A New Regulating Wheel Truing
Method for Through-Feed
Centerless Grinding

Albert J. Shih A new regulating wheel truing method for through-feed centerless grinding is presented.
Department of Mechanical and In conventional regulating wheel truing systems, a single-point diamond tool is traversed
Aerospace Engineering, across the regula}ting wheel in a $traight line. The interferenpe between the regulating
North Carolina State University, wheel and workpiece exists. This interference problem, a main source of error in preci-
Raleigh, NC 27695-7910 sion through-feed centerless grinding, is due to the radius of curvature of the regulating

wheel and workpiece. A new concept for regulating wheel truing is developed to eliminate
the interference problem. In this new truing system, the rotary diamond truing tool has the
same size as the finished workpiece, locates at the same center-height of the workpiece,
and moves across the regulating wheel in the direction parallel to axes of workpiece and
grinding wheel. A mathematical model is developed to calculate the surface profile for the
regulating contact and to study the curved line of contact between workpiece and regu-
lating wheel. An example is used to illustrate the model and to demonstrate that the
interference between regulating wheel and workpiece has been eliminated.
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1 Introduction generate a regulating wheel surface that all the circles, for ex-

Through-feed centerless grinding is a manufacturing proce%@ple’Pl’ P2, andPs, in Fig. 1, on the regulating wheel surface

commonly used to generate precise cylindrical form on a worlle tangent to the workpiece cylinder. It will guide the workpiece

piece. As shown in Fig. 1, grinding occurs when the workpiece f70SS the gap between grinding and regulating wheels without
fed through the gap between the regulating and grinding whe&8anging its size. Figuresd and c) show the variation of the
while being supported by a workrest blade. Through-feed centdyorkpiece size due to a circle on the regulating wheel surface not
less grinding, widely used in the bearing, automotive, and futdngent to the workpiece cylinder. As shown in Figb)? if the
system industries, is a very efficient and cost-effective manufag¥cle on the regulating wheel surface intersects the original work-
turing process to generate spiR precision cylindrical forms piece circle at two points, a smaller diameter workpiece<(r)
with fine surface finish. will be ground. On the contrary, as shown in Figc)2if the circle

The front view in Fig. 1 also shows the four major elements ion the regulating wheel surface does not intersect the original
a through-feed centerless grinding machi(®: grinding wheel, workpiece circle, a larger diameter workpiece,r) will be
(2) workrest blade(3) regulating wheel, ang4) workpiece. The generated. This illustrates the importance of regulating wheel tru-
grinding action takes place between grinding and regulatingg in precision through-feed centerless grinding.
wheels. A workrest blade is used to support the workpiece at ajp conventional centerless grinding, the regulating wheel truing/
given center-height and is angled to provide the rounding actigpessing system usually uses a stationary diamond tool, such as

during grinding[1]. The grinding wheel, as shown in the side anghe gingle-point diamond, traversing along a straight line at an
top views, consists of the grinding region, where high materigln

; . le relative to the regulating wheel axis. Mathematically, the
removal rate occurs, and the spark-out region, where the precnsgcgf 9 9 y
S

form is generated. The regulating wheel, usually a rubber bon fgce 9f the regulating wheell consist; of.infinite number.of
wheel with high coefficient of friction drives the workpiece to raight lines generated by the single-point diamond. These lines

control its rotational speed during grinding. As shown in the si re called.the generator. The sgrface of thg re.gulating wheel is a
view in Fig. 1, the regulating wheel is tilted a small angieto y.pe.rboI0|d of_one she¢R—4]. Sllnce the beginning of centerless
generate a force component in the axial direction to drive tffinding machine development in the early 20th century, research-
workpiece through the gap between the regulating and grindif§s have known this type of truing method is not exact. The inter-
wheels.a is called the swivel angle of the regulating wheel. ~ ference of regulating wheel and workpiece at the contact area
Truing the regulating wheel to the proper form has been ide@Xists due to the radius of curvature of the workpiece and regu-
tified by researchers and practical engineers as the most critiding wheel[2,5-7. Some alternative regulating wheel truing
step in the set-up of the precision through-feed centerless grindimgthods have been studied, for example, using the grinding wheel
procesg2]. The regulating wheel surface consists of infinite numto true the regulating whedB] and CNC profile truing of the
ber of circles with center on the regulating wheel axis. Three sugégulating whee[4]. However, a mathematically exact solution
circles,P;, P,, andP3, are shown in the side and top views infor truing the regulating wheel for through-feed centerless grind-

Fig. 1. In the spark-out region, assuming the workpiece is groufigy has not yet been developed. This paper presents a new regu-
to the final size, the traverse motion of the surface of the worlgting wheel truing method to fulfill this ned@].

piece forms a cylinder, which has the same diameter as the groungj, this paper, an example is first presented to illustrate the in-
part. The axis of the cylinder is parallel to the axis of the grindingy e rence of the regulating wheel and workpiece using the con-
wheel and the contact surface, lihén Fig. 2a), in the WOrkrest o nyiqnq truing method in through-feed centerless grinding. The
blade. As shown in Fig.(2), the objective of this research is to . . : :
new regulating wheel truing method is then introduced. A math-
. ) o . ematical model is developed to calculate the regulating wheel sur-
Contributed by the Manufacturing Engineering Division for publication in thsi d li f le i d il h
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received 1aC€ @nd line of contact. An example is used to lllustrate the
Aug. 1999; revised July 2000. Associate Editor: K. Ehmann. analysis results.
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Fig. 1 Configuration of the through-feed centerless grinding

2 Conventional Regulating Wheel Truing Method parallel to theZ-axis. The height on the diamond tool is set at 40

An example is presented to demonstrate the interference k{‘rn(?m above the XZ plane. The distance between the swivel plane of

tween the workpiece and regulating wheel for through-feed cep e regulating wheel YZ planeand the axis of the workpiece is

- . - ) X L et at 200 mm.
terless grinding machine using conventional single-point diamon As shown in Figs. @) and 4, at the area where the workpiece
truing. As shown in Fig. 3, the diamond tool is traversed acro%%d regulating wheel are in contact, another straight line can be

the regulating wheel on the side opposite to the workpiece. T een. This line is represented by a point, the point of intersection
diamond tool is moving in the direction parallel to the axes of theeen: P y a point, P

workpiece and grinding wheel. Mathematical models for this typd the front, middle, and rear circles in the enlarged view of the
of through-feed centerless grinding system have been derived &3¢tact area between the workpiece and regulating wheel. In
examples have been presented in previous publicafigisel. Mathematical term, this line is the conjugate generator line of the
Therefore, the derivation of these mathematical models is omittBiperbolic of one sheet surfafe0]. The surface of the regulating
in this paper. Only an example is presented in Figs. 3 and 4 weel consists of an infinite number of circles. Three circles, i.e.,
illustrate the interference between the regulating wheel and wotke front, middle, and rear circle, are selected to represent the
piece. The actual regulating wheel truing configuration used iegulating wheel. Different line widths are used to distinguish
production through-feed centerless grinding is a lot more compthese three circles. The enlarged view of the contact area in Fig. 4
cated than the setup shown in Figs. 3 and 4. illustrates the interference between the workpiece and regulating
Figure 3a) shows the front view of a through-feed centerlesgheel due to their radius of curvature. The workpiece cannot be
grinding machine with 400 mm diameter grinding wheel, 80 MMYuided along a straight line as desired.

diameter workpiece, and 50 mm center-height of the workpiece.p4 sety P ; ;

. . o - ) p shown in Figs. 3 and 4 is not typical for through-feed
An XYZ Cartesian coordinate system is first defined. The s\’V'Wélenterless grinding. It is only used to illustrate the problem. Prac-
plane of the regulating wheel is parallel to the YZ plane, i.e., t

axis of the regulating wheel is located in the plaxie0. The I~hecally, _the_re are different tru_ing systems for through-feed center-
point of swivel on the axis of the regulating wheel locates on tHESS grlndlng, _and many adjustments can be made to (edu_ce the
XY plane (Z=0). TheZ-axis is parallel to the axes of grinding magnitude of interference to a much smaller_level than in Fig. 4.
wheel and workpiece. Thi-axis passes through and is perpentiowever, the same problem that not all the circles on the regulat-
dicular to the axis of the grinding whee&f-axis is perpendicular to ing Wheel are tangent to the constant radius workpiece still exists.
both X- and Z-axis. The single-point diamond tool is located onThis is one of the reasons that the set-up for truing the regulating
the side of the regulating wheel opposite to the workpiece améheel for um-scale precision through-feed centerless grinding is
workrest blade. It moves along a straight line in the directioaften time-consuming and experience-based.

Workpiece

Grinding
Wheel

A circle on the

regulating wheel
which is tangent
.| to the workpiece

Workrest
Blade

(@ (b) ()

Fig. 2 Front view of the circles on the regulating wheel surface with center
on the regulating wheel axis (a) a circle tangent to the workpiece circle of
radius r (b) a smaller diameter workpiece is generated if the circle on the
regulating wheel surface intersects the original workpiece circle at two points,
and (c) a larger diameter workpiece is generated if the circle on the regulating
wheel surface does not intersect the original workpiece circle
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Fig. 3 Front and side view of the conventional through-feed centerless grind-

ing machine truing using the single point diamond (unit: mm )
Y
70 4 kN
3 New Regulating Wheel Truing Method 66 . S Front
This paper discloses a new method to generate the regulat | Circle
wheel surface for through-feed centerless grinding without tt Middle
interference problem seen in Fig. 4. As shown in Fig. 5, the |de58 ] Circle
is to use a rotary diamond truing disk that ]
(1) has the same diameter as the desired workpiece diamete®*
(2) locates at the same height as the workpiece, and o]
(3) traverses across the regulating wheel on the side opposite . Regulatin
the workpiece and in the direction parallel to the axes of th46 ] Workpiece \?Vh 9
eel
workpiece and grinding wheel.
The surface on the regulating wheel generated by this meth*? ]
also consists of infinite number of circles with center at the axis (34 3
the regulating wheel. These circles are all tangent to the surface ,
the workpiece cylinder, as illustrated in Figia2 and in Figs. 5 34 3
and Fig. &a). There is only one point of contact between a circle |
on the surface of the regulating wheel and the surface of 30 1 “ : Rear
workpiece. For the front, middle, rear circles on the regulatin Circle
wheel surface in Fig. 5, the point of contact is illustratedBas ]
Bm, andB, in Fig. 6@). The single point of contact betweena,,y .~ {\\ ______ 1X
circle on the regulating wheel and the workpiece is the advant g, 176 172 -168 -164 -160 -156 -152 -148 -144 -140 -136 -132

geous characteristic of the proposed regulating wheel truing

method. As shown in Fig.(3), it eliminates the interference be-rig. 4 Enlarged front view of the interference of the workpiece
tween the regulating wheel and workpiece and the variation @hd regulating wheel in the conventional through-feed center-
workpiece size due to the interference. less grinding machine truing system  (Unit: mm )
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Fig. 5 Front and side view of the new rotary truing system for through-feed
centerless grinding  (Unit: mm )
4 Mathematical Model of the New Truing Method The values of these input parameters for the truing configura-

The goal of this mathematical model is to find the numericatl_onoo'rr‘nnflg_ 4510(?:r?r:nr :ar?g/rﬂrgmrr]n: S0mm, a=5 deg, W
representation of the regulating wheel surface generated using th o y - L .
prgposed rotary truing ?nethog. First, an XYZgCartesian coorgdi-. he su_rface O.f the regulating wheel is repre_sented by a Series of
nate system is defined for the new truing system. The definition 5 celzls \|/:ng etggg Cgir;frgnlzﬁztz?(isr;fﬂtﬁeagsu?;titr:]e V:/?‘%Lgﬁtg]g
X, Y, andZ axes is the same as in the conventional truing meth | : h fp £ th lati h I\/?Na % '
discussed in Sec. 2. The YZ plan¥=€0) is the swivel plane of cire ebonft e;“[rﬁF:e 0 tl € regutra]\tlng Wke.e Sft e cer;]t_e[] .

. - can be found. This circle and the workpiece surface, which is
the regulating wheel. Th&-axis is parallel to the axes of the . .
grinding wheel, workpiece, and traverse direction of the rotaf ap;rtiar?er:tt]eed ?i/nti g’gﬂdiﬁehgveulggg wﬁegfgisOfaC?anr;%Ct-oEy
truing disk. TheX-axis is perpendicular to the swivel plane of the_. ying P g '€g 9 ' nily
regulating wheel and passes through the grinding wheel axis. l%cfles is generated. These circles represent the regulating wheel

4 4 . : surface.
avi/gl)pomt on the regulating wheel axis locates on the XY plane As shown in Fig. 7, an input parameteis used to define the

There are six input parameters to define the configuration of thoé:.atlon of pointA from the_swwel point on t_he feg%"a“”g wheel

axis. Because the regulating wheel is swiveled in the pl&ne

new truing system. These parameters are: =0, theX coordinate of the swivel point and the poiatis equal
(1) Radius of the workpiece and rotary truing disk, to 0. The Z coordinate of the swivel point is also equal to 0
(2) Center height of the workpiece and truing disk, because the swivel point is fixed in ti#e=0 plane. The coordi-
(3) Swivel angle of the regulating wheet, nate of pointA is:
(4) Distance between the two parallel axes of the workpiece and
truing disk, W, A=[0, y+lIsina, | cosa] 1)

(5) Radius of the grinding wheeR, and h
(6) TheY coordinate of the swivel point on the regulating wheef/Nere
axis, y. —w/2<I<w/2 andw is the width of the regulating wheel
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Fig. 6 Enlarged front view of the contact area between (a

workpiece and regulating wheel and  (b) truing disk and regu-
lating wheel in the through-feed centerless grinding machine
with the new truing system  (unit: mm )
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Fig. 7 Definition of point A on the axis of the regulating wheel
and the directional vector A\
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Adcirde onthe
regulating wheel
surface

Regulating wheel axis

Fig. 8 Mathematical model to find the contact point B between
the regulating wheel and workpiece

Figure 7 also defines the directional vector of the axis of the
regulating wheel\.

A=[0,—sina, —cos«] 2

As shown in Fig. 8, each poit on the regulating wheel axis
corresponds to a circle&s, on the regulating wheel surface. This
circle is tangent to another circle on the workpiece surface at point
B. A plane, which passes through poitand is perpendicular to
vector A, intersects the axis of the workpiece at pdhtOn the
line AD is the pointB, which is located on both the workpiece
surface and regulating wheel surface. A pdinbn the workpiece
axis is defined so that vectBE is perpendicular to the axis of the
workpiece. The distance betweBnandE is equal tor. Line BE
is perpendicular to the workpiece axis with directional vector
6=[0,0,-1].

The X coordinate of poinD, D,, is equal to—W/2 (W is the
given distance between the axes of the workpiece and rotary tru-
ing disk. D, is equal to the given center-height of the truing disk,
h. D, is the only unknown to be solved. Since vecibh is per-
pendicular to\, the following equation can be used to soDe.

(D—A)-A=0 (3)

By substitutingD=[ —W/2,h,D,] andA andX\ from Egs.(1) and
(2), respectively, Eq(3) can be rewritten as:

D,=Icosa+(y+I|sina—h)tana 4

A new parametep(0<3<1) is introduced to define the posi-
tion of pointB on the line between pointa andD.

B=A+pB(D—A) (5)

B can be solved based on the constraint that the distance be-
tweenB and workpiece axis is equal to

(BxfEx)2+(By7Ey)2:r2 (6)

UsingD,=E, andD,=E, and substituting the componentsif
andB, from Eq.(5), Eq. (6) becomes

[(1-B)(Ax—Dy)1?+[(1-B)(Ayj—Dy)]*=r2. @)
Equation(7) is rearranged to solve fgs.

r
=1+ 8
P \/(Afox)2+(Ay7Dy)2 ( )
The negative sign in Eq8) is selected because<®B<1.

After B is solved, the position dB can be calculated from Eq.
(5). The circle with center at poirA and lineAB as the radius is
part of the surface of the regulating wheel. By varyinfrom
—w/2 to w/2, different locations for poinfA on the regulating
wheel axis are specified. Equati6f) is then used to calculate the
location of pointD. And, the coordinates of poirid are substi-
tuted in Eq.(8) to solve forB. B is used in Eq(5) to solve the
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Table 1 Results of A, D, B, and B at /=—200, 0, and 200 mm

|
i

Front Circle, /=200 mm | Middle circle, /=0 mm | Rear circle, /=—200 mm o
Regulating

Point 4 (mm) (0,17.43,199.2) (0.0,0) (0, —17.43, -199.2) Wheel Same radius as the workpiece
I xS ; :

Point D (mm) (—200.0, 50.00, 196.4) | (-200.0, 50.00, —4.374) | (—200.0, 50.00, —205.1) . Same_he|ght as the .
' workpiece center-height

B 0.803 0.806 ost0 | _[.—.. B e b TFljan_ --
Point B (mm) (—160.5, 43.57,197.0) | (—161.2, 40.30, —3.526) | (—162,1, 37.22, —204.0) i P'F‘d‘e

position of pointB. A curved line is traced by poir. This is the
contact line between the regulating wheel and workpiece. A sur-
face is generated by circle. This is the regulating wheel surface.Fig. 9 Regulating wheel truing method for small diameter part
The regulating wheel surface is no longer the hyperboloid of
one sheet, as shown in Fig. 3, generated by the single-point dia-
mond tool. Instead of using a line for surface generation, thisnall diameter application. This spindle will traverse in the direc-
method uses a cylinder to generate a new type of the hyperboldiidn parallel to the axis of the grinding wheel. The regulating
shaped surface. wheel will be trued under the same condition as shown in Figs. 5
and 6.
5 Example This paper presented a mathematically exact form of the regu-

An example is presented to illustrate the mathematical mod&ting wheel surface for through-feed centerless grinding without
The six input parameters are the same as in Sec. 4. The resultstBfeinference problem inherent in the typical method. However,
shown in Figs. 5 and 6. The directional vector of the regulatin&rﬁle advantage of this concept still needs to be proved by experi-
wheel A=[0,—0.087-0.996. There is an infinite number of Mental validation, which is an ongoing research activity. To make
circles on the surface of the regulating wheel surface. Three S concepta reality in production centerless grinding, other com-
them,| = — 200, 0, and 200 mm are selected for illustration. Tablglimentary techniques need to be developed. Theoretically, the
1 lists the positions of poim, D, andB and the value of for the  thickness of the rotary truing disk does not affect the results. In
front (I =200 mm), middle (=0 mm), and rearl —200 mm) Feality, wear occurs during truing and the size of the truing disk
circles that illustrate in Figs 5 and 6. varies. It is apparent that a sensitivity study is necessary to iden-

Figure @a) shows the enlarged view of the contact area bdly the effects of different truing and grinding parameters on the
tween the regulating wheel and workpiece, and Fig) hows accuracy of the through-feed ground workpiece.
the enlarged contact area between the regulating wheel and truing
disk. The interference between regulating wheel and workpieBeferences
has been prevented in this truing system. Figures 5 and 6 als@] krar, s., 1995Grinding Technology2nd Ed., Delmar Publishers Inc.

illustrates that, along the contact line, tieoordinate is varying  [2] Goodall, C., 1990, A Study of the Through Feed Centerless Grinding Process
with the Change irZ-coordinate. with Particular Reference to the Size AccuraB).D. Dissertation, School of
Engineering, Liverpool Polytechnic, U.K.
. [3] Spain, B., 1960Analytical Quadrics Pergamon Press, p. 38.
6 Concludlng Remarks [4] Unno, K., Tsujiuchi, T., and Niino, Y., 1986Regulating Wheel Dressing
: : : System in Centerless Grinddyd. S. Patent Number 4,570,386.
In this paper, a new regulating wheel truing method for Slonimski, W. ., 1956,Theorie und Praxis des Spitzenlosen Schlejfefeh

LU . 5
through-feed centerless grinding was discussed. The method th<[:1lJ Verlag Technik Berlin, Germany.
eliminated interference between regulating wheel and workpiecgs] Meis, F. U., 1980, ‘Geometrische und Kinematische Grundlagen fur das
was exp|ained_ A mathematical model was deve|oped to calculate Spitzenlose DurchlaufschleifénPh.D. Dissertation, Technical University

. . . _Aachen, Germany.
?n?pcl:gnvtlaacst Lljlggdbgvi\?ﬁjesrt]rgfgl::]aetlg%;lvyseiselrggglt\gorkplece. An ex [7] Petrosky, G. C., 1998,Workpiece Shape Control in Through-Feed Centerless

A o o - ] . Grinding,” Ph.D. Dissertation, University of Connecticut, Stoors, CT.
Practically, it is difficult to maintain exactly the same diameter [8] Hashimoto, F., Kanai, A., Miyashita, M., and Okamura, K., 1983, “High

of the rotary diamond truing disk due to the wear of the diamond Precision Truing Method of Regulating Wheel and Effect on Grinding Accu-
truing disk. As shown in Fig. 9, an alternative method to use a 9Q.., 2" CIRP Ann.,32 No. 1, pp. 237-239.

f i . o . . 0[9] Shih, A. J., 1999,Centerless Grinding Machine with Optimal Regulating
deg tilted truing spindle with a formed rotary diamond wheel with
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the same diameter as the ground workpiece was prod@ddr  [10] Narayan, S., 196%nalytical Solid GeometryS. Chand & Co. 14th Ed.
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