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Abstract: The 6-DOF industrial robot has wide application prospects in the field of optical
manufacturing because of its high degrees of freedom, low cost, and high space utilisation.
However, the low trajectory accuracy of robots will affect the manufacturing accuracy of optical
components when the robots and magnetorheological finishing (MRF) are combined. In this study,
aiming at the problem of the diversity of trajectory error sources of robot-MRF, a continuous
high-precision spatial dynamic trajectory error measurement system was established to measure
the trajectory error accurately, and a step-by-step and multistage iterations trajectory error
compensation method based on spatial similarity was established to obtain a high-precision
trajectory. The experimental results show that compared with the common model calibration
method and general non-model calibration method, this trajectory error compensation method
can achieve accurate compensation of the trajectory error of the robot-MRF, and the trajectory
accuracy of the Z-axis is improved from PV > 0.2 mmto PV < 0.1 mm. Furthermore, the finishing
accuracy of the plane mirror from 0.066\ to 0.016A. RMS and the finishing accuracy of the
spherical mirror from 0.184A RMS to 0.013A RMS using the compensated robot-MRF prove
that the robot-MREF has the ability of high-precision polishing. This promotes the application
of industrial robots in the field of optical manufacturing and lays the foundation for intelligent
optical manufacturing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the popularity of segmented optics in next-generation telescopic systems such as the
Giant Magellan Telescope [1], European-Extremely Large Telescope [2,3], and the Thirty Meter
Telescope [4], among others, higher requirements have been proposed for the quantity, surface
complexity, and quality of optical components in optical systems. However, it is challenging
for traditional optical manufacturing to manufacture optical elements with high accuracy, high
efficiency, and low cost. In recent years, an increasing number of industrial robots have been used
to replace traditional CNC-machine to address these problems. A robot with a higher degree of
freedom is more suitable for a complex surface; a lower use area is conducive to the placement of
more robots, which is beneficial for improving efficiency; lower equipment cost is also positive
to reduce expenses. Derst [5]et al. utilised a robot polisher manufacturing a 1560 mm on-axis
asphere, and the surface quality at the end of the process was 0.045um RMS. David Walker et al.
[6] also utilised a robot to polish a large-aperture optical element that was assembled of 5-off 1 m
A/C hexagonal float-glass sheets epoxied together. Other optical manufacturing technologies
are used in combination with robots, such as robot-computer controlled optical surfacing [7,8],
robot-wheeled polishing [9], and robot-bonnet polishing [10]. These studies indicate the diversity
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of the combination of robot and optical manufacturing technologies and reveal the great potential
of robot applications in optical manufacturing. However, due to the limitations of these optical
manufacturing technologies themselves, such as polishing tool wear [11] and other reasons caused
by the instability of the TIF, as well as the unique serial multi-joint structure of the robot leading
to poor positioning precision and movement accuracy, as a result, the optical manufacturing
equipment relying on the robot is more utilized in the grinding, pre-polishing and rough polishing
and other manufacturing accuracy steps.

Magnetorheological finishing (MRF) [12—15] is a common optical manufacturing technology
in the field of high-precision optical manufacturing, which has the advantages of a stable tool
influence function (TIF) and high finishing certainty. However, the lower trajectory accuracy of
the robot will cause TIF changes, which will affect the final polishing accuracy. Therefore, to
achieve the goal of high-precision manufacturing, the most important aspect of robot-MREF is to
improve its trajectory accuracy.

At present, the compensation methods for robot trajectory error mainly include model
calibration [16,17] and non-model calibration methods [18-20]. For example, Bo Li et al.
[21] used a neural-network-based approach to reduce the positioning error of the KUKA KR
500-3 robot from 1.879 mm to 0.227 mm. Combining geometric calibration and artificial
neural network, Stefan Gadringer et al. [22] compensated COMAU Racer5-0.80 robot maximal
positioning/orientation error to 0.605 mm/3.753 mrad, which is a reduction of 6.28%/7.41% of the
error. It can be seen that the positioning accuracy [23-26] and trajectory accuracy [27,28] of the
industrial robot can be significantly improved after compensation through the model calibration
and non-model calibration methods. However, the calibration accuracy of these methods is
mainly at sub-millimetre for large robots with a load of hundreds of kilograms and a motion range
of more than 2 m, which is suitable for CCOS [29] and other optical manufacturing technologies
that require relatively low trajectory accuracy. However, they cannot meet the requirements of
trajectory precision in MRF high-precision polishing. To address this issue, this paper proposed
a trajectory error compensation method based on multilevel iteration and step-by-step to achieve
high-accuracy polishing trajectories. The method avoids modeling complex sources of robot
trajectory error and can compensate for the path error caused by force variation between the
mirror and the polishing tool during the polishing process. The omni-directional trajectory error
compensation from the robot-MRF body to the polishing process was performed.

The key is to reduce the trajectory error of the equipment to improve the stability of the
TIF and ensure the high-precision manufacturing capability of the robot-MRF. In this study,
the influence of position and orientation errors on the gap stability of robot-MRF polishing is
analysed. Aiming at the main influencing factors of polishing, an error-measuring platform based
on a laser tracker was established, and the measurement error was eliminated. Furthermore,
a trajectory error compensation method based on step-by-step and multistage iterations was
proposed to obtain a high-precision trajectory for the robot-MRF. Finally, polishing experiments
of planar and spherical mirrors were performed using the compensated robot-MRF.

2. Analysis of the influence of robot-MRF orientation and position error on pol-
ishing gap stability

A constant polishing gap is a premise for the high-precision polishing of MRF. When the
robot-MRF is working, the positioning error and orientation error about the X-Y-Z axis will have
different degrees of influence on the stability of the polishing gap. The relationship between the
positioning/orientation error and polishing gap under different R*, where R¥=R/D, R is the vertex
radius of the elements, and D is the size of the elements, is as follows.
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2.1. Analysis of influence of robot-MRF orientation error on polishing gap stability

This section analyses the relationship between the orientation error and the change in the polishing
gap. It is assumed that the working point position of the polishing wheel remains unchanged, but
the orientation changes. The relationship between the orientation error and the change in the
polishing gap, in this case, is shown in Fig. 1, where h represents the theoretical polishing gap, &,
represents the corresponding polishing gap after the orientation change, /; represents the normal
line corresponding to the point on the curve, 8 represents the angle between the Z-axis and line
I, 6, represents the angle between the Z-axis and line [, after the orientation change, and the
change in the polishing gap 4h is shown in Eq. (1) :

h 1
Ah=|hy—h| < |—————hl=h|—— -1 (1
cos(8, — 0) cos(Af)
Z
by
CIN

Theoretical polishing
wheel posture

Actual polishing
wheel posture
Working point

2-D outline of
mirror

X

Fig. 1. The diagram of polishing wheel orientation and polishing gap change.

Equation (1) shows that the polishing gap change 4h is related to the polishing gap /# and
orientation angle change 46, as shown in Fig. 2. Generally, the robot’s orientation error is less
than 1 ° [30,31], and its corresponding orientation error has an impact on the polishing gap of
less than 0.5pum. Considering that the random error of industrial robots on the X-Y-Z axis is tens
of microns to sub millimetres, the polishing gap variation caused by the orientation error will be
covered by random error; thus, the orientation error can be ignored.
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Fig. 2. The relation curve between orientation error and polishing gap variation.
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2.2. Analysis of influence of robot-MRF positioning error on polishing gap stability

This section analyses the relationship between the positioning error and the change in the polishing
gap. It is assumed that the working point orientation of the polishing wheel is unchanged, but the
position changes. If the optical element is rotationally symmetric, its two-dimensional expression
is given by Eq. (2).

C)C2

7Z(x) = +agxt + agx® + - )

1+ /1= (k+1)c%x2

Where c is the vertex curvature, k is the quadric coefficient, and a4 and ag are high-order
aspherical coefficients.

The relationship between the position error of the X-Z axis and the change in the polishing
gap is shown in Fig. 3, where /; represents the normal line of theoretical points W(x,,, z,,) on the
curve, I represents the tangent line of theoretical points W(x,,, z,,) on the curve, I3 represents the
line that crosses #(x;, z;) parallel to I, l4 is parallel to [}, point #(x;, z;) represents the theoretical
track point corresponding to the polished point W(x,,, z,,), 4r represents the absolute positioning
error of the robot-MREF in the X-Z axis direction, and the variation range of the positioning
error is located in the circle centred at point #(x;, z,) with radius Ar. The variation range of the
polishing gap, h,, is.

h— (Ahy + Ahy) < hy < h+ (Ahy + Ahy) 3)
Where Ahy = |CP|, Ahy = |MD].
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Fig. 3. The diagram of working point position of polishing wheel and polishing gap change.

Under the condition of constant orientation, the maximum value of the polishing gap change
Ah is located at the edge of the circle #(x;, z,), which is the point P(xp, zp). Then, 4h| and 4h;
can be expressed using Eq. (4) as follows:

Ah; = Axsin 6 + Azcos 6

4)
Ahy = \/(JCD - XM)2 + (ZD - ZM)2
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Where:

0 < Ax < Arcos6
Ar? = Ax¥* + AZ?
Ax =xp — x;
Az=zp— 1z

0 = arctan(%) -3

: 3 5
A:z’(x)=++4a4x + 6aex® + - - -

+ V1=(k+1)c2x?
Point D(xp, zp) indicates the intersection of lines /; and l4; therefore, the coordinates of point
D(xp, zp) are expressed as Eq. (5) :
xXp =Xy —1lcos@ |x,| <D/2
Zp =2 — 1sin@ 5

[ = Axcos@ + Azsin 8

Point M(xys, zpr) indicates the intersection of line /4 and the curve, so the coordinates of point
M(xp, z) are expressed as Eq. (6):

1 _ cx® 4 6
—axy + B = ———ou + asxy” + acxy® + -
A M VIt D | oM T A6TM
o= —tay B ©

BZZD+%)CD

Figure 3 shows that the |4h;| corresponding to the intersection area under lines /; and /3
represents the change in |4h;| over the entire range of changes. Using the conic curve as an
example to further simplify the analysis, 4h; and 4k, can be expressed as follows:

—Axsinf — Azcos§ Ax >0
Ahy = @)
Axsin@ — Azcosf Ax<0

Ahy = \/(XD —xu)’ + (zp = ym)’ ®)
Where: .
T
0 = |arctan(—) — =
arc an(A) >
A=) = cx

V1 = (k + 1)c2x2

1
B=ZD+ZxD=zD—axD

Xy — (Axcos @ — Azsinf)cosd Ax > 0, |x,| < D/2
Xp =
Xy — (—Axcos @ — Azsinf) cos§ Ax <0, |x,| < D/2

Zw — (Axcos 0 — Azsin6)sin0 Ax > 0, |x,| < D/2
Zp =
Zw — (wAxcos 0 — Azsin@)sind Ax <0, |x,| < D/2
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_a—Bac(1+k)£\ a?—Bc(-2+Bc(1+k))

c(1+a?(1+k))
Zm =axy + B

Therefore, the variation in the polishing gap is related to the quadric surface coefficient %,
aperture D of the optical element, vertex curvature ¢, and robot positioning error Ax. Thus, the
contribution of the robot positioning error Ax to the polishing gap change at different 4k, can be
expressed as Eq. (9).

—Axsin@ — (xp —xp7)sin@ Ax >0
A, = (xp — xpm) ©)
Axsin@ — (xp —xp;)sinf  Ax<0

Using a spherical optical element (k = 0) as an example, the contribution 4h, of the optical
element steepness change to the polishing gap change under different 4x values is analysed. Set
D =340mm, R = 1/c€[240.216, 3000] mm, Ar =0.346 mm, Ax€[0.05, 0.2] mm. For different Ax
values, the influence of the X-axis positioning error on the variation in the polishing gap with
different R* values are shown in Fig. 4 and Fig. 5. When arcsin(D/2R) = arcsin(1/2R*) < 15°,
the X-axis positioning error leads to a change of polishing gap less than 0.05 mm, accounting for
about 5% of the sum of the effects of X-axis and Z-axis positioning errors on the variation of
polishing gap. The Y-axis positioning error has the same effect on the polishing gap variation
when the Y-axis positioning error is similar to that of the X-axis. In this case, Z-axis positioning
error Az is the most important factor of polishing gap variation, accounting for approximately
90%, and the influence of positioning error of the X-axis and Y-axis on the variation in polishing
gap is approximately 5% respectively, which has little effect on polishing accuracy and can be
neglected.

0.15 T
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—AX=0.10mm
||AX=0.15mm
017 —AX=0.20mm|

e

0 10 20 3>0 40 50
arcsin(1/2R™)/°

Ahy/mm

0.05

Fig. 4. Curves of R* and 4h, at different Ax values.
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—AX=0.10mm
15— AX=0.15mm
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arcsin( l/ZR#)/o

Fig. 5. Influence of different X-axis positioning error on the variation of polishing gap.



Research Article Vol. 30, No. 25/5 Dec 2022/ Optics Express 44747 |

Optics EXPRESS N

Based on Eq. (9), the influence of position error on the polishing gap is known when the
orientation is unchanged. Therefore, the cooperative influence of the two factors can be express
by Eq. (10).

—Axsin(@ + A8) — (xp —xp)sin(@ + AG) Ax >0
Ahy' = ( ) — (xp — xpr) sin( ) (10)

Axsin(0 + AB) — (xp — xpr) sin(@ + AG)  Ax<0

The influence of orientation/positioning error on the variation of the polishing gap as a
function of different values of R¥, when A0=1 °, was shown in Fig. 6. The effect of orientation
error on polishing gap under the combined action of the two factors can be expressed by
Eq. (11), and the effect results were shown in Fig. 7 (a)and (b). The influence of orientation
error on the polishing gap can be seen to be of the form Fig. 7 shows a gradual decrease with
increasing steepness. Though the effect of orientation error on polishing gap is over 15% at
arcsin(D/2R) = arcsin(1/2R¥) < 5°, this has an effect on the polishing gap of less than 4 um,
and the effect of orientation error on the change in polishing gap is less than 6 um over the entire
range of variation in steepness in Fig. 7. The contribution of orientation error to the polishing
gap can be negligible in comparison to the effect of position error on polishing gap. Therefore,
accurate measurement and compensation of Z-axis trajectory error is the key to improving the
trajectory accuracy of robot-MRF.

Ahgyi = |Ahx, - Ahxl

/ (1)
Pori = | A0l 5 1009
Ahy
=t
£
3
0 10 20 30 40 50
arcsin( 1/2R#)/°
Fig. 6. Curves of orientation/position error and 4hy at different 4x values.
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Fig. 7. (a) Curves of orientation error and 4h,,; at different Ax values, (b) the influence
ratio of orientation error on the variation of polishing gap at different Ax values.
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3. Robot-MRF trajectory error measurement and characteristic analysis

3.1.  Construction of the robot-MRF trajectory error measurement system

Building a trajectory error measurement system is key to obtaining the robot-MREF trajectory
error. Measuring the positioning/trajectory error of a robot with a laser tracker is one of the
main methods for obtaining the positioning/trajectory error of a robot [32,33]. However, it is
difficult for the laser tracker to directly measure the working point positioning/track error of
the robot-MRF polishing wheel when the robot-MRF is in multi-motion, which means that the
robot is running while the polishing wheel is rotating, and multi-pose, which means that the
robot-MREF is in six-dimensional motion. Therefore, in this study, a continuous high-precision
spatial dynamic method based on stiffness invariant characteristics was designed to measure the
track error of the robot-MRF. The overall diagram of the robot-MRF measurement system is
shown in Fig. 8.

B, (x,,¥,.2,) gyt )& v (
B, (%,.¥;.2;) - . % ‘@
B (x.v.7) . y \ y 0

Target ball-_
“nl Robot
tﬂ;
-

Transition plate

MRF modular-

Laser tracker —
~ Vil

s-_l;, r[j]jl'

1(x,.v,.z2,)

Fig. 8. The diagram of the robot-MRF trajectory error measurement system.

First, the measuring coordinate system M7 of the laser tracker is established. The target ball
of the laser tracker is fixed at position Bj(xy, yi, z1) on the upper surface of the transition plate.
The measuring coordinate system M7 of the laser tracker is established based on the robot-MRF
end-tool coordinate system Er, and they are parallel to each other. Because the distance between
the target ball position Bj(x1, y1,z1) and polishing wheel working point #(x;, y;, z;) iS constant,
there is a fixed conversion relationship between them, as shown in Eq. (12).

R P
W= - B (12)
0 1

R =R, - Ry - R, is the unit orthogonal rotation matrix representing the orientation transformation
relationship between Mr and E7, where R;, R, and R, represent the rotation transformation
matrices around the Z, Y, and X axes, respectively. P = [p,, py, pZ]T represents the position
conversion relationship between M7 and E7. Point #(x;, y;, z;) is in the tool coordinate system
Er, and point B (x1,y;, z1) is in the measurement coordinate system M. Therefore, Eq. (12) is
converted to Eq. (13):

Xt ax by ¢ px X1 X1
y a, by, ¢, p i 1

t — y y y y . =T. (13)
e a; b, c; p; 21 21

—
(=)
=)
()
—
—
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As shown in Eq. (13), as long as the 12 unknown parameters contained in the transformation
matrix T are determined, the position B;(x;,y;,z1) can be converted into the working point
t(x;, ys, z;) of the polishing wheel, and the trajectory coordinates of the robot-MRF can be obtained.

Next, determine the conversion relation T between the position Bj(x1, y1, z1) and the polishing
wheel working point #(x;, y;,z;). In addition to Bj(x;,y1,z1), at least two fixed positions are
selected on the upper surface of the transition plate. The robot-MRF was set to at least 12 different
orientations, and the coordinates of each position of Bji(x;;, v, z;)(i € Ny Nmax(i) > 2,j €
N, N max(j) > 12) and at least four different positions S;,,(Xjm, Yjm» Zjm)(m € Ny N max(m) > 4)
of the polishing wheel surface were measured. The measured data are used to determine
the transformation relationship 7; between the position Bj;(x1,y1j,21;) and other positions
Bij(xyj, yij, zjj),as shown in Eq. (14) and the plane equation of the upper surface of the transition
plate at different positions is determined, as shown in Eq. (15). The coordinates of the centre
point Oj(xjo, yjo, Zjo) of the polishing wheel at different orientations were determined using the
measured data S, (Xjm, yjm» Zjm) and fitting ball function of the laser tracker.

-1

aix by cix Ppix Xjj X1j
oo | G booco P i | (1) 14
a; bi; ci pi Zij 21§
0 0 1 1 1
Ax+Biy+Ciz+D;j =0 (15)

Third, determining the coordinates of the polishing wheel working point #(x;, y;, z;) under
different poses. Figure 8 shows that the normal line of the transition plate passes through the
centre point O(xo, yo, zo) and the working point #(x;, y;, z;) of the polishing wheel. The coordinate
value of the working point #(x;, y;, z,) of the polishing wheel is solved using Eq. (16). Therefore,
the coordinates of the working point #(x;, y;, z;) of the polishing wheel are shown in Eq. (17).

X=Xo _ Y=Yjo _ 2=%jo

Aj B; G (16)
(x=x0)* + (v = yjo)” + (2 = z0)" = R?
X; = (xj0 — biki — baka + kiyjo + kazjo — (=b1*ka* = b1? + 2b1bokika — 2b1k1kazjo — 2b1k1Xj0
+2b1ka%yjo + 2b1yjo — ba*ki® — ba* + 2baki?zj0 — 2bakikayjo — 2bakaxjo
+2bazjo — ki*xj0” — ki%zjo? + Rky? + 2kikayjozio + 2kixj0yj0 — ka*xj0°
—ka?yj0% + Rka? + 2kaxj0zj0 — yjo® — Zj0> + R/ + k2 +1)

Yj=k1Xj+b1

Zi = ko X; + by
a7
Where ki = Bj/A;, by = yjo — Bjxjo/A;j, ko = Cj/A;, by = zjo — Cjxjo/A;, R is the polishing wheel
radius.
The transformation matrix 7 shown in Eq. (13) is solved using Eq. (18):
-1

ax, by ¢y px Xy X1
ay, b, ¢ ; 1

T = y by & Py | | Vi || Y (18)
a; b, c; p; 24 21y

o
o

0 1 1 1



Research Article Vol. 30, No. 25/5 Dec 2022/ Optics Express 44750 |

Optics EXPRESS i NN

Finally, the relationship between the coordinates of the working point #(x;, yy, z;) of the polishing
wheel and the position B(x,y;,21) is determined, as shown in Eq. (19). The coordinates of
the working point #(x;, y;, z;) of the polishing wheel can only be determined by measuring the
coordinates of the position By (xy, y1,21)-

-1

Xt X1 Xij X1 X1
1 i 1j 1
Vi -7T. y _ Yg [ | Yu 1Y (19)
2t 1 2 215 2
1 1 1 1 1

3.2. Elimination of measurement error

The position of the polishing wheel theoretical working point #(x;, y;, z;) is determined using
Eq. (19). It is difficult for the normal line of the transition plate to pass through the centre
point and working point of the polishing wheel simultaneously. Therefore, the coordinate of the
working point #(x;, yr, z;) of the polishing wheel contains measure error, which will interfere with
the judgment of the robot-MREF trajectory error information and needs to be removed. Because
of the error caused by the measurement method, a Z-direction measurement error elimination
model was established based on the constraint condition that the trajectory is aberration-free.
According to the measured trajectory information, the measurement error is decoupled, as shown
in Eq. (20).

P = Xien/Xuien + Yien/ Yiien)/2
AZ; = pZ;i = Zi = il (PZi - Zy)
m = AZ; - [Xi; Yiis 2Xi® + 2V = 1;2X5 Y, Vi = Xo?33Xi? = 25 + 3Xu Vs
3V, — 2V, + 3X, 2V 1 — 6X,2 — 67,2 + 6X,* + 12X,2Y,2 + 6Y,*]! (20)
AZ = AZ; —m - [ Xy, Yiin 2X,% + 2Y3% = 1,2X,: Yy,
Yi? = Xi?, 3Xy? — 2X5i + 3X Y42, 3V — 2V + 3X, 2 Yy,
1 - 6X,> — 6Y,% + 6X,* + 12X,2Y,* + 6Y,;*]T

Where X, and Y}, represent the measured distances in the X and Y directions, respectively;
Xien and Yy, represent theoretical distances in the X and Y directions, respectively; Z; and Z;;
represent the measured and theoretical trajectory coordinates of the corresponding point (Xy; Yy)
in the Z direction, respectively; m represents the measurement error proportion weight matrix;
and AZ;’ represents the Z-direction trajectory error of robot-MRF excluding the measurement
error.

To analyse whether the measurement error compensation model can accurately eliminate the
measurement error in the Z-direction, the following example is used to judge the compensation
accuracy of the measurement error compensation model. First, the trajectory error data in a plane
with a diameter of $380 mm is measured in the robot-MRF working area. The running track
was a raster path with a step 4X =4 mm and line spacing 4Y =4 mm, and the sampling interval
was 4 mm. The trajectory error and measurement error were characterized by PV of their data,
as shown in Eq. (21). The measurement results were shown in Fig. 9 (a). The corresponding
measurement error was calculated from the Z-axis trajectory error of the plane, as shown in
Fig. 9 (b). The coordinates of the position Bi(x1, y1,z1) measured using the laser tracker can be
regarded as the working point coordinates #(x;, y;, z;) of the polishing wheel. As a result, the
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measurement error is primarily from the laser tracker (FARO ION, 16 ym + 0.8 pm/m). We
can see of the form Fig. 9 (b) that the error in the measurement is PV =7um, who proved that
the compensation accuracy of the measurement error elimination model in the Z direction is
about 7um, which is limited by the measurement precision of the laser tracker. Subsequently,
the trajectory error information was measured in the sphere in which the robot-MRF ran the
same trajectory and the same data collection interval in the same X-Y area. The measurement
results and measurement error were shown in Fig. 10 (a) and Fig. 10 (b), respectively. It proved
there was a measurement error when position B (xy, yi, z1) is directly converted to the working
point #(x;, y;, z;) of the polishing wheel, and it is necessary to eliminate the measurement error.
Simultaneously, the measurement error was again calculated on the basis of the trajectory error
data with no measurement error (as shown in Fig. 10 (c)), and the result of verifying the accuracy
of the measurement error removal was shown in Fig. 10 (d), PV =8um. Thus, one can see the
form Fig. 10 (d) that when the measurement error was effectively removed, the trajectory error
result did not contain any measurement error.

PV = max(AZ) — min(AZ) 21
Where 4Z is the error data.

00 (b) - . '

100 100

i semepne o

0 4 i Wy ! -4
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Fig. 9. Measurement results of Z-axis trajectory error in $380 mm plane. (a) The plane
measurement result, (b) the verification of compensation accuracy of the measurement error
compensation model.

3.3. Analysis of trajectory error characteristics

It can be seen directly from Fig. 9 (a) and Fig. 10 (c) that there is a systematic Z-axis trajectory
error of a period along the X-axis. To describe the performance characteristics of the Z-axis
trajectory error, the corresponding Z-axis track errors along ¥ =0 and X = 0 are extracted, and
the corresponding 2-D trajectory errors and PSD curves are shown in Fig. 11.

Combined with Fig. 11(a) and Fig. 11(b), Z-axis systematic trajectory errors along the X-axis
are divided into two types: one is short space periodic systematic error 71~24 mm, PV~0.06
mm, and data distribution in the red box as shown in Fig. 11(a); another is larger and longer
space periodic systematic error, 7o~64 mm, PV~0.10 mm, and shows data distribution in the
green box as shown in Fig. 11(a). The error along the Y-axis (X = 0) shows a form of corrugated
oscillation, PV ,.x~0.05 mm, and the spatial period is related to 4Y. The positions of the wave
peaks and valleys are related to the movement direction of the robot along the X-axis. When the
robot moves from the negative X direction to the positive X direction, the entire trajectory line
is usually located at the peak of the wave in the Y-axis direction; otherwise, it is located at the
valley position. This indicates that the representation of the Z-axis trajectory error is related to
the design of the trajectory.
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Fig. 10. The measurement results of Z-axis trajectory error in $380 mm sphere. (a) The
measurement result contains measurement error, (b) the sphere measurement error of Z-axis
trajectory error, (c) the measurement result does not contain measurement error, (d) the
measurement error elimination accuracy verification.
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Fig. 11. The Z-axis trajectory error and PSD curves along X-axis and Y-axis. (a) The
Z-axis trajectory error along the X-axis, (b) the PSD curve of Z-axis trajectory error along
the X-axis, (c) the Z-axis trajectory error along the Y-axis, (d) the PSD curve of Z-axis
trajectory error along the Y-axis.
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In addition, the Y-axis track error along Y =0 is extracted, and the corresponding 2-D
trajectory error and PSD curve are shown in Fig. 12. The Y-axis trajectory error along the
X-axis has a periodic systematic error 75~65 mm and PV~0.10 mm, which is very similar
to the Z-axis systematic trajectory error. The X-axis trajectory error was also close to the
Y-axis in the PV [34]. Therefore, the PV of the X-, Y-, and Z-axis trajectory errors can be
approximated as |4x|=|4y|=|4z|<0.2 mm. According to Fig. 5, it can be concluded that during
arcsin(D/2R) = arcsin(1/2R*) < 15°, the Z-axis trajectory error is the most important factor
affecting the variation in the polishing gap. Accurate compensation of the Z-axis trajectory error
is the primary task for obtaining a high-precision trajectory of the robot-MRF. Simultaneously,
the Z-axis trajectory error with a space period of 4 mm was extracted, as shown in Fig. 13,
indicating that in addition to systematic trajectory error, random trajectory error also existed,
with PV =0.072 mm < 0.1 mm and spatial period 73 <4 mm(because the sampling interval was
4 mm, the main frequency bands of random trajectory error were not reflected in the PSD curves
of Fig. 11(b) and Fig. 11(d)). This further indicated that it is difficult to further improve the
trajectory accuracy to less than 0.1 mm because the random error was the main component of the
trajectory error.
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Fig. 12. The Y-axis trajectory error and PSD curve along X-axis. (a) The Y-axis trajectory
error along the X-axis, (b) the PSD curve of Y-axis trajectory error along the X-axis.
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Fig. 13. The distribution of Z-axis random trajectory error.

4. Step-by-step and multistage iterations trajectory error compensation method
based on spatial similarity

The trajectory error of robot-MRF comes from three parts: the robot module, the vibration
disturbance of the magnetorheological module during operation, and the change of reaction
force between the mirror and the polishing tool in the polishing process. The actual polishing
process was performed by superimposing the vibration perturbation during the operation of the
magnetorheological module on top of the robot module, and the error in the trajectory under
the combined action of the two caused a constant change in the reaction force. The gravity
component of the polishing tool changed at the same time at different orientations and each



Vol. 30, No. 25/5 Dec 2022/ Optics Express 44754 |

Optics EXPRESS

trajectory point was rotating at a different velocity. At the end of the robot-MREF, the transient
change in force and velocity had a novel effect on the robot’s trajectory error. As a result, all
three errors were coupled together, and it is very difficult for the model to accurately describe
the robot-MREF trajectory error in the polishing process. However, based on the absolute error
transfer relationship, the robot-MRF trajectory error in the polishing process can be expressed by
Eq. (22):

PV, = PV, + PV,g + PVys (22)

Where PV,, PV,,, and PV,; are the trajectory errors PV of the robot module, the vibration
disturbance of the magnetorheological module during operation, and the change of reaction force
between the mirror and the polishing tool in the polishing process, respectively. They can be
represented by Eq. (23):

PV, =PV,’ + PV,” = (max(AZ,’) — min(AZ,)) + (max(AZ, ) — min(AZ,"))
PV,g=PV,y' + PV, = (max(AZ,;') — min(AZ,;’)) + (max(AZ,;" ) — min(AZ,y"))  (23)
PV, =PVy' + PV, = (max(AZy') — min(AZy")) + (max(AZ; ) — min(AZ;"))

Where 4Z,’, AZ,4’, and AZ,;" represent the systematic error in the trajectory of these three error
parts respectively. 4Z,"’, AZ,4"’, and AZ,;'" are the random error in the trajectory of these three
error parts respectively.

To decompose and compensate the influence of each module of robot-MREF, a step-by-step
and multistage iterations compensation method of robot-MRF Z-direction trajectory error was
built based on spatial similarity of the trajectory error to obtain a high-precision trajectory. The
measurement and compensation of the robot-MRF trajectory error can be divided into three
states: (a) no-loading mode, (b) loading mode, and (c) polishing mode, as shown in Fig. 14.
The trajectory error measurement platform was used to accurately measure the running error
of each trajectory point of robot-MRF in different states. The measured trajectory errors are
corresponding to each theoretical trajectory point from point to point based on the principle of
spatial similarity of trajectory errors, and then the error compensation of each trajectory point
can be solved. The specific compensation process of trajectory error is shown as follows:

\ Robot runnin; AN
Robot mnning & (b) ¥ o \'R

| <

MRF-module
MRF-module running
not runnmg ‘ .

MRF-module
running

Ribbon

Mirror.

Fig. 14. The robot-MRF trajectory error of the three states. (a)No-loading mode: robot
running but MRF module not, (b) loading mode: robot and MRF-module running but
robot-MRF not polishing, (c) polishing mode: robot-MRF in polishing process.

First, the trajectory error of the robot-MRF in the no-loading mode is measured and compensated,
which is aimed at the trajectory error compensation of the robot module. A theoretical trajectory
(the number of trajectory points is usually in the tens of thousands to hundreds of thousands) was
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generated based on the optical elements to be polished. The trajectory was run in the no-loading
mode, and a laser tracker was used to continuously measure the trajectory error. However, due
to the inconsistency between the measurement frequency and the step spacing or line spacing
of trajectory points, as show in Fig. 15, the measured trajectory error points cannot correspond
to the theoretical trajectory points one-to-one. To solve this problem, in this study, the linear
triangulation interpolation method [35] was used to obtain the Z-axis trajectory error of the
corresponding theoretical trajectory points based on spatial similarity of the trajectory error.
The error compensation value of the corresponding theoretical trajectory point was obtained
using Eq. (24). The trajectory error was compensated, and the compensated trajectory was
measured again. If the systematic trajectory error in some areas is not completely suppressed after
one-time compensation, the systematic trajectory error is dealt with by repeated measurement
compensation until the systematic trajectory errors are effectively suppressed under the no-load
condition.

1 n
Az =Zy = AZ{ + ~ > AZ/ (24)
n
i=1

Second, the trajectory error of the robot-MRF in loading mode is measured and compensated,
which is aimed at trajectory error compensation with the MRF module working. Under the
loading mode, the robot-MRF runs the trajectory after compensation in no-loading, and the
z-axis track error is measured by the laser tracker. If there is a systematic trajectory error, it is
compensated by iterative measurement and compensation until the systematic trajectory error is
effectively suppressed in the loading mode.

Finally, the trajectory error of the robot MRF in the polishing mode was measured and
compensated, which was aimed at the trajectory error compensation of the polishing process.
When the robot-MREF is in the actual polishing process, the robot MRF is in a more complex
state. In particular, due to the existence of orientation and trajectory errors, the surface reaction
force between the mirror and the polishing tool is not constant, which has a certain influence on
the force balance of each part of robot-MRF and may destroy the trajectory error that has been
compensated in the loading mode. The trajectory error in the polishing process was measured
using a laser tracker. By gradually correcting the trajectory error of the robot MRF during the
polishing process, the trajectory accuracy can satisfy the requirements of MRF high-precision
polishing and achieve high-precision manufacturing objectives.

The trajectory errors of the no-loading mode, loading mode, and polishing process were
corrected step by step and multistage iteration using the trajectory error compensation method
based on spatial similarity of the trajectory error, and the high-precision polishing requirements
of the MRF were achieved. The advantage of this compensation method is that it can suppress
the systematic trajectory error of the robot module and eliminate the systematic trajectory error
caused by the operation disturbance of the MRF module and the change in reaction force between
the mirror and polishing tool in the polishing process.

5. Trajectory error compensation and polishing verification

To verify the validity of the method of the robot-MREF, trajectory error compensation introduced
above a $340 mm fused silica plane mirror and a $340 mm fused silica spherical mirror with
a radius of 1207.67 mm were polished by the robot-MRF. The corresponding trajectory errors
before and after the compensation and polishing results are as follows.

5.1.  Build of robot-MRF

A robot-MRF was built, as shown in Fig. 16, to realise the combined application of MRF and
robot. The robot is an ABB IRB 6700-200, with an operating range of 2.6 m, a loading of
200kg, and a repeat positioning accuracy of +0.05 mm. The MRF module weighed 107 kg,
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and the diameter of the polishing wheel was 360 mm. Through precise TCP calibration, the
position and orientation of the robot end and polishing wheel working point can be accurately
converted. The rotation velocity of the polishing wheel was set at 60 rpm/min while the viscosity,
maximum movement speed and flow rates of the MR fluids were constant at 15 Pa 5,100 mm/s,
and 1800 mL/min, respectively.

measurement frequency

S

@ : The measurement points coincide with the theoretical trajectory points

Y

Step spacing

O : The measurement points are misaligned with the theoretical trajectory points

® : The theoretical trajectory points

Fig. 15. The Schematic diagram of measured points do not correspond to the theoretical
trajectory points.

Fig. 16. The structure of the robot-MRF.

5.2. Trajectory error compensation and polishing of the plane mirror
5.2.1. Plane mirror trajectory error compensation by step-by-step and multistage iteration

Designed trajectory parameters and measured trajectory errors. The design of the raster trajectory
with a diameter of $380 mm, step spacing 4X =4 mm, and line spacing 4Y=0.5 mm. The
trajectory error result in the no-loading mode was measured using a laser tracker, as shown in
Fig. 17(a), with PV, =0.227 mm. The Z-axis track error after interpolation is shown in Fig. 17(b),
with PV =0.216 mm. The error data of the polishing track in the Z-axis corresponding along
Y =0 before and after interpolation were extracted, as shown in Fig. 18. In the effective working
range (|X|<170 mm), the interpolation and measurement results almost coincide; therefore, the
error caused by interpolation can be ignored.
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Fig. 17. The Z-axis trajectory error under no-loading. (a) Measurement results, (b)
interpolation results.
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Fig. 18. Comparison of measured and interpolated Z-axis trajectory error.

The compensated trajectory was run, and the trajectory error was measured again. The
Z-axis trajectory error is compensated two times by Eq. (24) in the no-loading mode, and the
compensated trajectory error is PV,”’=0.074 mm, as shown in Fig. 19. It can be observed that the
system trajectory error of the Z-axis of the robot without the MRF-module module is PV,’=0.153
mm, and the compensation method can realise high-precision compensation of the Z-axis system
trajectory error in the no-loading mode.
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Fig. 19. Measurement results of Z-axis trajectory error after compensation under no-loading.
(a) Measurement results of Z-axis trajectory error after first compensation, (b) measurement
results of Z-axis trajectory error after second compensation.

The robot-MREF runs the polishing track under the loading condition (MRF-module operation),
in which the polishing track is compensated in the no-loading condition, and the Z-axis track
error is obtained under the loading condition of PV =0.085 mm, as shown in Fig. 20(a). It
was observed that under loading, the influence of the disturbance caused by the operation of
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the MRF module on the overall trajectory error of the robot-MRF was mainly in the form of a
random error, and the trajectory error PV,;=0.011 mm. Equation (24) was used to compensate
for the trajectory error in this part. From the measurement results, as shown in Fig. 20(b),
the compensated trajectory error is PV =0.080 mm, whereas the systematic trajectory error is
PV,;/=0.005 mm, which is much smaller than that of the robot. It can be observed that the error
compensation method can not only compensate for the partial trajectory errors of the robot but
can also compensate for the trajectory error caused by the operation disturbance of the MRF

module.

",L:m 10 0 ] M 0 1 0 100 0
K/mm Kmm

PV=0.085mm PV=0.080mm

Fig. 20. Measurement results of Z-axis trajectory error under loading. (a) Measurement
results of Z-axis trajectory error before compensation under loading, (b) measurement results
of z-axis trajectory error after compensation under loading.

The trajectory errors of the robot MRF in the polishing condition were compensated. When
the robot-MRF is in actual processing, the robot MRF is in a more complex state. In particular,
due to the existence of orientation and trajectory errors, the surface reaction force of optical
components is not constant [36,37], which has a certain influence on the force balance of each
part of robot-MRF and may destroy the trajectory error that has been compensated in loading.
By measuring the track error during the polishing process, the need for further compensation is
judged. The Z-axis trajectory error during the polishing process is shown in Fig. 21(a) (PV =0.102
mm). As shown in Fig. 21(a), the Z-axis trajectory errors in the red box are significantly higher
than those in the other areas, which need to be further compensated. The trajectory error after
the compensation is shown in Fig. 21(b), where PV =0.087 mm. This indicates that the influence
of the force changes on the trajectory error is mainly a systematic error: PV,;’=0.015 mm, but
this part of the error is still lower than the trajectory error caused by the robot. Simultaneously,
Fig. 22 also showed that the systematic trajectory error of Z-axis with beyond 18 mm spatial
period are effectively suppressed. The combined results in Fig. 21(b) indicate that the systematic
trajectory error of the z-axis is accurately compensated.

_ PV,

P, = PVTTPV. 7PV, X 100%
— vad’

Py = pyrpv.py,y % 100% (25)
- PV’

Py = PV PV TPV, % 100%

The trajectory error compensation method based on step-by-step and multistage iterations
can realise high-precision compensation of the Z-axis systematic trajectory error of robot-MRF.
Furthermore, the systematic trajectory error of the robot-MRF, which consists of a robot module,
MRF-module disturbance, and reaction force between the mirror and polishing tool, is PV'=
PV, + PV, + PV, =0.173 mm. The systematic trajectory error caused by the robot is the
most important component in the systematic trajectory error of the plane, PV,’=0.153 mm,
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Fig. 21. Measurement results of Z-axis trajectory error under polishing process. (a)
Measurement results of Z-axis trajectory error before compensation under polishing process,
(b) measurement results of Z-axis trajectory error after compensation under polishing
process.

0.1 .
(a) —Before compensation
—After compensation

0.05

AZ/mm

-0.05

PSD/mm’

—Before compensation

ol 10 Adfter compensation spnlinllperiﬂd%l&m“
500 100 0 100 00 10? e -

X/mm X/mm

Fig. 22. Comparison of trajectory error before and after compensation of plane. (a)
Comparison of the 2-D trajectory error before compensation in no-loading and after
compensation in polishing process, (b) comparison of PSD curves of the 2-D trajectory error
before compensation in no-loading and after compensation in polishing process.

which accounts for P, = 88.44% according to Eq. (25). Followed by the influence of the reaction
force changes in the polishing process, PV,;'=0.015 mm, of which the proportion of systematic
trajectory error is P,y =8.67% according to Eq. (25) . The disturbance of MRF-Module has
little influence on the trajectory error, PV,,;’=0.005 mm, of which the proportion of systematic
trajectory error is P4 = 2.89% according to Eq. (25). Based on the above research, the advantages
of this compensation method can be used to remove the process of compensating the trajectory
error in the no-loading mode, directly compensating for the trajectory error in the loading mode,
simplifying the compensation step, and shortening the compensation time.

5.2.2. Compensation accuracy comparison with model calibration method and non-model cali-
bration method

At present, the model calibration method is the main method used for robot positioning and
trajectory error compensation. Because of whether this method can achieve high-precision
trajectory error compensation of the robot-MRF trajectory error, the CalibWare Software
developed by ABB company was used to verify the trajectory error compensation accuracy of
the robot-MRF, and the compensation results are shown in Fig. 23. It can be observed from
Fig. 23(e) that compared with the distribution of the Z-axis random trajectory error before and
after calibration, as shown in Fig. 23(b) and Fig. 23(d), the model calibration method compensates
for the trajectory error to a certain extent; however, the original systematic Z-axis trajectory error
is not effectively inhibited, as shown in Fig. 23(c) and Fig. 24. Therefore, it is difficult for the
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model calibration method to achieve high-precision compensation for the trajectory error of a
robot-MRF.
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Fig. 23. The Z-axis trajectory error before and after calibration by the CalibWare Software.
(a) The Z-axis trajectory error and random trajectory error before calibration by the CalibWare
Software, (b) the Z-axis trajectory error and random trajectory error after calibration by the
CalibWare Software, (c) the difference of Z-axis trajectory error before and after calibration
by the CalibWare Software.
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Fig. 24. The Z-axis trajectory error before and after calibration by the CalibWare Software
along Y-axis.
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The non-model calibration method is also a common compensation method for robot positioning
and trajectory errors. Experimental verification is carried out in this study to verify whether this
method can achieve high-precision trajectory error compensation for the robot-MREF trajectory
error:

It is assumed that the position 500 mm above the centre point of the X-Y plane of the test
bench is the centre point (0,0,0) of the measurement area, and the three concentric circles are
Zone 1 ($p600 mm), Zone 2 ($p500 mm), and Zone 3 (400 mm). Raster tracks with the same
step (4X =4 mm) and line spacing (4Y =4 mm) were run in each zone. The trajectory error of
Zone 1 was measured using a laser tracker, and the sampling interval was 4 mm.

The trajectory errors in Zones 2 and 3 were extracted from Zone 1, and the error compensation
of corresponding trajectory points in Zones 2 and 3 are calculated by using Eq. (24). The
compensated polishing trajectories were run and measured in Zone 2 and 3, respectively. To
avoid the influence of vibrations on the trajectory accuracy at the corner of the edge of the raster
tracks, the compensated Z-axis trajectory errors of the central areas (¢300 mm) of the Zones 2
and 3 were extracted. The corresponding results are shown in Fig. 25. It can be observed from
the measurement results that even for the same target points, the Z-axis trajectory errors of Zones
2, 3, and 1 in some regions are still quite different, which will have a certain influence on the
polishing accuracy. Therefore, the non-model calibration method cannot achieve high-precision
compensation for the trajectory error of a robot-MRF.

130 150
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Fig. 25. The non-model method compensation results. (a) Zone 2 compensation results, (b)
zone 3 compensation results.

5.3.  High-precision polishing experiment verification of plane mirror

A polishing experiment was carried out on an outside diameter of $340 mm and an inside
diameter of $60 mm plane mirror with the Z-axis trajectory error without compensation and
compensation of the robot-MRF to verify whether the Z-axis trajectory error of the robot-MRF
has been effectively compensated, and the robot-MRF with Z-axis trajectory error compensation
has a high-precision polishing capability. The polishing parameters are listed in Table 1, and the
initial surface accuracy of the plane mirror is shown in Fig. 26.

The polishing results of the plane mirror were shown in Fig. 27 when the Z-axis trajectory
error is not compensated or compensated are shown in Fig. 24. To exclude the edge effect
that influences the polishing results, areas beyond ¢70 mm and within $323 mm were selected
as the polishing results. It can be observed from Fig. 27(a) that the polished surface has
periodic errors caused by the Z-axis systematic trajectory error. When the Z-axis trajectory error
was compensated, the final polishing result of the plane mirror reached 0.016), which can be
considered as close-to-atomic scale [38]. Figure 28 also showed that after accurate calibration of
the Z-axis trajectory error, the surface residuals beyond the 15 mm spatial period on the mirror
surface are effectively suppressed, indicating that the systematic trajectory error of the Z-axis is
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Fig. 26. The initial surface accuracy of plane mirror.

Table 1. The plane mirror polishing parameter table

parameter plane mirror
material fused silica
outside diameter $340mm
inside diameter $60mm
Initial surface error (RMS, A=632.8 nm) 0.066A
Grating track diameter 380mm
Grating track step AX 4mm
Grating track spacing AY 0.5mm
trajectory error before compensation (PV) 0.227mm
trajectory error after compensation (PV) 0.087mm

compensated accurately. The experimental results showed that the Z-axis trajectory error can be
effectively compensated through the trajectory error compensation method based on step-by-step
and multistage iterations, and the compensated robot-MRF has a high-precision polishing ability
on plane mirrors. In addition, the results shown in Fig. 27(d) could be further improved, but the
purpose of this experiment is to verify that the compensation method can suppress the influence
of the systematic trajectory error of the robot on polishing accuracy. Subsequent spherical
polishing experiments further explored the polishing capability of the compensated robot-MRF.

5.4. Trajectory error compensation and polishing of the spherical mirror

Experiments were carried out on a spherical mirror, which is a common curved element in
optical systems to verify that the trajectory error compensation method is also applicable to the
trajectory error of a curved surface and that the robot-MRF after compensation has the ability
of high-precision polishing of curved surface components. The polishing parameters of the
spherical mirror are listed in Table 2, and the initial surface accuracy of the plane mirror is shown
in Fig. 29.

The measurement results of the trajectory error without the measurement error of the robot
MREF at different stages are shown in Fig. 30. The measurement results showed that the trajectory
error compensation method based on step-by-step and multi-stage iteration is also suitable for
improving the polishing trajectory accuracy of a curved surface, and it can be observed from
Fig. 31 that the systematic trajectory error of the spatial period greater than 18 mm is effectively
suppressed. Furthermore, the systematic trajectory error of the sphere is PV’'=0.263 mm, where
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Fig. 27. The plane mirror polishing results of the robot-MRF (the area beyond ¢70 mm and
within $323 mm). (a) First polishing results with systematic trajectory error: RMS = 0.058),
(b) the first polishing results remove primary aberrations (Power, Coma, Astigmatism
and Spherical aberration), (c) second polishing results without systematic trajectory error:
RMS =0.02), (d) third polishing results without systematic trajectory error: RMS = 0.016A\.
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Fig. 28. The plane mirror PSD curves along the X-axis for the first and third polishing.

Fig. 29. Initial surface accuracy of spherical mirror.



Research Article Vol. 30, No. 25/5 Dec 2022/ Optics Express 44764

Optics EXPRESS

Table 2. The spherical mirror processing parameter table

parameter spherical mirror
material fused silica
caliber 340mm
radius 1206.67mm
Initial surface error (RMS, 1=632.8 nm) 0.184\
Grating track caliber 380mm
Grating track step AX 4mm
Grating track spacing AY 0.5mm
trajectory error before compensation (PV) 0.305mm
trajectory error after compensation (PV) 0.091mm

ey

(b)’ g "_ N ' ’
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Fig. 30. Spherical mirror trajectory error without measure error. (a)The trajectory error
before and after three times compensation under no-loading are respectively: PV =0.303 mm
and PV =0.076 mm, (b) the trajectory error before and after compensation under loading are
respectively: PV=0.091 mm and PV =0.084 mm, (c) the trajectory error before and after
two times compensation under polishing are respectively: PV =0.120 mm and PV =0.091
mm.
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the trajectory error caused by the robot is the most important component in the polishing trajectory
error, PV,’=0.227 mm, accounting for P, =86.31% of all the systematic trajectory errors of
the robot-MRF using Eq. (25). Followed by the influence of the reaction force changes in the
polishing process, PV,r'=0.029 mm, of which the proportion of all the systematic trajectory
errors is P,y = 11.03% using Eq. (25). The disturbance of MRF-Module has little influence on the
trajectory error, PV,,;'=0.007 mm, of which the proportion of all the systematic trajectory errors
is P,g=2.66% using Eq. (25). Note that the trajectory error of the Z-axis was larger than that of
the plane when the spherical surface was polished. This is because the robot-MRF only needs
a three-axis linkage to polish a plane, whereas it needs at least a five-axis linkage for a sphere.
Therefore, driving more axes to participate in the motion distribution leads to the introduction of
more error sources, and more complex poses are more sensitive to changes in external forces.
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Fig. 31. Comparison of trajectory error before and after compensation of sphere. (a)
Comparison of the 2-D trajectory error before compensation in no-loading and after
compensation in polishing process, (b) comparison of PSD curve of the 2-D trajectory error
before compensation in no-loading and after compensation in polishing process.

Using the compensated robot MRF, the surface error of the spherical mirror is polished
from 0.184A to RMS =0.013A, as shown in Fig. 32. The uncompensated track error and final
processing results were normalised, and the corresponding PSD curves are shown in Fig. 33. It
can be observed that in the final polishing results, the PSD curve corresponding to the surface
residual error with a spatial period greater than 18 mm is less than the PSD curve corresponding
to the uncompensated trajectory error, indicating that the trajectory error has been accurately
compensated in the polishing process, and the compensated robot MRF can achieve high-precision
polishing on curved surfaces.

Fig. 32. Spherical mirror polishing results (95% of full aperture:323 mm). (a) first polishing
results: RMS =0.046A, (b) second polishing results: RMS =0.023), (c) third polishing
results: RMS =0.013).
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Fig. 33. The PSD curves of the normalized uncompensated trajectory error and the
normalized final polishing results.

6. Conclusion

In this paper, the effects of position/orientation errors on the polishing gap were analyzed, and
a continuous high-precision spatial dynamic measurement system was constructed to obtain
an accurate measurement of the trajectory errors. A step-by-step and multistage iterations
compensation method of robot-MRF Z-direction trajectory error was built based on spatial
similarity of the trajectory error to obtain a high-precision trajectory. The polishing experiments
proved that the compensated robot-MRF has the ability of high-precision polishing. The
conclusions are summarized as follows:

(1) The relationship between the position/orientation errors and the polishing gap is proposed
for the first time. It is indicated that the position error is the main reason for the variation
of polishing gap, and the influence of Z-axis trajectory error on the stability of polishing
gap gradually increases with the decrease of steepness(arcsin(1/2R*)). When the optical
element steepness is lower than 15°, the Z-axis trajectory error affects the polishing gap
stability by more than 90%, which needs to be accurately measured and compensated.

(2) A continuous high-precision spatial dynamic measurement method for the Z-axis trajectory
error of the robot-MRF was designed, and the measurement error was eliminated to obtain
an accurate measurement of the Z-axis trajectory error. The measurement results showed
that there are systematic error trajectory errors with space period of 24 mm and 64 mm
in X-Z direction, and the systematic trajectory errors in Y-Z direction are related to the
extension and retraction directions of robot-MRF along X-axis.

(3) In this study, a Z-axis systematic trajectory error compensation method based on step-
by-step and multistage iterations was established to improve trajectory accuracy. The
experiments show that compared with the general model calibration method and non-model
calibration method, the trajectory error compensation method established in this study can
accurately compensate for the Z-axis systematic trajectory errors of the robot-MRF, and
the compensation accuracy can reach PV < 0.1 mm. Moreover, the systematic trajectory
error caused by the robot is the most important part of all the systematic trajectory errors
of the robot-MREF, accounting for more than 85%, followed by the change in reaction
force in the polishing process, accounting for approximately 10%, and the disturbance of
MRF-module has the least influence on the trajectory error, accounting for less than 5%
that cannot be compensated and measured in subsequent practical applications.

(4) High-precision polishing experiments were carried out on a $340 mm fused silica plane
mirror and spherical mirror with a radius of 1207.67 mm using the compensated robot-MRF.
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The polishing results, the plane mirror polishing accuracy from 0.066L RMS to 0.016\
RMS, and the spherical mirror polishing accuracy from 0.184A RMS to 0.013A RMS
proved that the robot-MRF has the ability of high-precision processing and can be used in
the field of high-precision optical polishing. These achievements have a great reference
and promotion role for the application of robots in the field of high-precision optical
manufacturing. However, the disadvantage of robot-MRF for high-precision polishing is
that the Z-axis random trajectory error of robot-MRF induces the deterioration of medium-
and high-frequency errors. The suppression of the Z-axis random trajectory error of the
robot MRF is a topic to be explored in the future.
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