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In the grinding process, a grinding wheel surface is a
tool that is directly applied to the workpiece. As the
condition of the grinding wheel surface is determined
by its dressing conditions, the ability to accurately
measure the grinding wheel surface with an applied
dressing would enable the prediction of the ground
surface characteristics of the workpiece as well as the
determination of optimum dressing conditions. Re-
cently, a new dressing method called the multiple heli-
cal dressing was proposed, which has led to improve-
ments in the grinding performance. However, there is
still no method to quantitatively evaluate the changes
in the grinding wheel surface condition caused by mul-
tiple helical dressings. In this study, we measured the
grinding wheel surface applied with multiple helical
dressings using a so-called measured focus position
recalculation method to determine whether we can
quantitatively evaluate the measured dressing grooves
generated on the grinding wheel surface by multiple
helical dressings, and the resultant undulated grinding
wheel surface shapes. We ground an actual workpiece
to demonstrate the effects of changes in the grind-
ing wheel surface shape due to multiple helical dress-
ings on the ground surface of the workpiece. The
experimental results show that our proposed measur-
ing method can accurately measure the changes in the
grinding wheel surface condition due to multiple he-
lical dressings. We also proposed a method to evalu-
ate the dressing grooves to prove that we can quan-
titatively evaluate the measurement results of dressing
grooves generated by multiple helical dressings. In ad-
dition, we evaluated undulated grinding wheel surface
shapes as its cylindricities by extracting only the undu-
lation shapes generated by multiple helical dressings.
Finally, we performed groove grinding with a grind-
ing wheel applied with multiple helical dressings to re-
veal the relationship between the ground surface of the
workpiece and the grinding wheel surface condition,
which demonstrated the effectiveness of multiple heli-
cal dressings.
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1. Introduction

In the grinding process, the shape of the grinding wheel
surface is known to significantly affect its performance
as well as the ground surface characteristics of the work-
piece [1,2]. In particular, changes in truing or dressing
conditions have significant effects on the ground surface
characteristics of a workpiece [3]. If we can measure the
grinding wheel surface with high accuracy the optimum
truing and dressing conditions can be effectively evalu-
ated with no prestige machining, thereby contributing to
a high efficiency in the grinding.

Several methods have been proposed to measure a
grinding wheel: a stylus method [4], an image method [5—
10], and a laser sensor method [11-13]. The disadvan-
tages of these methods include the abrasion of the sty-
lus in the stylus method, and difficulty in quantitatively
evaluating changes in the height direction of the grind-
ing wheel surface in the image method. Although many
measurement methods using a laser sensor have been pro-
posed, none have been put into practice owing to issues
such as measurement duration and accuracy. Therefore,
we propose the measured focus position recalculation
method [14, 15] by applying the point autofocus profiling
method [16-19], which uses a laser sensor. Our proposed
method has been proven to measure the grinding wheel
surface condition with high accuracy.

Recent studies have proposed a new dressing method
called the multiple helical dressing [20]. In dressing
a grinding wheel with a diamond dresser, the diamond
dresser is often provided with some cuts passing one way
or both ways on the grinding wheel. In contrast, with mul-
tiple helical dressings, the dresser approaches the grinding
wheel at a controlled angle and moves forward and back-
ward a few times, as shown in Fig. 1. In dressing the
grinding wheel, the dresser approaches it at the same an-
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Fig. 1. Schematic of multiple helical dressing (example of
double helical dressing).

gle as in machining a multiple-thread screw, shifting the
phase by the angle obtained by dividing 360° by the num-
ber of times it passes forward and backward (the number
of threads). The abovementioned dressing leaves parts of
the grinding wheel surface that the dresser did not pass
as rhombus-shaped at constant intervals. In other words,
the grinding wheel surface was not dressed regularly in
its circumferential direction, making it undulated. Such
irregularly dressed parts are twice as many as the number
of threads. Considering the grinding wheel’s rhombus-
shaped part as a cutter, the more threads the dresser has,
the more cutters are created; hence, the grinding wheel
surface dressed by such a dresser should be able to pro-
duce an excellent ground surface for a workpiece. In mul-
tiple helical dressings, the geometrical patterns that ap-
pear on the grinding wheel surface affect the grinding.
To quantitatively evaluate the effects of multiple helical
dressings, it is essential to measure the changes in the
grinding wheel surface condition due to different multiple
helical dressing conditions. It is also necessary to develop
a method to quantitatively evaluate the dressing grooves
and resultant undulated grinding wheel surface shapes.

In this study, multiple helical dressings were applied to
a grinding wheel, which was then measured with our pro-
posed measured focus position recalculation method. We
also proposed a method to evaluate the dressing grooves
generated by the multiple helical dressings and the re-
sultant undulated grinding wheel surface shapes to quan-
titatively evaluate the grinding wheel surface condition.
In addition, we experimentally evaluated the effects of
changes in the dressing conditions on the ground surface
of a workpiece.
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Fig. 2. Schematic of the surface shape measuring device.

2. Measuring Device
Method

and Experimental

2.1. Measuring Device by Measured Focus Position
Recalculation Method

Our proposed measured focus position recalculation
method applies a point autofocus profiling method, in
which the laser beam is irradiated to the surface of a
measured object via an objective lens, and the reflected
light is received by a photodiode sensor. The autofocus
is achieved by moving the objective lens in such a way
that the reflected light is always received by the photo-
diode sensor at the same position. The surface shape of
the measured object is then measured from the autofocus
position of the objective lens.

In contrast, in the measured focus position recalcula-
tion method, the grinding wheel surface is measured with
high efficiency without using the autofocus; the measured
object is rotated at a constant speed and the output voltage
of the sensor is sampled in the circumferential direction
with the objective lens fixed at a certain height. After-
ward, the same point is resampled by increasing the height
of the objective lens by the measurement interval. These
sampling procedures are repeated until the objective lens
is raised to a specific height. After measuring all points,
the focus position is calculated from the relationships be-
tween the output voltage and objective lens height at each
circumferential position.

Figure 2 shows a schematic of the prototype grinding
wheel surface measuring device. Table 1 lists the specifi-
cations of the measuring device. For the point autofocus
unit in the measuring part, we used the MP-3N by Mitaka
Kohki Co., Ltd., which was modified to obtain the output
voltage of the Si photodiode sensor. The measurement
starting point is always in the same phase by setting the
Z-phase of the rotary encoder installed on the rotation axis
as a trigger. When measuring the grinding wheel surface,
voltages in the A- and B-phases were recorded along with
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Table 1. Specifications of the surface shape measuring device.

635 nm
Wavelength of laser-beam (Semiconductor laser)
Laser power 1.25 mW

Light receiving element Si photodiode sensor
Spot diameter of laser ¢1 um (when 100 x)
Magnification of objective lens 100 x

Movement range of objective lens |10 mm

Resolution of objective lens 0.01 um

Resolution of rotary encoder 0.01°

Resolution of z-axial direction 0.5 pm

jtun 9qoid 1ose|

Table 2. Dressing conditions.

Dressing | Dressing Dressing
Type lead Ly pitch P depth of | Dresser
cut

I |One-way
I Single (0.6 mm/reV|

helical Prismatic

Double 0.6 mm 20 um dresser
1 helical 1.2 mm/rev, (C10.3 mm)
v Trlple 1.8 mm/rev|

helical

the output voltage of the Si photodiode sensor. To calcu-
late the focus position in each circumferential direction,
positional displacements in the circumferential direction
were prevented by placing in the position that changes the
pulse of the rotary encoder.

2.2. Experimental Method

In the experiments, we used a surface grinding ma-
chine to apply four types of dressing to a vitrified grind-
ing wheel WA60J6V (178 mm in diameter X 19 mm) and
measured the surface condition after groove grinding.

Table 2 lists the dressing conditions: I for an ordinary
one-way dressing where the dresser is fed in one direc-
tion; II for another ordinary dressing where the dresser
passes forward and backward (single helical dressing);
IIT and IV for multiple helical dressings, i.e., double and
triple helical dressings applied in the experiments. We
used a prismatic dresser with a side length of 0.3 mm. The
dressing pitch P was fixed at 0.6 mm, the dressing depth
of cut was 20 um, and the wheel peripheral speed was
1800 m/min. As in the case of a general multiple-thread
screw, the product of the dressing pitch P and number of
threads is the dressing lead L;. Therefore, we only var-
ied the number of threads and the dressing lead L, in the
experiments.

Figure 3 shows the schematic of the device for multiple
helical dressings. When applying multiple helical dress-
ings to a grinding wheel, the phase in which the dresser
approaches the grinding wheel is very important. Thus,
we installed a multiple helical dressing device in the sur-
face grinding machine equipped with a laser displacement
meter and dresser-mounted stage. The multiple helical
dressing device has its starting point in the phase where
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Fig. 3. Schematic of the multiple helical dressing device.

the laser displacement meter detects the grinding wheel
flange block irradiated with a laser beam. The device also
has a mechanism to simultaneously calculate the grind-
ing wheel revolutions. The initial forward and backward
dressings were applied by moving the stage in the starting
point phase, where the laser displacement meter detected
the laser-beam-irradiated grinding wheel flange block. In
the second and subsequent forward and backward dress-
ings, multiple helical dressings were applied by moving
the stage when the angle of the grinding wheel — calcu-
lated from the number of revolutions and time — reached
the phase where it matches the number of threads.

The grinding wheel was measured under the follow-
ing conditions: wheel peripheral speed of 14 m/min
(25 min~!); measurement range of the grinding wheel
surface is 360° in the circumferential direction, 2 mm in
the width direction, and 50 um in the height direction;
the measurement interval is 0.01° (15.5 wm) in the grind-
ing wheel’s circumferential direction, 15 gm in the width
direction, and 1 gm in the height direction.

Next, we performed groove grinding on the grinding
wheel surface to evaluate the effects of changes in the
dressing conditions on the ground surface of a workpiece.
During the groove grinding, we cut one pass of grooves
on a plastic mold steel NAKSS5 by plunge grinding. The
setting depth of cut was set at 5 um, the wheel periph-
eral speed was 1800 m/min, and the table feed rate was
6 m/min. We measured the ground surface shape of the
workpiece using a laser displacement meter (LJ-V20),
which used a line laser to measure the cross-sectional
shape of the object at a rate of 10 um. We measured
the three-dimensional ground surface shape of the work-
piece by feeding the laser beam irradiated to it at a rate of
10 pm.

3. Experimental Results

3.1. Comparison of Grinding Wheel’s
Three-Dimensional Distribution Diagrams

Figure 4 shows the measured three-dimensional distri-
bution diagrams of the grinding wheel surface. The outer-
most peripheral part is indicated by O um, while the inner
parts toward the grinding wheel center are indicated by in-
cremental negative values. We can see from the figure that
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Fig. 4. Measured result of three-dimensional surface shape of grinding wheel.
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Fig. 5. Evaluation method of dressing by projected grinding
wheel surface shape.

the grinding wheel surface condition varied greatly at dif-
ferent dressing conditions. In other words, the proposed
measuring device measured the grinding wheel surface
condition with high accuracy. Figs. 4(b)—(d) show the
rhombic patterns generated on the grinding wheel surface
by the dressings. The arrangement of the rhombic shapes
and their number agree with the theory of multiple helical
dressings. The measurement results prove that the pro-
posed measuring device can accurately measure changes
in the grinding wheel surface condition due to different
dressing conditions.

Although the dressings were properly applied, the
measurement results in Fig. 4 do not indicate whether
the dressing grooves were created by the corresponding
dressing conditions. Thus, we propose a method to quan-

titatively evaluate the dressing grooves in the following
subsection.

3.2. Proposed Method to Evaluate

Dressing
Grooves

Figure 5 shows the proposed method for evaluating
the dressing grooves. Fig. 5(a) shows the schematic of
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Fig. 6. Evaluation result of dressing groove (one-way dressing).

the grinding wheel’s cross-sectional shape in the width
direction, projecting its measurement results over each
other for its full circumference. As every row contains
the grinding wheel surface areas that the dresser did not
pass, the projected results are expected to provide almost
the same values. However, Fig. 5(b) shows the schematic
of the grinding wheel’s cross-sectional shape projected at
tilt angle O; hence, it should be at right angle to the dress-
ing grooves, in which case the dressing groove shapes are
transcribed onto the projected measurement results. The
transcribed dressing groove shapes enable us to not only
evaluate their depths and shapes, but also calculate the
dressing pitches from their intervals. The dressing lead
L, can also be calculated from the tilt angle 6 and from

the grinding wheel diameter D using the following equa-
tion:
L; =nDtan6. . (1)
When applying dressings forward and backward, we
can recognize the dressing grooves from the projection
plane even when the tilt angle 6 is negative. The pro-
posed evaluation method enables us to evaluate ordinary
dressing conditions as well as multiple helical dressings.
For example, Fig. 6 shows the evaluation results for
the dressing grooves generated by the one-way dress-
ing, while Fig. 7 shows those by the triple helical dress-
ing. Fig. 6(a) shows the evaluation results for the
dressing grooves generated when 0 = —0.061° (L; =

Int. J. of Automation Technology Vol.15 No.1, 2021



Dressing pitch P = 0.6 mm

WSS S

_20 1 1 1 1
0 300 600 900 1200 1500 1800
Width direction um

(a) Angle 6 = —0.184° (dressing lead L; = —1.8 mm/rev)

10
Dressing pitch P = 0.6 mm

0
-10 \,\f i; / \,\/\\
20 1 1 1 1

0 300 600 900 1200 1500 1800

Width direction pm
(b) Angle 6 = 0.184° (dressing lead L; = 1.8 mm/rev)

Maximum
height um

Maximum
height um

Fig. 7. Evaluation result of dressing groove (triple helical
dressing).

—0.6 mm/rev), where the dressing grooves generated by
the one-way dressing cannot be recognized. Fig. 6(b)
shows that the dressing grooves are deepest when 8 =
0.061° (Ly; = 0.6 mm/rev). Figs. 7(a) and (b) show that
the dressing grooves are deepest at 8 = £0.184° (L; =
+1.8 mm/rev). In Figs. 6(b), 7(a), and 7(b), we calcu-
lated the dressing pitch P from the distance between the
dressing groove centers to obtain P = 0.6 mm in each of
them. The dressing lead and dressing pitch, as calcu-
lated from the tilt angles in both figures, agree with the
dressing conditions in Table 2. However, the dressing
groove depth tends to be slightly shallower than the dress-
ing depth of cut of 20 um. The elastic deformation of the
abrasive grains seems to have made the groove depth shal-
lower than the setting depth of cut. These measurement
results prove that the proposed evaluation method can
quantitatively evaluate the dressing grooves. The grind-
ing wheel we measured was applied with dressings under
similar conditions as in the experiment.

3.3. Evaluation of Undulated Grinding Wheel
Shapes

Next, we evaluated whether the multiple helical dress-
ings created undulated grinding wheel surface shapes.
Fig. 8 shows how to calculate the undulated grinding
wheel surface. Fig. 8(a) shows the cross-sectional shape
in the circumferential direction of the grinding wheel sur-
face, projecting the measurement results of the three-
dimensional surface shape of the grinding wheel applied
with triple dressings, as shown in Fig. 4(d). Despite pro-
jecting the grinding wheel surface with numerous irreg-
ularities, we cannot determine from Fig. 8(a) whether
undulated surface shapes were generated because of the
large variations in their values. Fig. 8(b) shows the
Fourier series expanded measurement results, which in-
dicate the highest amplitude at the sixth member in the
series. As multiple helical dressings generate an undula-
tion twice as large as the number of threads, in the case of
triple helical dressing, the sixth member in the series rep-
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Fig. 8. Calculation method of undulation shape of grinding
wheel.

resents the undulation component generated by the multi-
ple helical dressing. In other words, we can quantitatively
evaluate the undulated grinding wheel surface shapes by
extracting just the said undulation component.

Figure 9 shows the undulated grinding wheel shapes
due to different dressing conditions. It also shows the dif-
ferences in the height of the grinding wheel’s undulations,
calculated as its cylindricities. Although no undulations
were observed on the grinding wheel surface in Fig. 9(a)
for the one-way dressing, Figs. 9(b)—(d) show an undu-
lation of approximately 10 um. We counted the num-
ber of grinding wheel surface undulations and found that
these were twice as many as the number of threads in each
multiple helical dressing, in agreement with the theory of
multiple helical dressing. These results demonstrate that
some undulations were generated on the grinding wheel
surface when multiple helical dressings were applied, and
that we can quantitatively evaluate the grinding wheel’s
degree of undulation by calculating its cylindricities.

3.4. Effects of Multiple Helical Dressings on Actual
Grinding

Figure 10 shows the measurement results for the
ground surface shapes of a workpiece. Figs. 10(a) and (b)
show that for the ordinary dressing conditions, the grind-
ing wheel areas were slightly removed, left striped, or
lattice-shaped, which agrees with the tendency of the
dressing grooves depicted in Fig. 4. This suggests that the
dressing groove shapes were transcribed onto the ground
surface of the workpiece. On the contrary, Figs. 10(c) and
(d) show that the dressing grooves were very less tran-
scribed onto the ground surface of the workpiece, which
can be attributed to the fact that the number of times
the grinding wheel came into contact with the workpiece
per rotation increased with the increase in the number of
threads. In other words, as the number of threads in-
creased, there was an increase in the number of rhombic-
shaped cutters that were created, which ground the work-
piece surface so well that the dressing groove shapes
could not be identified. We may regard the undulated
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Fig. 10. Three-dimensional surface shape of the workpiece after grinding.

grinding wheel shape with the smallest cylindricity in
Fig. 9(a) as an excellent ground surface for one-way
dressing. However, the one-way dressing increased the
grinding wheel area that came into contact with the work-
piece, which in turn led to the creation of fewer cutters
on the grinding wheel surface than those in the multiple
helical dressings; this resulted in a low quality ground sur-
face.

These measurement results show that we can quantita-
tively evaluate the effects of multiple helical dressings on
actual grinding by quantitatively evaluating the grinding
wheel surface as well as prove the effectiveness of mul-
tiple helical dressings through the grinding wheel surface
measurement results.

4. Conclusions

To quantitatively evaluate the changes in the grind-
ing wheel surface due to multiple helical dressings, we
measured the grinding wheel surface condition using the
measured focus position recalculation method proposed
in this study. We also quantitatively evaluated the dress-
ing grooves and undulated grinding wheel shapes. We
experimentally demonstrated the effects of changes in the
grinding wheel surface condition on actual grinding. Our
findings are summarized as follows.
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(1) The measured focus position recalculation method
can accurately measure changes in the grinding
wheel surface conditions caused by different dress-
ing conditions.

(2) The proposed dressing groove evaluation method en-
abled us to quantitatively evaluate the dressing leads,

pitches, and dressing groove depths.

(3) We proved via the grinding wheel measurement re-
sults that the degree of undulation of the grinding
wheel can be quantitatively evaluated as its cylindric-
ities by extracting the undulation components from
the Fourier series expansion.

(4) We demonstrated that we can quantitatively evaluate
the ground surface shapes of a workpiece based on
the changes in the measured grinding wheel surface
condition, thereby demonstrating the effectiveness of
multiple helical dressings.
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