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Abstract

A novel optical edge projection method is proposed for surface contouring of an
object with low reflectivity. A structured light edge is projected onto a dark surface, and
the image is captured by a CCD camera. The object contour is evaluated using active
triangular projection algorithm, and a whole field 3D contour of the object is obtained by
scanning the optical edge over the entire object surface. The proposed method is applied
to a black low-reflective object made of weaved carbon fiber. The results which are
verified with conventional phase shifting fringe projection technique show that an accurate
profile of a specimen can be obtained. The proposed method is also applied to surface
contouring of a small component.
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1. Introduction

Optical techniques are widely used to determine surface contour in many engineering
fields. Generally they are non-contact and non-destructive, and are desirable for vibration
analysis, quality control and contour mapping. Common optical methods for contouring
include moiré [1,2], holography [3], Fourier transform [4,5], phase measuring profilometry
[6,7], and shearography [8,9]. In recent years, phase shifting fringe projection method
[10,11] has become a predominant method for surface contouring, and has been
extended to measurement of micro components.

When a structured light is projected onto the surface of an object, the projected
fringe pattern is perturbed due to its profile, thereby enabling direct derivation of the surface
profiles. Conventional phase shifting fringe projection method produces good results when
the surface of the object has good reflectivity. However, if the surface has low reflectivity, such
as a weaved carbon fiber, large error will result due to low image intensity.

To overcome this problem, a novel optical edge projection method is proposed. A
structured light edge is projected onto an object and the distorted optical edge is captured
by a CCD camera. Extracting the optical edge shadow and comparing it with a reference



line, the height of the object surface along the edge can be obtained using the triangulation
method. Whole field 3D contour of the object is obtained by scanning the optical edge
over the entire object surface. The accuracy of the method is dependent upon that of the
optical edge detection algorithm. In this paper, the Canny edge detector [12] designed
specially for step edge extraction [13] is used.

2. Principle of the method
2.1. Active triangulation projection

Fig. 1 shows a schematic of the projection and imaging system. It is an active
triangulation projection semi-whole-field measuring system. An optical edge is projected
onto a specimen at right angle. The image of the edge is located along point A and O is
the corresponding point on a reference line. When viewed from another direction at an
angle 8, a distorted image AC can be observed. The height h(x,y) of point A can be
calculated directly from simple geometry.

As shown in Fig. 1, the height of the specimen surface h(x,y) can be obtained by
hix.y) =AC/sin0. (1)
AC indicates the projected optical edge; the length of AC which is calculated from the
reference line is in units of pixels. The actual values of AC are calculated from a calibrated
reference line.

2.2. Optical edge detection

In Canny edge detection algorithm [12], a two-dimensional Gaussian function G(x,y)
IS given by:
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and an image with an optical edge f(x,y) is smoothened by convolution with G(x,y).
The smoothened image G[f(x,y)] is

G(x,y) =

Glf(x,v)] = Gl y) * f(x,»). 3)

Two-dimensional first derivatives are then calculated, and the gradient
magnitude (edge strength) and direction are obtained. The first-order derivative of an
image f(x,y) at a point P(x,y) is defined by a two-dimensional vector
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The absolute gradient magnitude is given by:
GIf (x.0)]| = |G} + G| 2. (5)

The gradient direction (edge orientation) is defined by:

f = arctan (,If' S (6)
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A non-maximal suppression process is then applied to the gradient magnitude
(edge strength) image to identify the local maxima. Only pixels with edge strength larger than
their two adjacent pixels in the gradient direction are identified as edge candidates while
the others are set to zero. The non-maximal suppression process results in edge segments
of one pixel width. To remove false edge segments due to noise, a thresholding with hysteresis
is processed. Two thresholds estimated by a signal-to-noise ratio from the original image are
used to remove weak edges using the following criteria: (1) all edge candidates below the
lower threshold value are marked as background; (2) edge candidates above the lower threshold
are identified as edge pixels if they can be connected to any pixels above the high threshold
through a chain of edge pixels.

2.3. Surface contouring by phase shifting technique

The phase shifting fringe projection technique is also used for comparison. Four phase
shifted sinusoidal fringes with phase shifts of 0, n/2, = and 3n/2 are projected onto a test
surface. The following equations represent the four successive intensity distributions [14]:

Ii(x,y) =alx,y) + blx,v)cos (x,y). @)
Iy(x.y) = al(x.y) + b(x,y) cos|p(x,y) + n/2]. (8)
[3(x,y) = alx,y) + b(x.v) cos[p(x, v) + nl. ()
I4(x,y) = a(x.y) + b(x.y) cos|p(x,y) + 3n/2]. (10)

where a(x,y) is an average intensity (background), b(x,y) is the intensity modulation, and ¢(X,y)
are the phase values to be determined. The phase ¢(X, y) at each point on the image can be
obtained by

Li(x,y) — [(x.p)

p(x.y) = arctan d . 11
Py A ) = L (v, ) (1)

The calculated phase ¢ (x, y) are principal values in the range of (-m, =), and is
wrapped in this range with discontinuous 2z phase jumps if the variation is larger than 2x.
The discontinuity can be removed by the phase unwrapping process [15,16] and the
object height h(x,y) is obtained from the unwrapped phase map using [11]

hix.v) = kol(x,v). (12)



where k is an optical coefficient related to the configuration of the system.

3. Experimental work

Two test specimens are used in this study. The first specimen consists of a flat plate
fabricated with weaved carbon fiber material. Fig. 2 shows an optical edge projection on
the specimen. The surface has a very low reflectivity and is highly uneven due to its
weaved structure. Numerous valleys can be observed between the fibers. To view these
valleys, a powerful white light source is needed. The optical edge is projected by a 150 W
DC white light source at a right angle using optical fiber through a set of imaging lenses onto
an area of 25 mm x 15 mm. The distorted optical edge is captured by a CCD camera
mounted at an angle to the light source. In phase shifting fringe projection, the optical
arrangement used is similar to that shown in Fig. 1. The edge projection in this case is
replaced with a liquid crystal display (LCD) projector controlled by a computer. The
phase shifted fringes are subsequently captured with the CCD camera and phase maps are
subsequently obtained.

Fig. 3 shows a second specimen indicating the area of interest. Areas A and B have
respective dimensions of 3.0 mm x 2.5 mm and 650 um x 400 pum. A microscopic lens with a
long working distance and a large zoom range (Optem Zoom 160) is used to enhance the
magnification of observation.

4. Results and discussion

Fig. 4 shows the various steps of the proposed image processing method. A border
line obtained by the Canny edge detection method together with a reference line are shown
in Fig. 5. The height distribution of this line is calculated using the relationship between
the projected light and that of the observation. The method works well on dark object but
has the shortcoming of requiring a scanning device. The specimen is fixed on a stage drived
by a step motor in the measurement system. As the stage is moved, the specimen surface is
scanned by the projected optical edge, and a series of line profiles can be obtained. The
measurement time for one specimen takes about 1 or 2 min depending on the dimension
of the specimen. The final profile of the specimen is calculated by linear interpolation. Fig.
6(a) shows a continuous surface contour of the first specimen and Fig. 6(b) shows a
corresponding 3D plot. The structures of the weaven fibers are clearly observed and the
shape of fibers with valleys in between fibers is all clearly identified.

Normally, the shape of the valley in a black specimen is difficult to measure
because of the low reflectivity and large unevenness on the surface. However, in this study,
the structured light projected on the surface enabled the image to be separated into two
distinct regions. In the dark region, little or no information is obtained. In the bright
region, precise details in between fibers can be observed. It is to be noted that certain area



in the bright region, especially at the top of the weaven carbon fibers would have
intensity above the dynamic range of the camera. This, however, will not significantly
affect the results as only the intensity along the optical edge is of concerned.

To verify the proposed method, a phase shifting fringe projection method is also
applied on the same specimen. Four phase shifted fringe patterns are captured as shown in
Fig. 7(a). It is seen that the fringes are discontinuous and certain parts of the patterns are
completely dark. Hence, it is not possible to record any useful information in this area.
The wrapped and unwrapped phase maps are shown in Fig. 7(b) and (c), respectively. It
is obvious from the phase maps that the profile of the specimen cannot be retrieved
correctly.

To verify the capability of the proposed method for profiling a small object, a
small test coin is used. A small area (Fig. 3(a) area A) is measured and the height
distribution of area A calculated by the proposed method is shown in Fig. 8(a). The
corresponding 3D plot is shown in Fig. 8(b). It is seen that the profile of area A is shown
In precise detail with a very high resolution. A smaller area (Fig. 3(b) area B) with less
than 100 pum in diameter (the eyeball of the animal) is also studied. It is seen that minute
profile variation (Fig. 9) can be observed clearly. The height distribution of area B is
shown in Fig. 10(a) and the corresponding 3D plot is shown in Fig. 10(b). It is seen that
high quality surface profile with a resolution of 0.7 um (the real size of one integral pixel)
is obtained. The resolution of the technique is dependent on pixel size, it is possible to
improve the resolution of the measurement by employing sub-pixels edge extraction
approach [17,18].

It is noteworthy that the measurement of a small component requires a long
working distance microscopic zoom lens with high magnification and the width of the
projected optical edge should be narrow in order to minimize the introduction of
errors due to an unfocused edge. In the present experiment, the width of the optical
edge projected (w) is less than 10 pixels as shown in Fig. 9. As can be seen the edge
contrast is not high. This is mainly due to the out-of-focus of the lens system and light
diffraction on the projection edge. The effect of out-of-focus is similar to a convolution
of a step function which describes the edge with a Gaussian distribution. The effect of
light diffraction at the projection edge would result in a spread of the edge to that of a
Sinc function on the object surface since the point spread function of a step function is a
Sinc function. The out-of-focus and diffraction effect would result in the smoothening of
the optical edge and hence could be utilized in the image processing instead of
employing the convolution shown in Eq. (3). The effect of light diffraction is dependent
on the optical setup and projection system and hence the diffraction effect is fixed.
However, by adjusting the projection image lens, a slight out-of-focus effect on the
optical edge can be achieved and the first processing step in the Canny's method can be
implemented by optical method. Adjusting the out-of-focus within a suitable range will not
introduce any errors while detecting the edges using the Canny's method.

It is worth noting that the resolution of the proposed method is lower than that of
the phase shifting fringe projection method. In the proposed method, height information is



determined by comparing the distortion of a border line with a reference line. The
minimal difference between the border line and the reference line is one integral pixel and
hence a resolution of one pixel is achievable. It should be noted that the resolution is also
dependent on the optical magnification of the observation system. In the first experiment,
the actual size of one pixel which determines its resolution after calibration is 35 pm. In
the second experiment, the corresponding resolution isQ.7 pm.

5. Concluding remarks

This paper presents a novel technique, an optical edge projection, to obtain the profile of
a highly low-reflective object. Experiments have been carried out on a specimen fabricated by
weaved carbon fibre material, where normal phase shifting fringe projection technique is not
suitable. The proposed method can also be applied to 3D shape measurement on a small
object with accuracy in the order of microns. The accuracy and resolution of the proposed
method is determined by the recording sensor which is one pixel. The resolution, however,
can be further improved with the introduction of a sub-pixel edge detection technique.
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1  Optical edge projection setup.

2 Weaved carbon fiber specimen with an optical edge projection.
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10 (a) Height distribution of area B; (b) corresponding 3D plot.



| White light source

A

Knife edge template

Computer

_g_; ¢ Reference line

Fig. 1



Fig. 2



Fig. 3



Projection of optical edge on specimen |-
Recording of optical edge

Y

Border line detection by Canny edge detection method

v

Comparison of border line with a reference

line to obtain distortion

Y

Calculation of height

Y

Scanning of optical edge over specimen surface

to obtain a series of height lines

v

Combination of height lines to

obtain whole field profile

Fig. 4












Fig. 8



Fig. 9






