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Abstract

®

CrossMark

Grinding is one of the most effective processing methods of hard and brittle materials. In

the grinding process, measurement of the grinding wheel profile is of great significance

for evaluating the grinding wheel processing accuracy, detecting wear and compensating
machining errors. In this paper, a novel grinding wheel profile measurement method based
on an image mosaic is proposed to realize fast non-contact profile measurement. A profile
template matching approach based on the profile search algorithm is constructed according
to the characteristics of the wheel profile, and the complete grinding wheel profile is obtained
and measured by a fast and accurate mosaic of profile images. The experimental results show
that the proposed algorithm is more efficient and accurate compared with the traditional image
mosaic algorithm. On the basis of this method, a measurement system for the grinding wheel
profile is established and cylindrical and hemispherical grinding wheels are measured. The
high-resolution complete cross-sectional profiles are obtained and the results are compared
with a 2D laser profiler. The root mean squared error of the cylindrical grinding wheel is
0.08%—0.1% of the nominal radius. The center position deviation of the hemispherical
grinding wheel is between 3 pm and the radius deviation is below 0.08% of the nominal
radius. The measurement results indicate the feasibility and precision of this method, which
can realize non-contact rapid measurement of the grinding wheel profile.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Grinding is one of the most effective processing methods of
hard and brittle materials [1]. In the grinding process, the pro-
file parameters of the grinding wheel directly affect the shape
accuracy of workpiece [2—4]. Particularly in the grinding
process of complex surfaces, such as off-axis aspherical sur-
faces and free-form surfaces, diamond grinding wheels not
only rotate about the rotating axis at high speed, but also
need to swing around their own swing center [5]. However,
current grinding wheel profile measurement and evaluation
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often neglects the swing process and focuses on the grinding
wheel profile rotating about the central axis, which leads to
an incomplete evaluation of the profile. There are still cur-
rently some limitations and shortcomings in the methods and
instruments available for grinding wheel profile measurement.
Therefore, it is urgent to develop a method to obtain com-
plete profiles of the working parts of grinding wheels with dif-
ferent shapes to evaluate their processing accuracy, detecting
wear [6] and compensating machining errors [2] in the actual
grinding process.

At present, research on grinding wheel measurement
mostly focuses on the measurement and characterization of
the surface topography [7-9]. In particular, Brown et al [10]
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studied multiscale analyses and characterizations of surface
topographies, and synthesized a system for the organization
and designation of multiscale analyses, which provides great
value for evaluating the surface topography of a grinding
wheel. However, there is relatively less research on the meas-
urement of the grinding wheel profile, which is more mac-
roscopic than the surface topography. The measurement of
grinding wheel profiles mainly includes indirect measure-
ment, contact measurement and non-contact measurement.
Some studies have looked at the acquiring approach of the
grinding wheel profile information by scholars.

Huang et al [2] employed a profilometer to measure the
profile of a graphite disc ground by a grinding wheel and indi-
rectly obtained the grinding wheel profile error, which was
compensated for in the following processing. Su et al [11]
and Chen et al [12] duplicated the profile of a saucer grinding
wheel on a sample workpiece and a thin plate specimen
respectively, and both studies used machine vision to measure
the 2D profile of the specimen. The profile information of the
saucer grinding wheel arc edge was indirectly acquired.

The indirect measuring method, by duplicating the pro-
file of the grinding wheel on the specimen, is mainly used to
detect wear and acquire 2D information of the saucer wheel
arc edge. However, this method can only measure the cutting
edge of a particular grinding wheel, and only obtain the most
protruding profile of the grinding wheel, which fails to eval-
uate the profile at different cross-sections completely and pre-
cisely. Therefore, some direct measurement methods for the
profile have also been proposed by researchers, which mainly
include contact and non-contact measurement.

Magdziak et al [13] employed a coordinate measuring
machine to measure the profile of a grinding wheel and con-
cluded that the contact method presented a lack of repeat-
ability, which is associated with the different measurement
parameters applied during coordinate measurements.

Contact measurement acquires profile information by point
contact through probe or stylus and the measuring efficiency
is greatly reduced. In addition, due to the size effect and shape
effect of the probe and the complex topography formed by
abrasive grains, pores, and bonds, the feature points which
characterize the variation of grinding wheel profile may be
lost [14]. Meanwhile, the high hardness abrasive grains will
inevitably cause probe or stylus wear, which will also increase
the costs and affect the measurement accuracy.

With the rapid development of optical measuring and
machine vision technology, non-contact measurement has
been applied to the measurement of the grinding wheel pro-
file. Valio et al [15] employed a 2D laser micrometer to per-
form on-machine macro-geometric measurement and analysis
of cylindrical grinding wheel. Young et al [16] designed an
online grinding wheel dressing system and measured the arc
edge geometric dimensions of a saucer grinding wheel using
autofocus and image processing technology. Xu et al [17] pro-
posed a method for immediate detection of wheel wear based
on image processing and extract the actual and theoretical
positions of the grinding point. On this basis, the arc edge con-
tour error of a double-bevel wheel is calculated and the wear
of the corresponding grinding point can be detected online.

Non-contact measurement has many advantages; it can
quickly acquire a great deal of grinding wheel profile infor-
mation and avoid wear of the grinding wheel and measuring
tool. However, at present, the type of grinding wheel meas-
ured by non-contact profile detection method is usually spe-
cific, such as a saucer grinding wheel or cylindrical wheel, and
merely focuses on the 2D profile which rotates about the axis.
Furthermore, the measuring information can be limited by
camera field of view (FOV) and instrument measuring range
when the measurement resolution is required to be high. The
whole profile information of the grinding wheel may therefore
not be acquired completely, such as in the case of a larger
cylindrical grinding wheel or spherical grinding wheel, which
causes incomplete evaluation of the profile.

As described above, the existing measurement methods for
a grinding wheel profile all have limitations to a certain extent.
At present, a direct, efficient, non-contact and more general
profile measurement method for grinding wheels of different
shapes and sizes is desperately needed, and then the complete
profile parameters can be evaluated. In this paper, a method
based on machine vision to extract point clouds of profiles
of grinding wheels is proposed and used to realize the meas-
urement and evaluation of various profiles. Combined with
autofocus [18] and image processing, the complete profile is
obtained by accurately mosaicing the profile images with the
overlapping areas. The point cloud of the grinding wheel pro-
file can be obtained and the profile parameters can be evalu-
ated. This method solves the problem of indirect measurement
being unable to truly reflect the grinding wheel profile; it has
higher efficiency and causes no damage unlike contact meas-
urement; it also overcomes the limitation of fixed FOV as well
as the size and shape of the measured grinding wheel, which
other measurement methods based on machine vision have.

2. Methodology

2.1. Measuring process

The measurement object in this paper is the profile of the
grinding wheel. The combination of telecentric back light
illumination and a telecentric lens is frequently used in pro-
file measurement. Grinding wheels are opaque objects with
large depths, and this type of illumination produces very sharp
edges on the silhouette without refraction or reflection of abra-
sive grains. Furthermore, because the telecentric lens is used,
there are no perspective distortions in the images. Therefore,
in this study, the profile images are acquired by a background
telecentric illuminator and a CCD camera from the cross-sec-
tional direction, and these images are mosaiced to obtain the
complete profile. As shown in figure 1, the whole measure-
ment process of the grinding wheel profile in this study can be
described as follows: autofocus of the profile, acquisition of
profile image, image mosaic of profile. Finally, the complete
grinding wheel profile is obtained and the profile parameters
are evaluated.

A schematic diagram of the actual grinding wheel pro-
file measurement system is shown in figure 2. To extract
edge profile information of the grinding wheel accurately
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Figure 1. Grinding wheel profile measurement process: (a) autofocus process, (b) image mosaic, (c) profile measurement results.
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Figure 2. Schematic diagram of the actual grinding wheel profile measurement system.

from the profile images, it is necessary to focus the edge of
grinding wheel through an autofocus algorithm and obtain the
best-focused images. As shown in figure 2, a profile image
sequence is acquired by moving the CCD camera carried
by the Y-direction translation stage along the optical axis (Y
axis) at equal intervals. The improved second-order difference
operator is used to evaluate the sharpness of the profile image
sequence, as shown in figure 1(a). By fitting the sharpness
evaluation curve, the optimum focus position of the grinding
wheel profile is obtained, where the best-focused profile
image is captured.

A magnification telecentric lens and a high-resolution
CCD camera are employed in this study to ensure the extrac-
tion accuracy of the profile point clouds. Since grinding
wheels have different sizes and shapes, it is difficult to capture
a complete profile in a single image. As shown in figure 1(b),
when the grinding wheel profile is clearly focused, the profile

images with overlapping areas are captured in sequence by
moving the X-axis translation stage and the Z-axis vertical
stage, to realize relative movement perpendicular to the Y axis
between the imaging system and the grinding wheel. Then
the image mosaic algorithm is carried out sequentially on
overlapping grinding wheel profile images for the purpose of
acquiring the complete profile, which is shown in figure 1(c).
In this process, a profile template matching based on the
profile search algorithm is proposed, which realizes fast and
accurate grinding wheel profile stitching.

By driving the rotary stage to rotate the grinding wheel,
the profile images of different cross-sections are captured.
Following the procedure above, profile images are mosaiced
sequentially and the complete 2D grinding wheel profiles at
different angles can be obtained. In the measurement process,
the success of the profile image mosaic is the key to obtaining
the complete profile information. In this paper, a profile
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template matching based on the profile search algorithm is
proposed to realize an accurate and fast mosaic of grinding
wheel profile images.

2.2. Image mosaic algorithm

The image mosaic is the alignment of multiple overlapping
images with a lower field of view into a larger field of view
image which contains the information of all mosaic images.
The image mosaic algorithm includes registration, reprojec-
tion, stitching, and blending [19, 20]. In this study, there is
only a translation relationship between the grinding wheel
profile images of the same cross-section and the profile is
the main image information. In such conditions, finding the
corresponding points between images and calculating the
transformation parameters, the image mosaic can be realized
through translation. Thereby, image registration becomes the
key to the success of the image mosaic. This process estab-
lishes the geometric correspondence between a pair of images
by finding the corresponding points in the images. With the
transformation parameters, one profile image can be matched
to another and stitched into a complete profile image.

The complexity of the grinding wheel surface topography
results in a varied profile and each section has a unique shape.
The grinding wheel profile can be extracted from a gray image
and the features of one profile segment can be acquired;
sequentially a profile template is established which is used to
search for the same profile segment in another profile image,
so that the corresponding points are found accurately. Since the
profile can be extracted from an image, the profile pixel points
in another profile image can be used as the centers to set up
regions one by one to match the template, which ensures that
the matching points are all on the grinding wheel profile and
the matching accuracy is improved. Meanwhile, the operation
efficiency is greatly improved because the number of points to
be matched is less than that of whole image search. According
to the principle mentioned above, a profile template matching
based on the profile search algorithm is proposed to adapt to
the mosaicing of grinding wheel profile images.

To construct a template based on the shape of the grinding
wheel profile and search the profile pixels for the matching
point, the profile needs to be extracted beforehand. The orig-
inal grinding wheel images obtained by the CCD camera are
binarized based on the Otsu algorithm, and profile extrac-
tion is based on the Canny operator, so that the pixel coordi-
nates I(x,y) of the profile images are obtained. On this basis,
according to equations (1)—(3), a profile segment is extracted
from the overlapping area in one of the mosaic images and the
profile template is established. The process can be described
as follows:

T, (i,j) = My * Lemp (i, ) (1)
Ty (i.j) = My * Lemp (i.]) (2)
T (i.j) = T? (i) + Ty (i.)) A3)

where Tiemp (i,7) € Q(p.q), Qp,q) is an M x N profile
template whose center is I (p,q), * represents the convolu-
tion operation, and T (i,j) represents the descriptor of pixel
Tiemp (i,7). My and M, respectively, represent the horizontal
mask and vertical mask of the Sobel operator:

10 -1 12 1
M,=12 0 =2, Mmq{=|0 0 0. @
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The horizontal and vertical convolution of the profile can
extract the profile variety characteristics in both the horizontal
and vertical directions and highlight the profile features.
Because the descriptor containing profile variety information
can enhance the matching degree of target points in the pro-
cess of image matching, the square sum of the horizontal and
vertical convolution results is taken as the descriptor of the
profile pixel.

Similarly, in the other mosaic image, the pixel coordinate of
the profile is extracted and the profile descriptor is constructed
by the Sobel operator convolution. According to the extracted
profile information, the matched profile regions of the same
size as the profile template are established by taking each pro-
file pixel as the center. This is shown in equations (5)—(7):

Rx (l,]) = Mx * Iobj (l,]) (5)
Ry (isj) = M, * Loy (i’j) (6)
R (i.j) = R (i.)) + R} (i.)) ©)

where Loy (i,j) € Q(s, 1) and Q(s,1) is the M x N profile
region to be matched whose center is I(s, 7). R (i, /) represents
the descriptor of the pixel Iy (i, ). I(s, t) are the pixel coordi-
nates of the profile.

Then, the matching similarity between the template and
the target regions which center on the profile pixels is cal-
culated. The similarity is calculated by spatial correlation in
which the dot product of the profile template and target region
is summed and normalized. As shown in equation (8):

S = ZQ(M) Zﬂ(s,z) T(iy)-R(i)
TG - (RGN

x+M/2 VHN/2 s ..
_ S SN TR G) / ®)
x+M/2 VHEN/2 e x4M /2 YHEN/2 o n]1/2°
I:ZX—M/Z vny2 T (IJ).ZX—M/Z vn2 R (”/)]

The larger the correlation S, the higher the profile simi-
larity. The point I(s,¢) corresponding to the maximum cor-
relation of all profile points is the point which matches the
template center I(p, q). As described in section 2.1, the pro-
file images of the grinding wheel are captured by moving the
CCD camera along the X and Z axes. There is only a transla-
tion relationship between the profile images of the same cross-
section, and the translation parameters can be determined
based on the profile matching points between the images. The
profile image mosaicing can therefore be realized.

According to equations (1)—(8), the profile template
matching based on the profile search algorithm and the results
of the grinding wheel profile image mosaicing are shown in
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Figure 3. Profile template matching based on profile search algorithm: (a) image 1 to be mosaiced, (b) image 2 to be mosaiced,
(c) establishing profile template, (d) searching for matching point, and (e) profile image mosaic result.

figure 3. The parameters of the grinding wheel profile image
are shown in table 2. Figure 3(a) and (b) are two original
images to be mosaiced and their overlapping area is 30% of
the image area. The grinding wheel profile is extracted from
the original images by image binarization and the Canny edge
extraction method. Figure 3(c) shows the process of estab-
lishing the profile template in the overlapping area using equa-
tions (1)—(4). The template region is 200 x 200 pixels (about
1% of the image size) whose center is one of the profile points.
Figure 3(d) is the searching process of template matching
along the profile in the other image. Using equations (4)—(7),
the same size regions to be matched are established by taking

Table 1. Image mosaic accuracy and efficiency experimental
parameters.

Parameters Value

Size of CCD sensor (inch) 2/3

Lens magnification 4 x

Image pixel size (pixel) 2056 x 2452
Moving interval in X-direction 0.5 mm
Total number of images 7

Total number of image groups 5

The number of images in each group 3
Overlapping area of left and right images 45.5%
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Figure 4. Example of accuracy and efficiency experiment image group: (a) left mosaic image, (b) intermediate actual profile image, (c)
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the profile pixels as centers. The correlations between each
searching regions and the template are calculated by equa-
tion (8). After finding the maximum correlation of the points,
the matching process is finished and the matching points of
the two images are found. Thus, the translation parameters
can be obtained and the two profile images are mosaiced by
translation. Figure 3(e) is the final result of the grinding wheel
image mosaicing. The template center and the matching region
center coincide and the remaining parts of the two images are
mosaiced into a more complete profile image.

The image mosaic algorithm obtains the complete informa-
tion to be measured based on the image coordinate system,
which means that the accuracy of the image mosaic directly
affects the final measurement accuracy. To achieve the com-
plete acquisition and accurate measurement of the grinding
wheel profile, the accuracy of the image mosaic algorithm
must be guaranteed. In addition, in the measurement process,
there is more than one image to be mosaiced, and the mosa-
icing efficiency is also an issue to be considered.

To confirm the validity of the profile template matching
based on the profile search algorithm, it was compared with
common image mosaicing algorithms, such as image mosaic
based on grayscale matching [21, 22] (pixel-based mosa-
icing), image mosaic based on shape template matching [23]
(contour-based mosaicing) and the scale-invariant feature
transform (SIFT) [24] (low-level feature-based mosaicing)
image mosaic algorithm, which are image mosaicing algo-
rithms based on different image matching principles for dif-
ferent image registration occasions.

Above all, an available image mosaic algorithm should
satisfy high accuracy. In order to compare the image mosaic

accuracy of different algorithms, the following experiment was
designed: a 5 mm diameter hemispherical grinding wheel was
measured and the spherical crown images were captured. The
experimental parameters are shown in table 1. The actual size
of the FOV for each image is about 2.2mm X 1.76 mm, and
every image was captured by moving the X-direction transla-
tion stage 0.5mm at a time. Seven images were captured to
cover a cross-sectional profile, and every three images com-
posed an image group, so five image groups were obtained.
In each group of images, the left and right images are two
mosaicing images with about 45.5% overlapping area, and
the intermediate image contains the true profile of the over-
lapping area. Figure 4 shows one image group as example.
Figures 4(a) and (c) are two mosaicing images and figure 4(b)
is the intermediate image. Figure 4(d) shows the stitching
result of figures 4(a) and (c). Figure 4(e) is the true profile
extracted directly from figure 4(b). Five image groups, men-
tioned above, were processed by this method. The similarities
between the stitching profiles and the true profiles in the over-
lapping area were calculated by equation (9).

Z%:l ZnNzl S(m,n) x T(m,n)
Vo S S mm) ST S T )
where S(m, n) is the pixel gray value of the stitching profile
in the overlapping area and T'(m, n) is the pixel gray value of
the true profile in the overlapping area. M and N represent the
length and width of the overlapping area, respectively.

Apparently, the higher the similarity is, the more consistent
the stitching profile is with the true profile, which means the
algorithm has higher accuracy. The normalized similarities
between the profiles stitched by different algorithms and the

R =

©)
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Figure 5. Similarity of different image mosaic algorithms.

true profile of overlapping area are calculated by equation (9),
and the results of the five image groups are shown in figure 5.
As shown in this figure, it is obvious that the similarities of
the image mosaic based on grayscale matching and shape
template matching are very close, and they are all lower than
those of the other two algorithms. The principle of grayscale
matching is to calculate the gray value similarity between
the ‘windows’ in the two mosaicing images for each shift.
The gray value is easily affected by the environment, such as
illumination changes in matching images, reducing the acc-
uracy of matching point search, and thus affecting the image
mosaic accuracy. The image mosaic based on shape template
matching lacks recognition of the grinding wheel profile posi-
tion. The matching points may not be points on the profile,
therefore the accuracy is limited. The profile similarities
of the SIFT operator are slightly higher, but except for the
third experiment, its similarities are lower than those of the
proposed algorithm. In addition, the SIFT algorithm fails in
the fifth experiment because there are not enough key points
detected in the grinding wheel profile images which results
in the failure of the image mosaic. In this study, the images
mainly contain white background and grinding wheel profile
shadow; the proposed algorithm can extract enough profile
information for template construction and the searching pro-
cess guarantees that the matching points are all on the pro-
file. Thus, the profile template matching based on the profile
search algorithm can find the matching points between images
more accurately, and make the subsequent image mosaic more
accurate. As can be seen from figure 5, the image mosaic using
profile template matching based on the profile search algo-
rithm has the highest similarities in the five groups of experi-
ments, which means it has the highest image mosaic accuracy
among the four algorithms.

The robustness can also be shown from the above exper-
imental results. Under the same experimental conditions, the
similarity value of the proposed algorithm is more stable than
those of other algorithms and there is no failure or obvious
fluctuation. The characteristic of gray matching that is easily
affected by external conditions is also reflected in terms of
robustness. The similarity changes obviously and has fluctua-
tions. Shape template matching also has problems that mainly
result from the image noises. Uncertain image noises in the
edge area could seriously affect the shape extraction and

12 m Shape Template Matching Based on Profile Search ~ 11.39
= SIFT
0 10
g Shape Template Matching
E 8
‘q‘; = Grayscale Matching 7.19
g 6
o
< 4
3.07
2
0.97
o L

Image matching method

Figure 6. Average operation time of different image mosaic
algorithms.
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Figure 7. The grinding wheel profile measurement system.

template establishment. Therefore, it is difficult to guarantee
the stability of these two algorithms. In this study, the stability
of the SIFT operator depends on the number of key points con-
structed in the profile images. When enough key points can be
extracted, the mosaic accuracy will be relatively high, such
as in experimental group 3. In contrast, when the number of
key points is insufficient, the mosaic accuracy can be low, and
the image mosaic can even fail, such as experimental group
5. Thus, the SIFT algorithm cannot guarantee robustness for
the grinding wheel profile image mosaic. The profile template
matching based on the profile search algorithm enhances the
characterization of profiles and uses profile characteristics to
establish a template, which can effectively overcome image
noises and accurately find the profile similar to the template.
According to the experimental results, the proposed algo-
rithm has stable similarity results above 0.99 and no failure.
Therefore, the profile template matching based on the profile
search algorithm also has an advantage over other algorithms
in the robustness of grinding wheel profile image mosaic.
Figure 6 shows the average operation time of different image
mosaic algorithms for five image groups. As shown in figure 6,
the profile matching based on the profile search algorithm has
the shortest operation time for each image group, which means
that it has better computational efficiency compared with other
image mosaic algorithms. This is because searching profile
pixels for the matching point greatly reduces the number of
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Table 2. Image acquisition conditions and parameters of the measured grinding wheels.

Parameters Value
Image pixel size (pixel) 2056 x 2452
Size of CCD sensor (inch) 2/3
Lens magnification 4 x
Scale of pixel size and actual size in vertical direction 1:0.8604
Scale of pixel size and actual size in 1:0.8626
horizontal direction
Template size (pixel) 200 x 200
The distance of every movement in X direction (mm) 0. 6 mm
The distance of every movement in Z direction (mm) 0.35 mm
Ratio of overlapping area to image area 20% — 30%
Accuracy of X-direction translation table (um) 10
Accuracy of Z-direction translation table (jum) 10
Accuracy of Y-direction translation table (pum) 5
Cylindrical grinding wheel Grit size W40
Size of abrasive grain (jum) 28-40
Diameter (mm) 10
Grinding length (mm) 12
Hemispherical grinding wheel Grit size W5
Size of abrasive grain (pum) 3.5-5
Radius (mm) 2.5

target points to be processed. By contrast, grayscale matching
and shape template matching respectively use pixel gray level
values and shape information in a small ‘window’ to search a
large area in a target image to be matched, for the maximum
similarity. A large number of the non-profile points search pro-
cesses are time-consuming. Thus, the efficiency of these two
methods is lower. SIFT operators need to construct scale-space
and their method to define key point descriptors is more com-
plex than the profile template matching based on the profile
search algorithm; the processing efficiency is affected and
slightly lower than the proposed algorithm.

Therefore, according to the characteristics of grinding
wheel profile images, the profile template matching based on
the profile search algorithm can ensure higher image mosa-
icing accuracy and realize quicker profile image mosaicing.
Compared with the other image mosaic algorithms, it is more
suitable for the grinding wheel profile image mosaic.

3. Experiments and discussion

In order to validate the proposed grinding wheel profile
measurement method based on image mosaic, as shown in
figure 7, a measurement system for a grinding wheel profile
was established and employed to autofocus a grinding wheel
profile and acquire profile images. The axis of the grinding
wheel is perpendicular to the base plane, and the optical axis
of the imaging system is parallel to the base plane, so their
axes are perpendicular to each other. The grinding wheel was
fixed by an ER chuck and centered using an inductance dis-
placement sensor. The imaging system axis was also aligned.
When moving along the Y direction, the displacements of the
lens in the X and Z direction were measured by an inductive
displacement sensor, and corresponding position adjustment

was carried out to eliminate the X and Z direction displace-
ment of the imaging system in the movement along the Y
axis. In this way, the alignment between the optic axis and the
grinding wheel axis was handled. Through the movement of
the X-direction translation stage and Z-direction vertical stage,
the grinding wheel profile was moved into the FOV. Autofocus
[13] of the grinding wheel profile was realized by moving the
CCD camera along the optical axis (Y axis) and searching for
the maximally sharp position in the image sequence. Then,
through X direction and Z direction translation, different sec-
tion images of the grinding wheel profile could be obtained.
By rotating the grinding wheel and repeating the above steps,
profiles at different angles can be measured.

The profile images with overlapping areas are matched
and stitched into a complete profile using profile template
matching based on the profile search algorithm. According to
the calibration results between the pixel size and actual size,
actual coordinates and dimensions of the grinding wheel pro-
file could be obtained.

In this study, two different grinding wheels were measured
using the proposed method: a cylindrical grinding wheel and
hemispherical grinding wheel. The parameters of the grinding
wheels and measurement conditions are given in table 2. The
parameters of the image mosaic were selected according to the
size of the FOV and the number of mosaic images depended
on the size of the grinding wheels. The theoretical size of the
2/3-inch CCD sensor is about 8.8 mm x 6.6 mm. Considering
that the magnification of the lens is 4x, the actual imaging
area is about 2.2mm x 1.65mm. To obtain profile images
whose overlapping areas are about 20%-30% of the whole
image size, the distances of every movement in the X direc-
tion and Z direction are 1.6 mm and 1.3 mm respectively. The
grinding length of the cylindrical grinding wheel is 12mm
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Figure 8. Schematic diagram of mosaic images acquisition: (a) mosaic images of cylindrical grinding wheel, and (b) mosaic images of

hemispherical grinding wheel.
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Figure 9. Laser profiler measuring grinding wheel profile: (a) profiler measuring cylindrical grinding wheel, and (b) profiler measuring

hemispherical grinding wheel.

Table 3. Main measuring characteristics of the laser profiler.

Feature Value
Measurement range (height) 4+2.3 mm
Measurement range (width) 7 mm
Profile data interval (width) 10 pm
Measurement accuracy £3 pm
Maximum measured inclination 65°

nominally, therefore, nine images are needed to cover its pro-
file, as shown in figure 8(a). Likewise, the nominal radius of
the hemispherical grinding wheel is 2.5mm, and five images
are needed to cover its profile, as shown in figure 8(b).

The profiles at different angles of the two grinding wheels
could be measured by rotating the grinding wheel. In the
experiment, profiles of five positions were selected at equal
angle interval and measured for the cylindrical grinding wheel
and hemispherical grinding wheel respectively. The sampling
positions are shown in figure 10(f) for the cylindrical grinding

wheel and figure 11(f) for the hemispherical grinding wheel.
The measurement results of the proposed algorithm are shown
as blue lines in figures 10(a)—(e) and 11(a)—(e).

A commercial 2D laser profiler (Keyence LJ-V7020) was
employed to measure the grinding wheel profiles in the same
positions to validate the feasibility of the method and the
accuracy of the measurement results. The comparative exper-
imental device and measurement process are shown in figure 9.
The main working features of this profiler are shown in table 3.

Since the measurement range in width and the maximum
measured inclination of the profiler are limited, this device
cannot measure the complete profile. In order to compare the pro-
file results measured by the proposed method and laser profiler,
the profiles in the profiler measurement range were compared.

The profiler measurement results of the cylindrical grinding
wheel and the hemispherical grinding wheel are shown as red
lines in figures 10(a)-(e) and 11(a)—(e), respectively. The
two sets of data have been unified in the same coordinate
system. For the cylindrical grinding wheel, the root mean
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(c) position 3 results, (d) position 4 results, (e) position 5 results, and (f) five measuring positions.
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Figure 11. Measuring positions and corresponding results of hemispherical grinding wheel: (a) position 1 results, (b) position 2 results,
(c) position 3 results, (d) position 4 results, (e) position 5 results, and (f) five measuring positions.

Table 4. Cylindrical grinding wheel RMSE between two profiles.

Measuring positions RMSE (pum)

4.6159
5.0105
4.3579
4.7050
5.0972

DN A W=

squared error (RMSE) between the two profiles was calcu-
lated. The results are shown in table 4. Compared with the
nominal radius of the cylindrical grinding wheel, the profile
measurement deviation ranges from 0.08% to 0.1%. For the
hemispherical grinding wheel, the coordinate deviation of the

10

circle center in the direction of the X-axis and Z-axis were
calculated, as well as the radius measurement deviation. The
results are shown in table 5, the deviation of the center posi-
tion is between =3 pm, and the radius deviation is below
3 pm, which is about 0.1% of the nominal radius.

The results indicate that the measurement results of the
grinding wheel profile based on the image mosaic have good
consistency with the profiler results. However the profiler
measurement range is limited in width and inclination, and
it is difficult to obtain the complete measured profile, while
the proposed method in this study can be adapted to grinding
wheels with different shapes and obtain the complete target
profile. Further analyzing the measurement deviation, the dia-
mond grains distributed on the surface of the grinding wheel
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Table 5. Hemispherical grinding wheel center position and radius
deviation.

Center Center Radius
Measuring deviation deviation deviation
positions ) (um) (2) (um) (11m)
1 —2.1080 1.3407 2.2054
2 0.2970 1.2566 2.5858
3 1.9807 —2.0109 2.3952
4 1.2340 —0.6252 2.3040
5 —1.0722 0.0264 2.8617

could cause a strong reflection inducing measurement error
for the laser profiler and these positions would cause rela-
tively high deviation between the two profiles. In addition, the
sampling points interval of the laser profiler is 10 pm, while
the interval of profile points acquired from the images in this
study is below 1 um. This means that the profile acquired by
the image mosaic contains more profile information, such as
some peaks and grooves. However, the 2D laser profiler would
probably miss these positions due to its sampling interval,
which could also be the source of deviation.

The measurement results are consistent with the results
of the 2D laser profiler. Therefore, the grinding wheel pro-
file measuring method based on image mosaic is feasible and
suitable. The profile template matching based on the profile
search algorithm achieves an accurate image mosaic of the
grinding wheel profile, and solves the limitation of wheel pro-
file measurement based on machine vision caused by the size
of field of view and the range of the instrument, so that it can
obtain a complete grinding wheel profile while retaining high
resolution. The proposed method realizes non-contact meas-
urement of the grinding wheel profile and efficient acquisition
of grinding wheel profile information compared with contact
measurement, as well as avoiding wear to the grinding wheel
surface. In addition, direct measurement of the grinding wheel
profile can more truly reflect the grinding wheel profile at dif-
ferent sections, and the actual grinding process in indirect
measurement can be avoided. Based on the profile recogni-
tion and matching of the proposed method, the measurement
of grinding wheel profile is not limited to the shape and size
of grinding wheel. For the measurement of different grinding
wheels and their different sections, this method has better
adaptability. Moreover, compared with a contact measuring
instrument and non-contact optical profiler, the system based
on the proposed method has a simpler structure and lower
cost.

4. Conclusion

In the grinding process, the profile of the grinding wheel
directly affects the shape accuracy of the workpiece.
Therefore, accurate measurement of the grinding wheel pro-
file is helpful in evaluating the grinding wheel processing
accuracy, detecting wear and compensating for machining
errors. In this paper, a novel grinding wheel profile measure-
ment method is investigated.

1. A profile template matching based on the profile search
algorithm is proposed in order to realize a quick and
accurate image mosaic of an overlapping small field of
view profile images. The method establishes a shape
template of the overlapping profile according to the
characteristics of the grinding wheel profile images and
only searches the recognized profile for matching points.
This method effectively avoids the searching process of
non-profile points and improves the accuracy of profile
matching.

. A grinding wheel profile measurement method based on
machine vision and image mosaicing is developed, and a
measurement system is established to realize the profile
measurement of grinding wheels with different shapes.
Compared with the commercial laser profiler, for a cylin-
drical grinding wheel, the RMSE between the profile
results is 0.08%—0.1% of the nominal radius, and for the
hemispherical grinding wheel, the center position devia-
tion is +3 pm, and the radius deviation is below 0.1% of
the nominal radius.

The method and the system in this paper is not limited
to measuring cylindrical grinding wheels and hemispher-
ical grinding wheels. Saucer grinding wheels and grinding
wheels of other shapes can also be measured. Because
working parts of some types of grinding wheels, such as
the arc edge of saucer grinding wheel, are small enough
in size that they can be captured completely in the field
of view, they may not need image mosaic algorithms. On
the basis of the method in this paper, future research could
combine grinding wheel rotational sampling and 2D to 3D
coordinate transformation, and 3D profile measurement of a
grinding wheel could be realized. Combined with grinding
wheel surface topography measurement [7-10, 14], more
complete evaluation of processing accuracy and grinding
performance can be achieved.
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