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Abstract: The bonnet tool polishing is a novel, advanced and ultra-precise polishing process, by which the freeform surface can be
polished. However, during the past few years, not only the key technology of calculating the dwell time and controlling the surface form
in the bonnet polishing has been little reported so far, but also little attention has been paid to research the material removal function of
the convex surface based on the geometry model considering the influence of the curvature radius. Firstly in this paper, for realizing the
control of the freeform surface automatically by the bonnet polishing, on the basis of the simplified geometric model of convex surface,
the calculation expression of the polishing contact spot on the convex surface considering the influence of the curvature radius is
deduced, and the calculation model of the pressure distribution considering the influence of the curvature radius on the convex surface is
derived by the coordinate transformation. Then the velocity distribution model is built in the bonnet polishing the convex surface. On
the basis of the above research and the semi-experimental modified Preston equation obtained from the combination method of
experimental and theoretical derivation, the material removal model of the convex surface considering the influence of the curvature
radius in the bonnet polishing is established. Finally, the validity of the model through the simulation method has been validated. This
research presents an effective prediction model and the calculation method of material removal for convex surface in bonnet polishing

and prepares for the bonnet polishing the free surface numerically and automatically.

Keywords: bonnet polishing, convex surface, material removal model, curvature radius

1 Introduction

The bonnet tool polishing was a novel ultra precise
polishing method and can be used for machining freeform
surfaces with high accuracy and good surface roughness
The Zeeko Ltd and University College London in the
United Kingdom jointly researched the bonnet polishing
machines IRP200 in 2000°*, which can make the surface
roughness up to 3 nm (R,) by the precession polishing!.. In
subsequent research, the surface shape accuracy can be
made up to 80 nm (P-V) for aspheric parts'®. JACOBS!"!
from University of Rochester in United States in 2004
presented the viewpoint that the bonnet polishing was one
of six international innovations in optical finishing. All
above papers show that the bonnet polishing is an effective
ultra precision polishing method.

In addition, KIM, et al®”, in Korea researched the
Algorithm simulation on the surface control by the bonnet
polishing technology. BEAUCAMP, et al''”, in Japan not
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[1-2]

only used the computer numerical control precession
bonnet polishing technology to the corrective finishing of
photomask substrates for EUV lithography but also
polished the tungsten carbide moulds including any
aspheric and freeform shape by 7-axis CNC precession
polishing machine and demonstrated the ability of
correcting surface form in bonnet polishing!'", However,
the key technology for realizing the free surface automatic
control in the bonnet polishing such as the technology of
calculating dwell time and controlling surface form has not
been reported so far.

In China, the research of the bonnet polishing technology
has just been started. At present, PAN, et all'>" in
Xiamen University built the bonnet polishing experimental
platform and studied the precession control technology for
large diameter aspheric; WANG, et al' in Xjamen
University not only presented one self-adaptive iterative
algorithm to calculate the dwell time when polishing large
optics but also investigated three kinds models of static tool
influence function (sTIF) based FEA!"” and WANG, et
al'", further investigated the optimization parameters for
bonnet polishing based on the minimum residual error
method. The team of Professor JI in Zhejiang University of
Technology has researched the mould technology for
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freeform surface using the bonnet polishing till now!'” !,

Harbin Institute Technology built the experimental
prototype machine in 2004 and had started to engage the
development of the bonnet polishing parallel machine and
to develop CNC system of the parallel machine in recent
years [22-23],

However, little attention has been paid to research the
material removal function based on the geometry model for
curved workpieces considering the influence of the
curvature radius. For realizing the freeform surface
automatic control, the above-mentioned research was
developed in this paper.

Firstly, in this paper, for the convex surface, the pressure
distribution regular expression and the relative velocity
distribution regular expression that are related to the curvature
radius of the curved workpiece has been deduced, then the
semi-experimental material removal model considering the
curvature radius of the workpiece has been built, finally the
validity of the model through the experimental method and
the simulation method has been validated.

2 Pressure Distribution Considering
Influence of Curvature Radius in
Bonnet Polishing Convex Surface

Most of the earlier models were at the macro-scale, and
were based on the Preston’s law!**!, the integrate Material
Removal Rate can be expressed by the following equation:

dh
—=K PV, 1
dr ’ M

where di / dt is the material removal rate, P is the applied
pressure, V is the relative velocity between the workpiece
and the polishing tool, K, is Preston coefficient.

In the bonnet polishing, the bonnet is in compression, the
polishing spot will be generated. Hence the polishing
pressure on the polishing spot mainly originates from the
bonnet decrement; the polishing tool itself rotational speed
is more quickly than that of the workpiece, the relative
velocity between the polishing tool and the workpiece
mainly originates from the bonnet rotational speed. So the
bonnet decrement and the relative velocity are two main
ingredients influencing on the material removal rate.

In addition, the workpiece surface which can be polished
by the bonnet polishing are diversiform, includes: the flat
surface, the convex surface, the concave surface, even
aspheric surface and freeform surface. So the curvature
radius of the workpiece is the additional ingredient
influencing on the material removal rate. As the material
removal model is investigated, the curvature radius of the
curved workpiece need to be taken into account.

2.1 Theoretical expression derivation of pressure
distribution
The pressure applied in the contact region is caused by

the elastic deformation of the bonnet itself and the initial
inner pressure of the puffed bonnet. The puffed bonnet can
be considered as the linear elastic system and can be
expressed by the spring model. Under the different pressure,
the elastic coefficient of the bonnet k is different. The
bonnet inner pressure increases with the increasing of the
external pressure!*’). With the inner pressure increasing, the
elastic coefficient k increases, it can lead to the increasing
of the load on the contact region.

So, the force F exerted on the workpiece can be
calculated as

F=KH, 2

where K is the coefficient of elasticity (N/mm); H is the
bonnet decrement of the arbitrary point in the polishing
contact area (mm).

According to Hertz contact theory
pressure in contact area can be expressed by

] the average

F
P= nab’ @
where a is the length of major semi-axis in the elliptical
contact zone (mm); b is the length of minor semi-axis in the
elliptical contact zone (mm).

The bonnet and the workpiece are all sphere and space
axial symmetric geometry. The geometric model of the
bonnet polishing convex spherical workpiece can be
simplified as Fig. 1.

Bonnet polishing tool

Convex surface

Z Zy
[
X T
/ 0,
Y
Fig. 1. Geometric model of the bonnet

polishing the convex surface

As shown in Fig. 1, the point O, is the spherical center of
the bonnet, O, is the spherical center of the workpiece, O
is the center of the polishing contact region, O’ is the zero
point of line speed on the external surface of the bonnet,
a is the included angle between the rotation axis of the
bonnet and the normal of the center point on the contact
region (precession angle), f is the included angle between
the rotation axis of the workpiece and the normal line of the
center point on the contact region. In Fig. 1, supposing XYZ
is the integral coordinate system in the geometrical model,
and x,v,z,, x,y,z, and x,,y,z, are the local coordinate system.
Among these coordinate system, the original point of x,y,z,
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coordinate is located the sphere center point O; of the
bonnet, the original piont of x,y,z, coordinate is located the
sphere center point O, of the workpiece, the original point
of x,y,z, coordinate is located the center O of the contact
region with the ellipse shape. The meaning of symbols in
Fig. 1 is shown in Table 1.

Table 1. Symbol meaning
Symbol Meaning
XY, Z Integral coordinate system
Local coordinate system in the symmetrical center point
T Y B the oval-shaped contact region
Xus Vus Zu Local coordinate system in the bonnet center
Xw W2y Local coordinate system in the workpiece center
R, Curvature radius of the bonnet
R, Curvature radius of the workpiece
w, Rotational speed of the bonnet
o)) Rotational speed of the workpiece
a Semi-major axis dimension of oval-shaped polishing spot
b Semi-minor axis dimension of oval-shaped polishing spot
h Bonnet decrement
a Precession angle
Included angle between the rotation axis of the workpiece
P and the normal of the center point on the contact region
oc Decrement in the initial contact point O between the
bonnet and the convex sphere
108 Length of the contact arc line after the convex sphere
workpiece and the bonnet are in compression
‘AB‘ Distance of 4B (the diameter length of the contact region

between the convex sphere and the bonnet)

As the workpiece is static ( @, =0), the pressure
distribution expression can be deduced in the bonnet
polishing.

Firstly during the coordinate system x,y,z, and the
coordinate system x,y,z,, the coordinate transformation
will be implemented, Egs. (4) and (5) will be obtained:

X, =X,, cos(—oz)—[zw—(R1 —h)] sin(—a),

Yu=Vw> (4)
2,=x,,sin(—a)+{z,,— (R —h)|cos(—a),

2 2 2 2
Xu +yu +Zu :Rl . (5)

Substituting Eq. (4) into Eq. (5), and Eq. (6) can be
obtained:

X+ 4z, (R —h) =2z, (R —h)=R’. (6)
For the local coordinate system x,y,z, and x,,y,,z,:

x,=x,,c08(—B)—(z,,+ R, )sin(— ),
Yo=Y (7
Zy =Xy, Sin(iﬂ)+(zw+R2 ) COS(*ﬂ),

2 2 2 2
x, +y, 4z, =R, . ®)

Substituting Eq. (7) into Eq. (8), and Eq. (9) can be

obtained after simplifying:
xwz + yw2 + zw2 +2z,R, =0. 9)

The simplified simultaneous Eq. (10) from Egs. (6) and (9)
can be expressed as follows:

xw2 +yw2 +ZW2 +(R1 7h)2 722w (Rl 7h):R12 H

(10)
xw2 + yw2 +zw2 +2z,R,=0.
The solution is
2
z, = M (11)
2(R,+Ry—h)
Substituting Eq. (11) for Eq. (10):
x, +v,” =[hQR —h)(h* —2Rh—4R,h+4R R, +
4R,/ 4(R, —h+R,)%, (12)
h* = 2Rk
z =—
" 2R +R,—h)

According to Eq. (12), the polishing contact spot can be
regarded as the round between the spherical bonnet and the
workpiece.

Eq. (6) is solved to obtain the two value of z,,
respectively the symbol z,,; and the symbol z,;, will be
shown:

2 2 2

Zon =R —h+R" —x,"—», ",
[,2 2 2

Zyp =By —h—R™—x," -y,

Eq. (9) is solved, and the solution can be used the symbol
z,»1 and the symbol z,,5, to show respectively:

[ 2 2 2

Zy21 :7R2 + R2 Xy TV
2 2 2

Zypy = =Ry —R,” —x,” =y,

According to the coordinate direction of the local
coordinate system x,,,z,, the solution z,, is

2 2 2.
Zyl = Zwl2 :Rl_h_VRl Xy TV

2 2 2
Zyy = Zyp1 = Ry Ry —x, =y,

(13)

(14)

Because
Zyy
H= wazl dy=1z,—z,. (15)

According to Eq. (2), the pressure applied by the bonnet
can be expressed by the following expression:
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F=ki=k[ " dv=k(z, —2,). (16)
Then
H=[™dz=—h+ @R —\R’—x =)+
(R, — R22 — xw2 — yW2 ). (17)

According to Egs. (16) and (17), when polishing the
convex surface, the pressure of the arbitrary point on the
polishing spot can be expressed as the following
expression:

F;(xw’yw’zw) =kH = k[_h+(Rl - VRIZ _'xw2 _yw2)+
(R, R —x,2 =y, ). (18)

Because the polishing spot can be seen as the round, the
average pressure can be expressed by the following
expression:

kH
2 2y
n(x,” +¥,°)

(19)

P =

The average pressure distribution can be obtained as
follows:

p[(xw»ywazw) = k[_h + (RI - \IRI2 - xw2 - yw2 ) +
(R, —JRZZ —xw2 —yw2 )/ a{[h(2R, — h)X

(h* —2Rh—4Rh+4R R, + 4R/ [4(R, + R, — 1)1}
(20)

As x,=0, y,=0, the maximum average pressure
expression on the center point in the polishing spot is

4k(R, + R, —h)*
n(2R, — h)(h> —2Rh—4Ryh+ 4R Ry + 4R,%)

@n

Prmax =

From Eq. (21), the maximum average on the center point of
the workpiece can be obtained. According to the Preston
equationdh/dt = K ,PV, the material removal rate can be
expressed by the maximum depth per unit time. If the
influence of the other factors on the material removal will not
be considered, the maximum depth on the center point can be
considered as the depth of the material removal. So, by
comparing the pressure of the workpiece with the different
curvature radius on the center point, the influence of the
curvature radius on the material removal can be estimated.

2.2 Material removal considering the influence of the
curvature radius in the bonnet polishing convex
surface

2.2.1 Polishing pressure of the convex surface

with different curvature radius
Fig. 2 is Local geometric model scheme of bonnet

polishing convex optical workpieces with different
curvature radius.
Bonnet
Ny \'
\”\ Forko
Wworkpiece
7N :
1*workpiece 2*workpiece

Fig. 2. Convex surface with different curvature radius

Supposing the curvature radius of the 1% is r, the
curvature radius of the 2” is 7, , the curvature radius of the
3" is ry, and # <r,<r,. Supposing the initial decrement
OC is the same when the bonnet polished the workpiece by
the fixed-point polishing. According to Eq. (12), the size
order of contact spot is as the following: 1"< 2*< 3",

According to Eq. (20) of the maximum convex pressure,
it can be known that the size order of the maximum
pressure with the different curvature radius on the same
contact point is as the following: 3*<2*<1",

2.2.2  Influencing of the different curvature radius
on the material removal rate
The conclusion of the material removal rate can be done
as the following: 17 > 2* > 3% The material removal rate
with the smaller curvature radius on the convex workpiece
is larger than that of the material removal rate with the
larger curvature radius on the convex workpiece.

3 Influence of the Bonnet Rotational Speed
on Material Removal in the Bonnet
Polishing Convex Surface

If the workpiece is static (@, = 0), the relative velocity
between the bonnet and the workpiece is the line velocity at
the contact point, Fig. 3 is the velocity distribution sketch
of bonnet polishing convex surface.

According to Fig. 1 and from the foregoing discussion,
the bonnet decrement / is very tiny compared with the
bonnet curvature radius O;C. So the point O and the point
O’ can be considered as the same flat, the connection line
OO0’ is perpendicular to the line O,0,. The symbol & is the
angle between GO and OO’ (the axis x,, direction).

For the center point O on the polishing zone, its velocity is
00’

« cos(). (22)

ON|:a)l-

Vo=ay

So, the velocity vector G of any point on the contact zone
can be considered as the plane during x and y coordinate
system
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Ve (x,3) =@, +|0'G| « cos(), (23)

l0'G|= \/|OG|2 +00'[ —2]06||00'|cos(n—6).  (24)

2b

Y

Fig. 3. Velocity distribution in the bonnet polishing

convex surface

During x and y coordinate system, for any point
G(x,y), supposing OG=r, OO’ = (R —h)tana, the
velocity expression of point G is

Ve (x,y) = o, cos(a)[(R, — h)? tan’® (o) + x* +

1
Y2 42457 +y? (R, —h)tan(x) cos(ﬁ)]g. (25)

Supposing » =+/x> + y*, the following result can be
obtained according to Eq. (25):

Vo (r,0) = oy {(R — Wysin(@)] +7° +

(R, — h)sin(2a) cos(0)}2. (26)

4 Material Removal Model Considering
Influence on Curvature Radius in Bonnet
Polishing Convex Surface

The following conclusion can be done from the results
by the author **): for the spherical workpieces with smaller
curvature radius, the material removal rate is not
proportional to the bonnet decrement. And from the above
discussion in this paper, the polishing pressure on the

polishing spot mainly originates from the bonnet decrement.

For building the material removal model more accurately,
the material removal model on the basis of the Preston
equation needs to be modified according to the
experimental results.

Firstly, the linear relation expression between the
material removal rate and the speed on the basis of the
Preston equation and the index expression between the

material removal rate and the pressure is built. Secondly,
the Preston coefficient and the pressure index on the basis
of the experimental results is determined. Finally the
material removal model is simulated in order to determine
whether the simulation results are in accordance with the
actual polishing or not.

According to the foregoing analysis, the material
removal model of the convex suface is

dH(x, y, 0)

& 27)

=k,P"(x,y,0)V(x, y,0),

where m is the pressure index.

Substituting Eq. (20) of the pressure distribution and
substituting Eq. (25) of the velocity distribution into Eq.
(27), the material removal model of the convex surface can
be obtained as the following:

dH(x, y, 0)
dt

k=R = R? = =) (R =R = =)

hCR — h)(h* —2Rh—4R,h+4R R, +4R,%)
4R, +R,—h)’

=k, x

m
.

(R, —hysin(@)] + x> +* +

V5% + 37 (R, — h)sin(2a) cos(6) 2. (28)

From Eq. (28), the parameters such as the bonnet curvature
radius, the workpiece curvature radius, the bonnet
decrement and the precession angle are considered. As

x =0, y =0, where the material removal depth H, is the
center point O:

P 4k(R + R, —h)’ !
* 7| nQ@R, —h)(h —2Rh—4R,h+4RR, +4R,%)

(R, —h)sin(a)wt.

29)

According to Eq. (29), the center removal depth H, can
be obtained from the experiments, Preston coefficient £,
can be solved as the following:

_ H,y %
7 (R, —h)aytsin(a)

AR, — h)(h> —2Rh—AR,h + 4R R, +4R,)|" .
4k(R, +R, —h)’

(30)

5 Material Removal Model Verification
of Convex Surface

The bonnet “precession” polishing usually is completed
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by the discrete mode composed of the fixed polishing with
four points in the declining manner. So the material
removal in the “precession” polishing consists of the
superposition of the four points polishing. Firstly the
material removal model is researched and then the
undermined coefficient in the model is determined. The
experimental conditions of the material removal model are
shown in the Table 2.

Table 2. Experimental condition

Parameter Value
Curvature radius »/mm 50.99
Bonnet rotation speed 7/(r * min™") 700
Inner pressure p/kPa 22
Bonnet precession angle /(%) 25
Polishing liquid concentration ¢/% 10
Bonnet decrement s/mm 0.2
Dwell time #/s 480

In the polishing experiments, the convex spherical
workpiece with the sand optical glass surface is used, and
the abrasive material is the cerium oxide polishing powder.
After polishing, the Taylor Hobson was used to measure the
material removal depth.

5.1 Material removal model initialization

Under the condition Table 2, along the radial direction of
the circular polishing area, the material removal depth
curve was measured as Fig. 4 and the maximum removal
depth is 106.7 pm.

2 OT T T T T T T 1T T 1T T T 14
_§ 4OH-———F——r— ST E T TR 2T
= M A/ N g S N N SN A B~ 2
g [ 7 I g e A N R R R Y AN R R
2 & o +—g A
g = L Lo I I 171
T 20 —r—FrTr T T &_I =T ~/T_l =TT ]
= N7 | S N 7 Sy Oy Ny ) Y 4-—4-—4-§+_-
= RZE AN L 12
g ~Opm—Zrororororre r—r—r—ré'r—'
S A 77200 NN N TR N I I RO SR B N /A
-9 87 —-6-5-4-3-2-10 1

Polishing contact zone coordinate x/mm

Fig. 4. Material removal depth of optical convex surface

During the material removal model derivation process,
according to Eq. (28), the coefficients are
undetermined, one is Preston coefficient k,, the coefficient
k,is related to the other process conditions except the
polishing velocity and the pressure; the other is polishing
pressure index m. The two coefficients all can be obtained
through the experiment data. In Eq. (30), the value of the
parameters R, is set to 40 mm and the bonnet elastic
coefficient K after being taken test is equal to 9.3 N/mm.
The following conclusion can be done from the results by
the author®: for the convex surface with the larger
curvature radius, the material removal and the bonnet
decrement can be regarded as the linear approximately. So
the pressure index m is set to 1. According to Eq. (30), £,
calculation result is 1.53x 107" m*/N.

two

5.2 Material removal model validation

After Preston coefficientk, and the polishing pressure
index m were solved, the material removal process can be
simulated for the convex surface, the bonnet rotational
speed n is set from 700 r/min to 400 r/min, and the fixed
polishing experiments were done on the convex surface
with the same curvature radius.

The bonnet polishing process is simulated by the
MATLAB software, and the measured results are compared
with the simulated results, the compared results are shown
in Fig. 5.

Simulation curve

= 24 il et /7% e e S St S i N S/
45- I*I*'—\ I_ l___i‘ili__i__l___l__il__ T |7—|7
E o e N T
e T 2 T TN 7
§§*20T——|——r%4——r—‘r——\——r 717 —‘[——|—‘éi
2 N | B S R N _/IN
== 4ot —4-—F H-—--r-1--1-- XA -4
= BRI [ A A R T R NG S B
5 —eof—d-—LZl L1 1 ,,,,AﬁtEalC,UL\(Ejf
2 A T A e i ) A A R R 2
2 _SOI L 1 Il L 1 Il 1 1 Il 1 1 Il Il A

-3 -2-1 0 1 2 3 4 5 6 7 8 9 10 11

Polishing contact zone coordinate x/mm
Fig. 5. Comparison between the simulation curve

and the measured curve

From Fig. 5, it can be seen that the simulation curve
reflects the actual material removal process. And the depth
of the material removal on the simulation curve and the
actual curve fits, but the size of the simulation polishing
spot is smaller than that of the actual size. Because as m
and k, were being solved, the bonnet rotational speed is
set to 700 r/min from 400 r/min, the actual polishing spot
size changes smaller.

5.3 Material removal model verification of the convex
surface with smaller curvature radius

The experimental conditions of the material removal
model with the smaller curvature radius are shown in the
Table 3.

Table 3. Experimental condition

Parameter Value
Curvature radius 7/mm 19.59
Bonnet rotation speed /(r « min™') 300
Inner pressure p/kPa 23
Bonnet precession angle «/(°) 23
Polishing liquid concentration ¢/% 10
Bonnet decrement s/mm 0.2
Dwell time #/s 480

Under the condition Table 3, along the radial direction of
the circle polishing spot, the material removal depth
measured is about 109 pm. Firstly, according to the
research, the polishing pressure index m is determined. The
figure after fitting is shown as Fig. 6. From Fig. 6,
according to the curve figure after fitting, the equation
m=2/5can be obtained. According to Eq. (29), the
coefficient of Preston equation k,=7.12x10"" is
calculated, the bonnet rotational speed is set from 300
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r/min to 800 r/min.

257 & R19.59 average)
m R19.59 (1) g

o A R19.39 (2) 3
S ® R19.59(3)
el !
g E =35.8x04
55 : g
—_—
Sy
§ § 15+
= $
E |

10 | | | |

I I
0.10 0.15 020 025 030 035

Bonnet decrement 4 /mm

Fig. 6. Determination pressure factor in bonnet
polishing

The fixed polishing experiments are done on the convex
surface with the same curvature radius, and at the same
time the other parameters remain unchanged, the results
from these experiments are compared, the compared figure
is shown as Fig. 7.

100~ Actual curve
1 1 & 1 1 | | | | 1 I | | L_#
= 50ﬂ*7I77f7T7M77F7T ‘TW\F\/
[ ! N LN\ A
ég Opd—+t- y/lr T t t t ‘\l\ t t | t
S | | | | | | | | | |
E’i —S0H——- At — - — -t -\~ T A~
_ga B l__I_J N \_ I__I _I _ l__\__ - | _I__I
£8 ORI T T T T ] Siuation cuve
b= —150—i——l——f—+——1——|——1-—-(“————?——+——r——|——1——é|
| | /J; | | | | | | | | | | | A
-5-4-3 -2-101 2 3 4 5 6 7 8 9
Polishing contact zone coordinate x/mm
Fig. 7. Comparison between simulated curve

and measured curve

From Fig. 7, it can be seen that the depth of material
removal between the simulated curve and the measured
curve fits, the simulation reflects the actual material
removal process.

6 Conclusions

The prediction of the material removal can help to
realize the automatic control. The research on the material
removal model is the basis of the material removal
mechanical automation. For the convex surface, the paper
has been presented four innovations.

(1) The calculation expression of the polishing contact
spot on the convex surface considering the curvature radius
has been deduced;

(2) The calculation expression of the pressure
distribution which relates with the bonnet curvature radius
and the workpiece curvature radius has been deduced;

(3) The calculation expression of the velocity on the
convex surface has been deduced;

(4) By the combination method of the theoretical
expression derivation and the experimental verification, the
semi-empirical material removal model has been built and
the material removal model correctness has been verified.
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