular intensity profile with several dark fringes or
intensity gaps. Observe also that the waviness of a wire or diameter variation along
its axis Fig. 11 (bottom) produces ring profiles with onion-like structure, although
the wire surface in this case is very smooth. Finally, it is also possible correlate point-
like defects with point-like intensity gaps in the reflection cone (indicated by arrows
in Fig. 11).
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Fig. 11. Above: triple conical reflection image obtained for a good wire (see image at center). The wavy

nature (below) or variable diameter of the wire produces the stratified appearance (onion-like) of the

reflection pattern. The arrows indicate local point-like defects.
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4.2. Dynamic operation

In practice, when the wire is in movement with a certain wire guiding speed v

trough the prototype, we have to consider several instabilities and smoothing effects.
In the industrial tests performed we find out that it is possible to capture the three
reflection cones sufficiently stabilized on the CCD by maintaining the wire
sufficiently stretched. Under this situation the pattern generated by an axial defect
is constant in dynamic operation (i.e. the smoothing affects to the drawing direction
only).
We show some images captured by the prototype in production line. In Fig. 13 we

show the image captured from a 30 mm stainless-steel wire, increasing the wire speed
from v ¼ 2 to 20m/s, that lead to a smoothing of the intensity profile in radial
direction at the CCD and fixed exposure time.
Finally, we scratch the surface of a wire (400 mm stainless-steel) while drawing with

a sand paper before entering the prototype. The effect can be appreciated in Fig. 14,
before scratching (above) and while scratching (below). A significant variation in the
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Fig. 12. Image obtained for a faulty wire corresponding to the wire surface shown below obtained with an

optical microscope.
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quality is observed in the reflection profiles. The scratching produces an increase of
intensity gaps (Fig. 14).

5. Conclusion

We presented an integral development for the detection and quantification of axial
defects on cylindrical metallic wires, in static or dynamic operation. We presented:
(1) the development of a simple theoretical model although adequate for the
interpretation of the reflection intensity patterns, (2) the development and
implementation of an industrial prototype adapted for static and dynamic inspection
and (3) some experimental results which corroborate the viability of the technique.
The proposed model is valid within the geometrical approximation, i.e. for big
enough defects and wires (w > Bl(B1 mm) and a0 > B3l).
The typical feature produced by an axially extended defect is the apparition of an

intensity gap in the reflection profile which a width proportional to the width of the
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Fig. 13. Images captured by the prototype for different wire guiding speeds. Wire diameter is 30mm.
Above: wire speed is v ¼ 2m/s, the exposure time texp ¼ 10ms corresponding to an axial length of

eexp ¼ 20mm. Below: v ¼ 20m/s, texp ¼ 10ms, eexp ¼ 200mm.
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defect and secondly, the apparition of a speckle or an interference-modulated pattern
surrounding the intensity gap which informs of the relative height or depth of the
defect.
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