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Sub-micron Control Algorithm for Grinding
and Polishing Aspherical Surface

Hyung-Tae Kim, Hae-Jeong Yang, and Sung-Chul Kim

Abstract: A position control method for interpolating aspherical grinding and polishing tool path
was reviewed and experimented in a nano precision machine. The position-base algorithm was
reformed from the time-base algorithm, proposed in the previous study. The characteristics of the
algorithm were in the velocity control loop with position feedback. The aspherical surface was
divided by an interval at which each velocity and acceleration were calculated. The theoretical
velocity was corrected by position error during processing. In the experiment, a machine was
constructed and nano-scale linear encoders were installed at each axis. Relation between process
parameters and the variation of position error was monitored and discussed. The best result from
optimized parameters showed that the accuracy was 150nm and improved from the previous

report.

Keywords: Aspherical polishing, micro lenses, surface grinding, synchronized motion control,

tool path generation, 2D interpolation.

1. INTRODUCTION

Aspherical lenses are widely used for current
consumer electronics, industrial laser, military devices
and  telecommunications. @ The  manufacturing
conditions for the lenses require high accuracy and
strict environment control. It is difficult to obtain the
shape by conventional processing skills. According to
recent articles, a few methods are reported to make the
aspherical shape, by press forming [1], electro-static
current [2], electrorheological fluid [3] and excimer
laser micro-machining [4].

The most common method is machining such as
grinding and polishing [5]. Convex or concave shaped
material is fixed on the machining chuck, and the lens
is shaped by removing the surface with a ceramic tool.
The machining tool makes contact with the lens
surface, so the tool should track along the computed
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position. The ideal tool path is generated from the
equation of asphericity. The typical working cycle is
composed of grinding, measuring and polishing. The
accuracy of the grinded surface 1s scanned and stored
in the measurement step. The amount of removal in
polishing is calculated from the measurement result.
CODE V is the most popular software for generating
tool path and analyzing surface error [6,7]. The
removal rate of the process can be determined by the
size of a tool and feed rate [8]. Most of the curvature
interpolation  algorithms are  derived  from
differentiation of a surface function. But aspherical
equation is non-linear and complex, so it is hard to
derive an interpolation algorithm from the typical
method.

The authors have been developing an interpolation
algorithm for tracking the aspherical tool path [9,10].
The concept of the algorithm 1s similar to that of
discrete control. The surface is partitioned by a time
interval. The movement of X axis was assumed to be
driven by a constant feed rate and the velocity of Z
axis was varied. Velocity and acceleration at each
interval are calculated from the surface function and
the properties of the previous step. Because it is
difficult to control time interval on a PC, the equations
on the time domain was converted to position-base
ones. The ideal velocity in the process is corrected by
position error. The test machine had nanoscale
resolution and feedback devices. Two axes of the
machine were controlled for the aspherical
interpolation. The process parameters were changed to
watch the effect to error variation. The response by
the calibrated parameters was discussed. From the test
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result, the proposed algorithm is simple but has
enough performance to produce aspherical lens.

2. ASPHERICITY AND TOOL PATH

2.1. Equation of asphericity

An aspherical surface is all the geometric surfaces
except spherical one. There are several types of
aspherics, and the most common form is the conic
surface of revolution plus polynominal aspheric [11].
The general form describing such aspherics is written
as (1). The surface can be parabolic, hyperbolic,
elliptic by changing constants in the equation. The
equation of (x, z) describes the displacement from
optical axis and the height of the origin [12]. The

shape of the vertex is symmetrical and the origin is in
Zer0.
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where R represents the radius of curvature of the
underlying shape, x, the conic constant determines the
nature of the basic deviation from sphericity, and
coefficients 4, govern the magnitude of any higher
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Fig. 1. Example for aspherical surfaces.

Table 1. Specifications of test machine.

contents specification
controller Ajin-extek
compoenets | linear encoder Heidenhain
motor Mitsubishi
motor resolution 20000ps/rev
< axis gear rafio 1/100
ball screw pitch 4dmm/rev
feedback accuracy 10nm
motor resolution 20000ps/rev
2 axis gear ratio 1/100
ball screw pitch 4mm/rev
teedback accuracy 10nm

deviation from the sphericity [13]. Fig. 1 shows
convex and concave aspherical surfaces tested in this
paper and generated by Table 1.

2.2. Tool path for aspherical surface

Common tools for grinding or polishing have
spherical  cylindrical shape. Points on the
circumference of the tool contact with the aspherical
surface. But machining position is calculated on the
center of the tool, so the tool path is not coincided
with the lens surface. The position of tool center can
calculated from the contact point and geometric
relations. The displacement between the center and
the contact point can be calculated easily if the contact
angle is obtained. The contact angle is derived from a
tangential line on the aspherical surface. Fig. 2 shows
the concept of tool contact. The tangential angle 6 can
be calculated from the differentiation of the equation
of asphericity.

tand =z = f'(x) (2)

Procedure of differentiation for (2) is complex, so g
is defined to make the procedure simpler.

2
g(x)=J1— o G)

If (3) is inserted to (1) instead of the square terms,
the € can be derived from (2) as follows [9].

2x(1+g)/R—(xc+1)x° /R’
g(l+g)’
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The distance between the contact point and the
spherical tool can be obtained from the triangular
relation shown in Fig. 2. Therefore, the position of the
tool, which means the tool path, can be written as

Tool
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Fig. 2. Tool contaction and contact angle.
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equation (5) and (6), where D, means the tool diameter.

D

xt=x+Ax:x+7tsin6’ (5)
D

zt:z+Az=z—7tcosé’ (6)

Because the (x;, z;) has a dependant variables z and
8, which can be substituted by x, the tool path function
h can be defined as follows.

x, = p(x), z,=4q(x). (7)

3. METHOD FOR TOOL PATH CONTROL

3.1. Interpolation concept

Conventional interpolation algorithms have been
developed for NC base systems. The properties
generated for tool path are position and velocity. After
the path was stored as a NC code, the code is
downloaded to the system. Recent PC-base controllers
have function registers for inputting acceleration and
deceleration as a part of motion profile. The variables
can be altered even during moving on real-time,
which 1s called override. In the previous report,
authors proposed a method for generating acceleration
as follows [9].

Let’s assume that x moves by constant feed rate v, z
moves by variable velocity v. The aspherical tool path
will be shaped according to v, and v. The profile is
sampled at each time interval 7, as shown in Fig. 3.
Each section has accelerating and constant moving. If
the arbitrary acceleration connects between velocity
variation of the intervals, the shape will be smoother
than the acceleration is not considered. The time of
accelerating ¢, is a part of the divided section, and
smoothness y is defined as the ratio of accelerating
time over the sampling time as shown in Fig. 4. Then,
the accelerating time can be written as follows in (8).

lg= 4LV (8)

Total movement in i-th step, d;, can be written by
velocity and acceleration, so it can be expressed by
the following equation.

1

d; has the same magnitude as the increment on the
curve between the intervals. This relation can be
expressed by (10), where g(x;) is the tool path function
for the aspherical surface.

di = q(xi1) —q(x;) (10)

Therefore, the acceleration at i-th is derived from
(9) and (10).

VX

=y + Acc.

t

Fig. 3. Concept of smoothness due to acceleration.

Fig. 4. Acceleration and velocity as an interval.
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v; is easily obtained from the variable a; and
velocity at previous step.

Vi = aitsy Vi (12)

a; is unknown variable, however a; in the (12) can
be substituted by (11). The result is shown as
following equation.

12
2-yl L

V;

{C](xf+1)—Q(xf)}+7Vf—1 (13)

Now, value of v; is determined, a; can be calculated
from the (12).

a; =il (14)

i
tsy

3.2. Control method

The lens design factors such as R, x and A; are
determined as a constant, so the ideal path can be
calculated by the function, z;, = g(x). Then, the path is
divided by an interval on x domain. In principle, the
curve can be partitioned on x, domain, but the
partitioning sequence is complex and requires
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numerical root finding step. So, this part will be
reported next paper. The controller inputs such as g;
and v; are updated at each interval. But if the system is
driven by only the ideal variables, which means an
open-loop, the position offset error will occur. To
compensate this position error, feedback terms should
be added like the (15). The form is similar to a typical
model of closed control loop. Where, v, is corrected

velocity by the feedback error and sent for controller
input.

AE.
V., = az-l‘sy—kvz-_l +KpEi +KV—A—;— (15)

E;, position error, is defined as (16), where z, is the
z-position measured by feedback devices.

E; =q(x;) -z, (16)

On above equations, the velocity input is affected
by the position feedback. The velocity increases or
decreases by the position error. The feedback term
actually means error correction speed. If there is no
feedback error, the velocity will have an ideal value.
The velocity is updated and corrected at each interval
of the tool path. The curve is interpolated on the base
of velocity control, but the feedback is position etror.

One of the problems in PC base control is in the
difficulty to maintain the constant time interval,
because PC timer is not precise and slow. This means
that position and velocity may be updated at bad
timing. Concept of distance interval can be an
alternative for the time interval. The time interval can

be substituted easily by feed rate v, and the distance
interval 0 [14].

Iy =— (17)

The equations from (13) to (15) can be re-written as
follows.

2
— {vf{q(xf+1)—q(xf)}+7vf1} (18)

i 2-y| O
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a;=-L (v, —v,_,), (19)
22)
VS FE._E.
ve =82 v |+ KB, + K, S =L (20)
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1

4. EXPERIMENT

4.1. Control system

The machine in the test had two axes on planar
direction, to which x-z is corresponded above theory.
The aspherical tool path was interpolated by
simultaneous movement of each axis. The axes were

Fig. 5. Photograph of a two-axis machine for the
experiment.

composed of linear guides and ball screws. Gear was
attached between the motor and the ball screw
because of increasing position resolution. Each motor
was driven by a PC-base controller. Nano resolution
linear encoder was installed on each axis to check
position error. Table 1 show the specification of the
test machine. Two air-spindles were installed in the
system. One was for rotating a tool, the other for lens.
The revolution of tool and lens makes the surface
axis-symmetrical. The rotation speed was about
30,000rpm, so grinding friction was ignored. Fig. 5 is
the photo of the machine in the experiment. The
window-base operating program was implemented
with VC++. The software managed design parameter,
process parameter, control variables and position
feedback with user-friendly interface.

4.2. Procedure

The aspherical profile was generated by the
constant in Table 2. The starting point was at the
center of lens and the end point at the right edge.
Process parameters varied in the experiment were feed
rate v, distance interval J, smoothness y, control

Table 2. Standard conditions in the experiment.

convex concave
radius of lens 1.6mm 1.5mm
height of lens 279.19um 84.05um
R 22.405 -4.254
K 43.098 -3.359
0 lpm 2um
1% 20um/s 10pm/s
y 0.5 0.5
K, 0.4 0.4
K, 0.2 0.2
D; 4.0mm 4.0mm
Temperature 21°C 19°C
Humidity 24% 28%
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constant K, and K.

These parameters were tested in both of the convex
and concave surfaces. After the constants were set in
the program, the axes were driven by the proposed
algorithm.

The physical properties such as position, velocity,
and position error were stored in a file. The data were
analyzed for watching the effect of process parameter
via position error. After optimized parameters were
determined, tracking the tool path was performed. The
room temperature and humidity could not be
controlled precisely, the experiment was done
continuously for individual parameters. The range of
temperature variation was in +2°C and that of the
humidity was in +2.5%.

S. RESULT

The vy was varied from 0.002 to 0.03mm/s. The
position error decreased at low feed rate, as shown in
Figs. 6 and 7. The error tends to increase as the x
stroke reaches to the end point of processing, the
circumference of a lens. Z displacement at a step
increased by the movement of x axis, so the z velocity
should increase, which was observed in the
experiment. The response is theoretically improved on
the low speed, but the response by extremely low

o

]

w
|

0.15 -

Position Error(pﬁh)

0.05
it

00 1|
0.05 ] {
. 0.05mm/s

-0.15 i - 0.04mm/s
- 0.02mm/s
025 - -~ 0.01mm/s

Fig. 6. Error response by feed rate variation for the
convex.
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Fig. 7. Error response by feed rate variation for the
concave.

speed became worse due to initial error. This can be
related with mechanical friction and driving torque in
start of process. The results of high or extremely low
feed were oscillated, which means the z axis could not
follow the position commanded.

The 6 was varied from 1% to 50% of feed rate. The
position error decreased as the control interval
narrower. We can expect the error response will be
improved in smaller distance interval due to profiling
the continuous surface into discrete one. But the
response grew worse when the interval was below
1/20 of feed rate. This can be caused by minimum
processing time of controller, so the controller has the
timing rage which can receive the control command.
Figs. 8 and 9 are the results. The y was varied from
0.1 to 0.9. Figs. 10 and 11 show the variation of
position error. The response was not much varied
from 0.1 to 0.5, but the response grew worse in the
range from 0.7. So, the system cannot track the tool
path if the acceleration is too low. There was a peak
just after start processing, which means the system did
not follow initial movement. The response became
worse at the circumference of a lens. This factor
affects to smoothness of a curve, so it is determined
from the condition of lenses after processing.

The K, and K, gain were varied from 0.1 to 0.5.
When the K, increased, the position error decreased.

' —0.0005mm
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Fig. 8. Error response by control interval variation

for the convex.
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Fig. 9. Error response by control interval variation for
the concave.
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Fig. 10. Error response by smoothness variation for
the convex.
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Fig. 11. Error response by smoothness variation for
the concave.
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Fig. 12. Error response by position gain variation for
the convex.

The initial peak can be reduced by higher gain and the
saw-teeth curves also decreased. But this parameter
atfects to control stability, so the higher gain can make
the system unstable. The error increased by the x
stroke, which is similar to above results. The response
of K, 1s shown at Figs. 12 and 13.

The response of the velocity gain is shown as Figs.
14 and 15. The trend between K, and the error was not
clear on the convex surface, but the initial peak
decreased by higher gain. The error around the
circumference of a lens increased with higher gain on
the convex.
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Fig. 13. Error response by position gain variation for
the concave.
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Fig. 14. Error response by velocity gain variation for

the convex.
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Fig. 15. Error response by velocity gain variation for
the concave.

The initial position error can be reduced a little by
the increment of K. In the experiment, we found that
this factor diminished the oscillation of the error
response, so the value should be determined in the
suitable range.

From the effect of each parameters, optimized
parameters were determined and applied to the
experiment system. The parameters for the convex
lens were 0 = 0.0005, 0 = 0.5, v/= 0.01lmm/s, K,= 0.4
and K, = 0.2. Those of the concave lens were o =
0.0002, v,= 0.002mm/s and others are equal to the
convex.



392
150
100 |
_ 50 ] L i) . ,m
AN
uE ) 1.5 i 2o
150

-200 -

Fig. 16. Error response by optimized parameters.

The result in Fig. 16 shows that the maximum error
of the convex surface was below 100nm, and that of
the concave was below 150nm. There was an initial
peak at each graph, but the error was varied around
the average line.

6. CONCLUSIONS

Control algorithm for tool path for grinding and
polishing aspheric surface was reviewed. The curve of
tool path was partitioned by an interval. The ideal
velocity and accelerations were calculated by feed rate,
size of interval and smoothness at each section. The
actual velocity during processing was determined
from the ideal values, position error and control gains.
The time base equations were converted to position
base ones. In the experiment, nano resolution system
was constructed and controlled by the proposed
algorithm. The control parameters were varied and
position error was monitored.

From the response of the parameter variation,
optimized parameters were obtained. The best result
from the values showed that the maximum error of the
convex surface was below 100nm and that of the
concave was below 150nm. The author found that this
velocity base algorithm has enough performance for
grinding and polishing aspheric lens.
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