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Abstract

A thorough understanding of the mechanics of contact and friction mechanisms is of great practical importance to the process of precision
optical lens polishing. The present work is aimed at modelling the polishing process for spherical optical lenses with small radii (r = (5.50—8.85)
%1073 cm). A finite element technique (ABAQUS/Standard) was employed to perform the analysis. The results include information about
the contact status during the polishing process, the polishing load distribution on the contact surface and the variation of the spatial polishing
trace. The problem of the missing polishing zone on the workpiece is also discussed. (© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

In precision optical lens polishing, when a polishing tool
and a workpiece are brought together, direct and accurate
measurement of the conditions at the contact surfaces is
difficult. Consequently, the analysis can be evaluated only in
terms of the polishing result and its acceptability under the
particular processing conditions. The problem is com-
pounded by the complex contact behaviour of the polishing
tool and workpiece during the polishing process. This
behaviour is sensitive to the constituent materials of the
two contact bodies, the roughness profile of both surfaces,
the polishing load, the direction of the load in relation to the
actual contact area, the lubrication condition, as well as
other factors. Although, both experimental and analytical
approaches have been helpful for understanding the phe-
nomena under different circumstances, each have certain
limitations. For example, the experimental approach may be
time consuming and expensive, while analytical solutions
may be obtained only for simple cases. These problems have
been discussed extensively [1-3], but for more complicated
cases formidable mathematics are needed for formulating
the very complex governing equations of the contact
mechanics. However, by adopting a finite element analysis
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(FEA) approach, some of the analytically indeterminate and
unmeasurable contact properties can be simulated numeri-
cally using this powerful technique.

This work employed ABAQUS/Standard (Version 5.4)
and the Lagrange multiplier method for the analysis proce-
dure. The modelling work was focused on the contact status
of the precision polishing process. The distribution of the
polishing load over the contact surface, being of the order of
a few newtons, and the spatial polishing trace on the work-
piece surface during the polishing cycle, are determined by
the FEA.

2. Modelling of optical lens polishing
2.1. Theoretical consideration

A schematic representation of the polishing process,
consisting of the tool and the workpiece, is shown in
Fig. 1. The workpiece is located on the top of a moving
hemispherical surface. Two right-handed, Cartesian coordi-
nate systems are defined, one fixed to the tool, A, the other
fixed to the workpiece, B, and moving with it. In the
instantaneous position shown in Fig. 1, both the fixed Z-
axis and the moving z-axis, are directed to point outward,
normal to the plane of the figure. The angular velocities, wy,
w, and w3, represent the rotation of the polishing machine,
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Fig. 1. Ilustration of the polishing process.

the sliding motion of lens over the surface of the polishing
tool, and the self-rotation velocity of the workpiece about its
own axis of symmetry, the y-axis, respectively. In the
computation, the model is considered to be three-dimen-
sional.

The elastic body A, which is moving with the prescribed
angular velocity my, is in contact with another elastic body B
as shown in Fig. 1. To develop the governing equations for
the contact conditions, it is assumed that at time 7, the
surfaces of the two bodies A and B come into contact when a
load is applied to the top of B. An implicit integration
scheme is chosen here for the dynamic analysis [4].

In the implicit scheme using FEA, the mass matrix is
formulated on the basis of consistent mass properties, and
the time integration is completed by Newmark’s formula for
displacement and velocity. The half-step residual is used as
the time increment for the next step.

The boundary conditions given in the computation are
classified into three types. They are (1) loading condition,
(2) constraint condition of tool, and (3) constraint condition
of workpiece. The initial conditions on the surface of the
bodies A and B may be expressed as

it (x, ) = 0, i (x,10) = 0

where i and i are the velocity vectors of a coincident
point, i, on the bodies A and B.

The motion of the system must also satisfy all the con-
ditions at the interface between the two bodies, including the
displacement and fraction continuity on the interface surface
I. Denoting by the displacement and velocity of two points,
one on each body, at the interface surface as u, i*, uP, i®,
the contact condition can be expressed as

uf(x, t) = uf‘ (x,1), L'tf(x, 1) = il? (x,1)

and the component of force per unit area, in the normal
direction, between the bodies across the interface must
satisfy

O',‘jl’lj = Ppi

The constitutive equation of the interface in this work is
based on the Coulomb friction law, i.e.,

fi = upi

where f; is the friction force and p the coefficient of
friction.

2.2. FEM simulation of the contact surface

The isotropic Coulomb friction contact model (with a
shear stress cap) is employed [4]. Whether or not frictional
slip occurs is determined by the value of 7q = (12 + 72)"/?
where 1.4 is the equilibrium shear stress between the contact
surfaces, Tt the shear stress on the tool surface and t,, the
shear stress on the workpiece surface. When t¢q < T¢rit, NO
relative sliding occurs and the stick-state condition is applic-
able; when t¢q = ¢ sliding occurs; thus frictional slip
starts when 7 is the critical shear stress between contact
surfaces.

2.3. Element types

The selection of contact elements is based on the avail-
ability of the element models within the program library
of ABAQUS/Standard. To generate a three-dimensional
mesh for the contact surface, a semi-circular, three-dimen-
sional 6-node element (IRS3-C3D6) is used for the central
cycle structure and a cubic three-dimensional 8-node
element (IRS13-C3D8) is used for the remaining of the
structure. The two types of solid elements available are of
the second-order interpolation in strain type. When the
elements are used for pressure distribution analysis, the
strains are calculated as the integral of the rate of deforma-
tion. The influence of material rotation with respect to
the coordinate system is also taken into account. In all
the situations, the stresses in each element are reported
as the “true” stress [5]. Stress and strain components
are referred to the global spatial directions in the fixed
coordinate system.

2.4. Model of the contact surface

The model is generated using MSC/PATRAN (PAT 301),
an FEA pre-processing package. Fig. 2 illustrates the mesh
of the contact surface in a three-dimensional view. The
central node number is 21, at which the normal direction
is the rotation axis of the contact surface. The total number
of surface nodes is 145 and total number of surface elements
is 144 including 120 IRS13-C3DS8 elements and 24 IRS3-
C3D6 elements. The element and node details of the model
are listed in Table 1.
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Fig. 2. Mesh of modelled contact surface.

Table 1

Element and node details of the model

Number of elements 820
Number of elements defined by the user 385
Number of dummy elements for Lagrange multipliers 290
Number of internal elements generated for contact 145
Number of nodes 1115
Number of nodes defined by the user 583
Number of internal nodes generated by the program 532
Total number of variables in the model 2916

(degrees of freedom plus any Lagrange multiplier variables)

3. Numerical results and discussion

The numerical results were obtained using the following
polishing parameters: polishing load =4 N, w;=1200, 1350,
1500, 1650 and 1800 rpm, and ®,=50 rpm. The contact
surface conditions were determined using different friction
coefficients (#=0.3, 0.4 and 0.5). The radius of spherical
contact surface varied within the range from 5.5 to 8.9 mm
with an increment of 0.2 mm. The polishing parameters used
are based on the experiments and analyses of actual polish-
ing processes, and in order to maintain the practical sig-
nificance of this numerical analysis, polishing parameters
outside this range were not considered.

3.1. Polishing load distribution on the contact surface

Figs. 3—6 display typical examples of numerical simula-
tion results with desired settings for the polishing parameters
at ,=1500 rpm, ,=50 rpm, u=0.4 and r=7.5 mm. Infor-
mation about the polishing load distribution on the contact
surface is provided by these simulation results.

The figures show changes in polishing load distribution
during a single periodical span close to the start and then at
1,2 and 3 s into running time. The cycle is repeated over the
complete polishing process simulation. In the figures, the
small closed loop shows a higher value of compression

pressure (the polishing load), and the greater the distance
from the centre of the smallest closed loop, the lower the
polishing load. It can also be seen that a higher polishing
load during the polishing process has an effect at the edge of
the contact surface.

It is instructive to analyse the relationship between the
contact area ratio and the contact pressure from the numer-
ical results. The ratio is defined as the loop area compared to
the entire contact surface area. The loop area is obtained
using the Visual-Graphic package (a computer graphical
imaging program). Because the sliding angle of the work-
piece is less than 20°, the area can be approximated by a
plane, with 6% error, as being the projection of the area onto
the X—Z. In the case of an apparently open loop, the edge of
the contact surface forms the missing part of the boundary.
Each loop represents a line of constant contact pressure
corresponding to the numerical results.

Fig. 7 shows that the relationship between the contact
area ratio and the contact pressure using the typical example
discussed above. It can be seen that the higher the ratio,
the lower the pressure. At the beginning, the situation is
almost static and hence this case is not considered being
not significant in the dynamic analysis. The uneven dis-
tribution on the contact surface appearing at the comple-
tion of all the polishing cycles may indicate difficulty in
achieving geometrical accuracy for the workpiece and in
maintaining uniform polishing quality over the whole
polishing process. Some areas of the surface would be
polished more harshly than others and this may explain
the missing zone problem of this polishing process on a
small spherical surface. Therefore, the uneven distribution
of the polishing load during the polishing process probably
plays a major role in giving rise to this problem. Factors
due to the tooling profile may also contribute to the
missing zones at the centre or the edge of the workpiece.
Thus the results of the analysis can be applied for dif-
ferent polishing conditions, particularly for evaluating the
settings of the polishing process, which affect the polishing
result.
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.92E+01
.17E+01
.49E+01
.28E+01
.06E+01
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Fig. 3. Polishing pressure distribution at r=0.1 s.

3.2. Polishing trace analysis

A single given node on the polishing tool surface gen-
erates the polishing trace on the workpiece surface. The
global coordinate system is fixed on the polishing tool and
the moving coordinate system is associated with the work-
piece. The position of a trace point on the workpiece is

CPRESS VALUE

.00E+00
.43E+00
.05E+00
.10E+00
.15E+00
.20E+00
.03E+01
.23E+01
L44E+01
.64E+01
.85E+01
.05E+01
.26E+01
.52E+01

determined in terms of global coordinates. For a meaningful
analysis, a comparison is now made between the trace
patterns for different machine speeds based on the desired
polishing parameters (refer to Figs. 15-19) and the results
are evaluated.

Ideally, the motion mechanism of the polishing machine
generates a figure ““8”” movement on the workpiece surface

Fig. 4. Polishing pressure distribution at r=1.0s.
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Fig. 5. Polishing pressure distribution at r=2.0s.

during the polishing. However, the actual motion is from the load. An evaluation of the polishing machine speed is
the centre to the edge on the workpiece with light buffet- required in considering the stability of the workpiece motion
ing in a circular fashion around the polishing tool. The and the efficiency of the polishing process. Four points
stability of the workpiece motion during the polishing on the tool surface, a, b, ¢ and d as indicated in Fig. 8,
process is dependent on the contact characteristics and on are employed to generate trace patterns. The polishing

CPRESS

VALUE
+0.00E+00

+0.83E+00
+1.79E+00
+3.57E+00
+5.36E+00
+8.93E+00
+1.25E+01
+1.43E+01

-~ +1,61E+01

+1.79E+01
+1.96E+01
+2.14E+01
+2.23E+01
+2.51E+01

Fig. 6. Polishing pressure distribution at r=3.0s.
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Fig. 8. Illustration of four points on polishing tool surface.
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Fig. 9. The polishing trace pattern on the workpiece surface created by
point a.

parameters used are «;=1350 rpm, w,=50 rpm, pu=0.4,
P=4N and r=7.5 mm.

Figs. 9-12 show typical polishing trace patterns on the
workpiece surface produced by the four points on the
polishing tool surface, respectively. The simulation running
time is 60 s and the 1600 plotted points in these figures
represent the positions of the trace point for that period. The
polishing trace pattern is a projected view onto the X-Z
plane as shown in the figures. It can be seen that the trace
pattern is not really a figure ““8”” movement; this distortion is
due to the light buffeting. The trace of the centre point a is
more concentrated at the centre area of the workpiece, while
the trace of the edge point d is more concentrated at the
workpiece edge. The intermediate points b and ¢ produce
traces exhibiting a more even coverage over the whole area.
If enough points on the polishing tool surface were used and

Point b

Fig. 10. The polishing trace pattern on the workpiece surface created by
point b.
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Fig. 11. The polishing trace pattern on the workpiece surface created by
point c.
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Fig. 12. The polishing trace pattern on the workpiece surface created by
point d.

the traces superimposed, it would be possible to entirely
cover the workpiece surface area. For a meaningful descrip-
tion of the polishing trace analysis, it is necessary to
determine differences for different polishing parameters.
As shown in Figs. 9-12, the centre point on the polishing
tool surface that makes a major contribution to the polishing

Centre \1

An intermediate
point on the
polishing tool
surface profile

Fig. 14. Tllustration of an intermediate point on the polishing tool surface.

of the workpiece centre area, and the edge point makes a
greater contribution to polishing the workpiece edge area.
Therefore, the frequencies of a specific point on the polish-
ing tool passing the workpiece centre and edge surface areas
are of major interest. This information may provide the
rationale for selecting particular machine speeds that can
address the missing zone problem at the centre or at the edge
of the workpiece. For this to be achieved, it is necessary to
divide the workpiece surface into multi-levels in the vertical
Y-direction to allow a meaningful description of the polish-
ing trace analysis. This is particularly useful when examin-
ing the relationship between the machine speed and the
missing zones problem. Fig. 13 shows the multi-levels of the
workpiece surface, where level 0 is at the centre of the
workpiece surface on the top and the number of the level
increases as the height, or the Y value, decreases.

Five different machine speeds (w;=1200, 1350, 1500,
1650 and 1800 rpm) were used to investigate the trace
distribution created by a typical intermediate point of the
polishing tool surface, as shown in Fig. 14. Figs. 15-19 show
the projected view of the polishing trace patterns on the X—Z
plane and the distribution trend at each level of the work-
piece surface for each speed used. As is clear from the
figures, a typical intermediate point of the polishing tool
surface contributes less than to other areas polishing either
the centre or the edge areas of the workpiece surface.
However, the trace point at each level shows the differences
due to the different machine speeds being used.

Further analysis of the trace point distribution, at different
speeds, on the workpiece surface centre and edge areas may
yield an estimate of the optimal polishing machine speed

Edge

Fig. 13. Illustration of Y-level scaling of workpiece surface.
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Fig. 16. The polishing trace on the workpiece surface (w;=1350 rpm).
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Fig. 17. The polishing trace on the workpiece surface (w;=1500 rpm).
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Fig. 18. The polishing trace on the workpiece surface (w;=1650 rpm).
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Fig. 19. The polishing trace on the workpiece surface (w;=1800 rpm).

needed for these conditions. Among the 1600 trace points
for each speed, 43 is the lowest trace point frequency
incidence that occurred at level 1 with 1800 rpm as the
machine speed. If this lowest frequency incidence is set as a
base unit, the plot of trace frequency against the machine
speed used clearly indicates the varying trends of polishing
trace point distribution with machine speed. Figs. 20 and 21
show the trends at the centre and edge areas of the workpiece
surface, respectively. As shown in Fig. 20, the machine
speed of 1350 rpm appears to be a turning point where, as
the machine speed increases, the polishing trace point
frequency incidence decreases rapidly at levels O, 1 and
3. Level 2 shows a slightly different behaviour between 1500
and 1650 rpm. The variations in trace frequencies with
respect to machine speed are significant and suggest that
1350 rpm is an appropriate speed to minimise the problem of
the missing central zone. This speed produces a higher
likelihood of polishing the centre area, compared with other
speeds used.

Fig. 21 shows the polishing trace point distribution at the
edge area of the workpiece surface. At level 11, the same
trend can be seen as described above except for speeds 1650

1.8
17 | —o—level 0
—-level 1
1.6
—A— level 2

—o—level 3

1.0 : ' : ‘ =
1200 1350 1500 1650 1800
Machine speed (rpm)

Polishing trace appearance number (x43)
-

Fig. 20. Trace distribution analysis on centre area of workpiece surface.
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Fig. 21. Trace distribution analysis on edge area of workpiece surface.

and 1800 rpm. At level 12, it is hard to discern any sig-
nificant difference, but the 1350 rpm speed still produces a
slightly higher trace frequency value than other speeds.
Hence 1350 rpm is still considered an appropriate speed
to minimise the problem of the missing edge zone.

According to the results of the polishing trace analysis,
the appropriate speed setting should be between 1200 and
1350 rpm. This is not so consistent with the experimental
conclusion, which indicated that 1500 rpm was the best
setting to produce a good surface [6]. However, considering
various assumptions made in the present theoretical model-
ling, the agreement between the two results is reasonably
close.

4. Conclusions

A computational study was carried out for the precision
optical lens polishing process. The problems associated with
the polishing tool and workpiece contact behaviour during
the polishing processes have been analysed. The computa-
tional results provide an insight into the contact status of the
polishing process. Through the modelling process adopted
in this work, the polishing load distribution and spatial
polishing trace on the workpiece surface during the polish-
ing process have been obtained.

The analysis of the polishing load distribution on the
contact surface provided information about the relationship
between contact area ratio and contact pressure. The results
indicated that if contact pressure was distributed evenly on

the contact surface during the process, then the entire surface
area could be evenly swept. Conversely, if the contact
pressure distribution was uneven on the contact surface at
the completion of all polishing cycles, it may be difficult to
achieve geometrical accuracy and polishing quality for the
workpiece over the polishing process.

Four points on the polishing tool surface were analysed
and typical polishing trace patterns were produced on the
workpiece surface. The centre point on the polishing tool
surface made the major contribution to polishing the work-
piece centre area, and the point at the edge made a greater
contribution to polishing the workpiece edge area. Extended
analyses of traces, using a multi-level subdivision of the
workpiece surface, were performed to investigate the trace
point distribution at each level. A typical intermediate point
on the polishing tool surface was used. Comparison was
made for traces using different machine speeds. It was
shown that the appropriate speed setting should be between
1200 and 1350 rpm. This result is lower than the experi-
mentally determined speed of 1500 rpm, but it is considered
to be within an acceptable range.
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