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Abstract

High-precision optical components are widely used in major fields such as strong lasers and astronomy, but the production
cycle of components is greatly constrained by the difficulty of machining optical components and the high price of special
polishing machines, so it is important to develop a high-efficiency and low-cost fast polishing system for optical compo-
nents. By combining bonnet polishing technology with industrial robotics, we have developed an industrial robotics bonnet
polishing system for optical components, and the effect of robot positioning errors on pad trimming and on the polishing
of the entire surface is also analyzed. To verify the processing capability of the robotic bonnet polishing device, polishing
pad dressing experiments and optical component surface correction polishing experiments were carried out. After the pad
was dressed, the runout value was reduced from 182 to 23 um with a convergence ratio of 7.9. After polishing the optical
component twice, the PV and RMS values on the surface of the component decreased significantly, from 38.05 A and 9.98 A
to 8.65 A and 1.38 A (A=632.8) respectively in the middle area of the component, with a convergence ratio of 4.4 and 7.2,

proving that the robotic bonnet polishing system can be applied to the polishing process of optical components.

Keywords Bonnet polishing - Industrial robot - Positioning error - Pad dressing - Corrective polishing

1 Introduction

The dominant processing technology for large-diameter
aspheric polishing is computer controlled optical surfacing
(CCOS), It is a computer-controlled precision machine that
uses contact or non-contact small tools to polish and finish
the surface of the workpiece. There are many different types
of CCOS technology. Such as bonnet polishing (BP) [1],
magnetorheological finishing (MRF) [2], ion beam polish-
ing (IBP) [3], small tool polishing (STP) [4], stressed-lap
polishing (SLP) [5], and fluid jet polishing (FJP) [6]. The
bonnet polishing technique was developed by ZEEKO and
D.D. Walker of University College London [7]. The bonnet
is a crown-shaped rubber with a certain inflation pressure as
a polishing tool, which not only ensures a good fit between
the polishing head and the surface of the polished workpiece
but also controls the polishing efficiency and the surface
quality of the polished workpiece by adjusting the pressure
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inside the bonnet, which is suitable for polishing aspheric
and free-form surfaces. Pan et al. [8] investigated the optimal
motion for bonnet tool for the purpose of optimizing the
polishing process of ultra-precision optics. Bonnet polish-
ing technology has been successfully applied to polishing
processes for astronomical telescope sub-apertures, artificial
joints, optical precision molds, etc. [9]

In addition to the process and application of bonnet pol-
ishing technology research, there are also researchers on the
bonnet polishing technology machine tools research and
development of the corresponding bonnet polishing machine
tools. Gao et al. [10] designed and developed bonnet pol-
ishing samples based on their research on bonnet polishing
technology; Pan et al. [11] developed a bonnet polishing sys-
tem and designed and manufactured the BP-2MK460 model
bonnet polishing machine, which was successfully applied to
the polishing of large diameter aspherical components. Bon-
net polishing machine tools can meet the current needs of
most aspheric and curved workpiece polishing processes, but
as dedicated five-axis or more than five-axis linkage machine
tools, the cost is relatively expensive. Therefore, more and
more researchers are carrying out research related to robot-
assisted polishing to reduce the cost of the equipment.
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Six-axis industrial robots are used in a wide variety of
engineering applications, such as handling, painting, and
welding. Due to the high flexibility and relatively low price
of industrial robots, researchers have developed a series of
new polishing devices based on industrial robots in combi-
nation with commonly used polishing techniques. For exam-
ple, robotic magnetorheological polishing [12, 13], robotic
bonnet polishing [14—16], and robotic small tool polishing
[17].

Although robotic bonnet polishing (RBP) technology has
been applied to the rapid polishing process of optical compo-
nents, the law of its positioning error on the finishing quality
of the polishing pad on the bonnet surface and the polishing
quality of the optical components is still unclear. To reveal
the influence of robot positioning errors on processing, the
longitudinal-latitudinal method was used to characterize the
bonnet surface morphology and numerical simulation of the
bonnet dressing process based on the kinematic model of
polishing pad dressing. The paper also introduces random
positioning error values for the polishing dwell points and
conducts numerical simulations for whole surface polishing.
Finally, the quality of the actual polishing pad dressing and
the quality of the optical component of the robotic bonnet
polishing system are experimentally investigated.

2 Numerical Simulation of the Dressing
and Polishing Process for RBP

The multi-axis linkage structure of the industrial robot
makes it have good flexibility and can be applied to complex
spatial posture processing occasions, but due to the exist-
ence of mechanical assembly, reducer clearance, and other
problems, the positioning accuracy of the industrial robot
is much worse than the machine tool, five-axis bonnet CNC
bonnet polishing machine tool positioning accuracy within
10 pm, the industrial robot positioning accuracy of 100 pm.
the existence of errors will have an impact on the bonnet
surface polishing pad The existence of errors will have an
impact on the actual polishing dwell point in the dressing
and bonnet polishing process, so it is necessary to investigate
the impact of positioning errors on the polishing pad dress-
ing quality and polishing quality law.

2.1 Analysis of the Effect of Robot Positioning
Errors on the Dressing of the Polishing Pad

The material removal mechanism of the bonnet polishing
technique is that the pad brings the free abrasive particles
from the polishing fluid into the contact area and applies
pressure to the free particles, thus removing material from
the surface of the workpiece. Therefore it is necessary to
ensure that there are enough holes on the surface of the pad

to carry the abrasive particles in the polishing fluid to the
contact area for material removal, but after a period of time
the bonnet is used, the surface of the pad will wear out,
resulting in fewer holes on the surface and less pressure on
the contact area [18], as shown in Fig. 1a. After gluing the
polishing pad to the surface of the bonnet, the runout value
of the bonnet after gluing the pad is relatively large due to
the non-uniformity of the glue coating and the initial undu-
lating shape of the pad, which causes large fluctuations in
the polishing force and affects the polishing quality. There-
fore, the polishing pad needs to be dressed, and the corrected
polishing pad is shown in Fig. 1b.

The common ways of dressing the polishing pads on the
bonnet polishing machine tool are offline and in-situ, as
shown in Fig. 2. The offline type is a pendulum axis rotat-
ing around the center of the bonnet sphere, and the linear
axis is used to adjust the feed of the grinding wheel, thus
realizing the dressing of the polishing pad [19]. However,
the offline dressing method requires a high level of accuracy
in the repeated clamping of the tool, and the repeated dis-
assembly is time-consuming, so in-situ dressing is mostly
used for bonnet dressing. In-situ dressing is done by keep-
ing the position of the cup wheel unchanged and by linking
the X-axis, A-axis, and B-axis feeds of the machine tool to
achieve the dressing trajectory [20].

The in-situ dressing device of the robotic bonnet pol-
ishing system is shown in Fig. 3a. The dressing module
consists mainly of a fixture, a grinding wheel, and a servo
motor. During dressing, the dressing module is placed in a
fixed position on the electromagnetic table, the bonnet axis
is moved to the position of the center axis of the grinding
wheel, then the bonnet is moved down to touch the surface
of the grinding wheel, and finally the NC code is run to
allow the bonnet to deflect around the Y axis to complete
the dressing process. The kinematic model of the robot is
shown in Fig. 3b, with the grinding wheel rotating around
the Z-axis, the bonnet rotating around the Z-axis, and the
deflecting motion around the Y-axis.

To analyze the effect of the robot's positioning error on
the dressing accuracy of the polishing pad of the bonnet,

(a) Polishing pad after wear (b) Polishing pad after dressing

Fig. 1 Before and after polishing pad dressing
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(a) Robotic in-situ dressing device

Fig.3 Diagram of polishing pad dressing for RBP

the dressing process is numerically simulated according to
the kinematic model of dressing. The kinematic modeling
process is to assume that arbitrary point P on the grinding
wheel is P(xg,yg,zg) in grinding wheel coordinates, then
the real-time point position coordinates of point P on the
surface of the bonnet during the dressing process is P(x;,y,
,Zp)- The conversion process from P(xg,yg,zg) to P(Xp, ¥, 25)
is shown in Eq. (1). The dressing process is where the
coordinates of the polishing pad contact area are replaced
with the coordinates of the grinding wheel after the wheel
has passed over the surface of the pad.

Conditioning
axis

Bonnet
center

Cup-shaped
grinding wheel

(b) In-situ dressing

Grinding wheel @

(b) Robot in-situ dressing motion model

bp _ bpg

P= gT P (1)
where the transformation matrix Z T is shown in Eq. (2).
Z T=Rot(Y,0)Rot(Z, p)Trans(Z, D)Rot(Z, ) 2)

where the rotational transformation matrix is shown in
Eq. (3), Eq. (4), and Eq. (5).
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cosa —sina 0
R, =| sina cosa 0 3)
0 0 1

where A=W, * 1,0, = 2-7- ngz/60, Mg, is the rotational
speed of the grinding wheel.

cos(—p) —sin(—p) 0
R,. =] sin(=p) cos(=f) O
0 0 1

“)

where f=w,, - t,,, =2z - n,, /60, n,_ is the rotational
speed of the bonnet.

cos(—0) 0 sin(—6)
Rp=| 0 1 0 5)
—sin(—0) 0 cos(—0)

where 0=w,,, - 1, w,, =2 -7 - nby/ 60, n, is the rotational
speed of the bonnet swing.

After obtaining the trimming kinematic model of the pol-
ishing pad on the bonnet surface, the bonnet surface topog-
raphy is generated using the longitude latitude method, i.e.
two angles and a radius value are used to characterize the
bonnet, while a random value with the maximum value of
the error value is added to the radius value. The simulation

Table 1 Process parameters for polishing pad dressing simulation

Bonnet radius
(mm)

Grinding wheel
diameter (mm)

Swing angle (°) Number of
dressing

80 60 60 2

100

Z-axis(mm)
W
(=]

Y -axis(mm)

Yy O
St ) 50

(a) Numerical models

Fig.4 Numerical simulation of polishing pad dressing
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parameters are shown in Table 1, according to the actual
initial surface error value to obtain a simulated numerical
surface shape consistent with the actual polishing pad sur-
face topography, as shown in Fig. 4a, where the orange dots
represent the polishing pad and the green dots represent the
grinding wheel. From the simulation results, it can be seen
that the finishing accuracy of the polishing pad for robotic
bonnet polishing is related to the positioning accuracy of
the robot, taking the data of the ring band in the contact area
between the bonnet and the workpiece, as shown in Fig. 4b,
the runout in this area is slightly smaller than the robot's
repeated positioning error, varies with random variations in
positioning error. Therefore, the actual limit of the indus-
trial robot's dressing accuracy can be subsequently verified
through practical experiments.

2.2 Analysis of the Impact of Robot Positioning
Errors on Polishing Quality

To analyze the impact of robot positioning errors on pol-
ishing quality, the simulation process assumes that the tool
influence function (TIF) remains stable during the polish-
ing process and that there is no error in the dwell time. The
workpiece size for the simulation is 80 mm X 80 mm, the
machining range is 60 mm X 60 mm, and a raster-type pol-
ishing path is used with a raster spacing of 1 mm and a dwell
point step of 1 mm in the bonnet feed direction, where the
calculation process uses a 0.1mm interval densification path
and the diameter of the TIF is 20 mm, as shown in Fig. 5.
Other process parameters for the simulation are shown in
Table 2. Firstly, a simulation of the polishing process in the
ideal condition, i.e. with zero positioning error, was carried
out as shown in Fig. 6a. Then, a numerical simulation was
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Fig.5 Tool influence function

Table 2 Simulation parameters of bonnet polishing

Processing range
(mm)

TIF size(mm) Raster spacing(mm) Time(s)

60%60 20 1 60

carried out with the robot positioning error, adding a random
error of 0.1 mm to the stationary point, i.e. the stationary
point could be positioned within a circle with the theoretical
stationary point as the center and the random error as the
radius, the simulation results are shown in Fig. 6b.

From the simulated surface, the maximum removal depth
with and without positioning error is the same, so the posi-
tioning error of the robot does not have a large impact on the
removal volume in the polishing process, which can indicate

The Total Surface
PV:1.537um; RMS:539.0325nm

Z-axis(pum)

80 80
(a) Simulation results without positioning error

Fig. 6 Simulation results of uniform polishing

that the robotic bonnet polishing system can be applied to
the fast polishing process of the polishing process. To bet-
ter compare the effect of polishing quality with and without
positioning errors, a polished area of 30 mm X 30 mm in
the middle of the workpiece was selected for analysis, as
shown in Fig. 7. The PV of the local area without position-
ing error is 0.99 nm and the RMS is 0.32 nm, while the PV
of the intermediate local area after the introduction of robot
positioning error is 5.8 nm and the RMS is 0.55 nm. This
shows that the robot positioning error has a greater impact
on the PV of the local surface shape and a smaller impact
on the roughness.

As the robot positioning errors introduced by the simula-
tion are random, the results of one simulation cannot objec-
tively reflect the actual impact pattern. To better demon-
strate the impact of random errors at the polishing point, five
sets of simulations were carried out using the same process
parameters, and the PV and RMS of each set were recorded
as shown in Table 3.

Based on the above simulation strategy, we further inves-
tigate the influence of raster spacing and the TIF size on
the polishing process under the trajectory motion error of
the industrial robot. Firstly, numerical simulations of the
raster paths were carried out using raster spacing of 0.5 mm,
1 mm, 1.5 mm, and 2 mm, and a TIF diameter of 20 mm,
where the simulation was repeated five times for each raster
path with positioning errors. At the end of the simulation,
the PV and RMS data were selected for the middle local
area and the results are shown in Table 4. The histogram
of the simulation results with robot positioning errors is
shown in Fig. 8, where the local PV and RMS increase as
the raster spacing increases, and the ideal simulation results
in Table 4 show that the local PV and RMS increase as the

The Total Surface
PV:1.5392pum; RMS:539.019nm

Z-axis(pm)

P40

‘Q*. §
’%,0 . 60

80 80

(b) Simulation results with positioning error
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The Local Surface
PV:0.98918nm; RMS:0.32357nm

-1.5355
g
Z -1.536
"
T
N

-1.5365

20 20

2y,
/!'ls_(, '71);) 50

60 60

(a) Local surface without positioning error

Fig. 7 Simulation results for local surfaces

Table 3 Results of repeated simulations

No Total Total surface Local Local surface
surface PV~ RMS (nm) surface PV~ RMS (nm)
(pm) (nm)

1 1.5395 538.998 6.664 0.943

2 1.5395 539.052 6.359 0.675

3 1.5409 539.026 8.128 1.141

4 1.5392 539.019 5.796 0.550

5 1.5398 539.009 8.495 0.997

Average  1.5378 539.019 7.088 0.861

raster spacing increases, so a raster spacing of lmm or below
can be used in the real polishing process.

In the numerical simulation of the whole surface polish-
ing, in addition to the raster spacing, there is an important
process parameter, which is the diameter of the TIF, so the
effect of the diameter of the TIF on the local surface is stud-
ied with or without positioning error. Simulations were car-
ried out using TIF diameters of 10 mm, 15 mm, 20 mm, and
25 mm and a raster spacing of Imm, where a single set of
simulations was carried out without positioning errors and

The Local Surface
PV:5.7964nm; RMS:0.5498 Inm

-1.532 ‘ )
7 -1.534 wh
z o
g -1.536
N
-1.538

M

P\,* - 40
Tsy,
V(II]”U

p ‘\\l
60 60 %

(b) Local surface with positioning error

five sets of simulations were carried out with positioning
errors.

The results of the five replicate simulations with position-
ing errors are shown in Table 5, and the trends are shown
in Fig. 9, where it can be seen that as the size of the TIF
increases, the local PV tends to decrease and the local RMS
tends to increase, but the overall changes are small, so the
raster spacing has a greater effect on the polishing quality
than the diameter of the TIF. Another interesting phenom-
enon to note is that in the simulation without positioning
error when the diameter of the TIF is 15 mm, the local PV
and RMS are relatively small, but after adding the position-
ing error, there is no such characteristic, so in the actual
polishing, this simulation result can be used for polishing
with a 15 mm diameter TIF.

3 Experimental Results and Discussion

The above numerical simulation of the dressing process of
the polishing pad and the results of the polishing numerical
simulation show that the positioning error of the robot has
a large impact on the quality of dressing and polishing, and

Table 4 Simulation results of

: . Raster spacing PV without position- RMS without posi- PV with position- RMS with
different raster spacings (mm) ing error (nm) tioning error (nm) ing error (nm) positioning error
(nm)
0.5 0.120 0.044 3.769 0.522
1 0.989 0.324 7.088 0.861
1.5 1.138 0.415 10.573 1.271
2 4 1.285 16.522 2.110

@ Springer KE;E
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Fig.8 Simulation results of different raster spacings

Raster spacing(mm)

(b) RMS on the local surface

Table 5 Simulation results of

. TIF diameter PV without position- ~RMS without position- PV with positioning RMS with
different TIF (mm) ing error (nm) ing error (nm) error (nm) positioning error
(nm)
10 0.908 0.317 7.870 0.678
15 0.464 0.148 7.240 0.773
20 0.989 0.324 7.088 0.862
25 0.799 0.270 6.996 1.006
T M T T T T 14 T T T T
104 ( | Local PV for different spot size‘ I | Local RMS for different spot size| 10064
12 . g
0.86119
7.8697 7.24044 7.08842 I
3 T 6.996 10 - )
I ! I T 0.7734 l _
E 61 1 ! g 081 0.67847 l l 1
z S I
[ = 0.6 -
4 -
0.4 -
2 4
0.2 1 .
0 T T T T T T 0.0 T T T T T T T
10 15 20 25 10 15 20 25

Spot size(mm)

(a) PV on the local surface

Fig.9 Simulation results of different TIF

Spot size(mm)

(b) RMS on the local surface
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Dressing 3 times Dressing 4 times Dressing 5 times|]
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Runout(pm)
(=)
T

-100 .

1 L 1 L 1 " 1 L 1 L 1

0 2000 4000 6000 8000 10000
Sampling point

(a) Sampling points in the working area of the
pad

Fig. 10 Data before and after polishing pad dressing

Table 6 Process parameters for dressing experiments

The rotational The rotational ~ Swing angle (°) Material of
speed of the speed of the polishing pads
bonnet (rpm) grinding wheel

(rpm)
100 500 60 Polyurethane

the numerical simulation allows the scale of the impact of
the positioning error to be known. Based on the numerical
simulation, the polishing pad dressing experiment and the
polishing experiment of optical components were carried
out to investigate the processing accuracy of robotic bon-
net polishing technology. The industrial robot selected for
the experiments is ABB’s IRB6700 six-axis industrial robot
with a positioning accuracy of 0.1 mm and a load capacity
of 200 kg.

3.1 Results and Discussion of Pad Dressing
Experiment

The process parameters for the polishing pad dressing exper-
iments of the robotic bonnet polishing system are shown in
Table 6. The bonnet speed and the grinding wheel speed
are the key parameters, as shown in the results of the study
by Pan [20, 21], the grinding wheel speed has to be much
higher than the bonnet speed to have a better dressing effect.
Heating up to set the shape. The polishing pad is then glued
to the surface of the bonnet with soft glue. Based on the
kinematic model for polishing pad dressing in Sect. 2.1, the

@ Springer KE;E
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(b) Runout values after dressing

origin of the robot's workpiece coordinate system is set at
the center of the bonnet sphere. The machining points are
then set uniformly within the swing range and the posture
angles are converted to quaternions of the robot’s end pos-
ture through the robot's transformation matrix. Later, an
NC code is generated to start the dressing experiment. The
instrument used to inspect the surface of the polishing pad
was an LK-G10 laser displacement sensor from Keyence
with an accuracy of 0.02 pm.

After three dressing experiments, as shown in the Fig. 10,
The runout value of the polishing pad decreased from 182
to 23 um. The further dressing did not change significantly
after the fourth time but started to become larger after
the fifth time. Therefore, the more appropriate number of
dressings for robotic bonnet dressing is 3 times the process
parameters shown in Table 6. And the dressing effect is good
enough to suit the actual polishing requirements.

3.2 IRBP Correction Polishing Experimental Results
and Discussion

Bonnet polishing is not only highly efficient for conformal
polishing, but is also widely used for surface correction pol-
ishing of optical components, so we investigated the surface
correction polishing capability of the robotic bonnet polish-
ing system by conducting a correction polishing experiment
on optical components. The NMF600S from Dutch United
Instrument was used to measure the initial surface profile
of the workpiece with an accuracy of 15 nm (RMS), which
meets the measurement requirements. The initial RMS was
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Phase Map
Z4y30 Oblique Plot

Fig. 11 Results of the initial surface measurement of the workpiece

mm

Phase Map

Z4yg0 Oblique Plot

Fig. 12 Workpiece measurement after first polishing

11.26 A, the PV was 45.34 A (A=632.8 nm) and the three-
dimensional surface is shown in Fig. 11, with the workpiece
having a high center and low sides.

For the processing path of round optical components usu-
ally use a spiral path or raster path, in this experiment we
use raster path polishing, considering the bonnet polishing to
the edge of the workpiece may cut the polishing pad, then in
the edge of the workpiece reserved 5 mm, that is, the actual
bonnet polishing area is 320 mm, to better surface qual-
ity, the raster spacing is set to Imm. The TIFs used for the
experiments were 20mm and 15mm in diameter.

The workpiece was polished using a TIF of 20 for 118
min. After cleaning, the surface shape of the workpiece

was measured using the DUI NMF600S, and the results are
shown in Fig. 12. The initial surface was high in the middle
and low around, but after polishing the surface became high
on one side and low on the other, which was analyzed to be
caused by the placement error of the workpiece. The RMS
of the workpiece surface decreased from 11.26 to 3.586 A
and the PV of 45.34 A to 19.568 A. The results show that
bonnet polishing is highly effective in correcting the PV and
RMS of the workpiece surface and effectively converging
the surface of the workpiece.

The surface PV and RMS of the components after the first
polishing decreased rapidly and the measured surface shape
data was used as the initial surface shape error for the next

@ Springer KEF]E
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Phase Map

Fig. 13 Workpiece measurement after second polishing

Fig. 14 Comparison of meas-
urement results in the middle
area of the workpiece after
polishing

(@) @300mm area of the

original surface

process. The second polishing experiment was carried out
using a &15 mm TIF with a processing time of 122 min. The
polished components were cleaned and measured as shown
in Fig. 13. As can be seen from the results, the RMS on the
surface of the optical element drops from 3.59 to 1.67 A, and
the PV of 19.568 A drops to 16.62 A. Where the surface RMS
continues to drop, but to a lesser magnitude, the edge effect
of the element becomes apparent after the second polishing,
resulting in a smaller decrease in PV.

To better demonstrate the polishing capability of the
robotic bonnet polishing system, measurements of the work-
piece 300 mm were intercepted, as shown in Fig. 14. The
workpiece surface RMS decreased from 9.98 to 1.38 A and
the PV value of 38.05 A decreased to 8.65 A. The RMS con-
vergence ratio was 7.2 and the PV convergence ratio was 4.4
during the polishing process, which proves that the robotic
bonnet polishing system has good correction polishing
ability and can quickly converge the surface. Therefore, the
robotic bonnet polishing technology can be used for rapid
and corrective polishing of optical components.

@ Springer KE;E
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polishing second polishing

4 Conclusions

Robotic bonnet polishing technology is widely used in
the rapid polishing process of various optical components
because of its high removal efficiency. Robotic bonnet pol-
ishing affects the polished surface quality due to the low
positioning accuracy of industrial robots. We reveal the rela-
tionship between robot positioning errors and the finishing
quality of bonnet polishing pads and the polished surface
quality of components. The main innovations of this paper
are summarised as follows.

(1) To analyze the influence of robot positioning accuracy
on polishing pad dressing, we used the longitudinal-
latitudinal method to characterize the polishing pad
morphology on the bonnet surface, established a kine-
matic model of the bonnet dressing process, and carried
out numerical simulations. The simulation results show
that the accuracy of bonnet dressing is slightly less than
the positioning accuracy of the robot. The final dress-
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ing experiment was carried out and the polishing pad
was dressed three times and the runout value decreased
from 182 to 23 pm, which could meet the polishing
requirements.

To analyze the effect of robot positioning accuracy on
polishing, a random value less than the positioning
error was added to the dwell point on the workpiece
surface. The effect of different raster spacing and dif-
ferent diameter TIFs on polishing was compared by
single-factor simulation. The results showed that the
raster spacing has a large impact on the polishing qual-
ity, and the raster spacing should be chosen 1 mm and
below. Finally, the polishing capability of RBP was
verified by conducting polishing experiments on opti-
cal components. The results showed that the PV and
RMS in the middle &300 mm area of the workpiece
decreased from 38.05 A and 9.98 A to 8.65 A and 1.38
A respectively, with a convergence ratio of 4.4 and 7.2,
indicating that robotic bonnet polishing can be applied
to the polishing process of optical components.
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