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Abstract: Six-degree-of-freedom industrial robots, known for their low cost and high
flexibility, have been extensively applied in optical processing. Precise pose control in
robot-based optical processing systems depends on the accurate calibration of the tool
coordinate system. However, in robot magnetorheological finishing (Robot-MRF) systems,
the spherical shape of the polishing wheel poses significant challenges in precisely identify-
ing the working point on the tool’s surface. Traditional calibration methods, such as the
four-point or six-point techniques, fail to accurately calibrate the tool coordinate system
for MRF tools. To overcome this limitation, a laser tracker-based calibration method is
proposed for parameter calibration of the Robot-MRF system. Experimental results show
that this method achieves a maximum repeatability error of just 0.0505 mm, significantly im-
proving the stability and reliability of the calibration results and meeting the high-precision
processing requirements of MRF technology.

Keywords: robot; laser tracker; magnetorheological finishing; tool center point

1. Introduction

In recent years, with the increasing demands for optical systems in fields such as
space remote sensing, astronomical observation, and medical imaging, optical components,
as core elements of these systems, directly determine the imaging quality. As a result,
the manufacturing quality of optics is facing higher requirements. Large-aperture optical
systems, such as the Giant Magellan Telescope [1], the European Extremely Large Tele-
scope [2,3], the Thirty Meter Telescope [4], and the 4 m SiC Aspheric Mirror [5], urgently
need high-precision, low-cost, efficient, and scalable optical manufacturing technologies.
However, traditional large-scale precision CNC machine tools are expensive, have low
degrees of freedom, require large floor space, and have low space utilization, making them
unable to meet current processing requirements. The six-degree-of-freedom industrial
robot, with its low cost, high degree of freedom, flexible motion, and quick deployment for
mass production, has been combined with various optical manufacturing technologies to
achieve high-precision processing. Examples include robot-computer-controlled optical
surfacing [6,7], robot-wheeled polishing [8], and robot bonnet polishing [9,10]. Robots are
currently primarily applied in processing fields where the precision requirement is a root
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mean square > 30 nm. To expand the application of robots in higher-precision fields and
achieve nanometer-level processing precision, integrating robots with highly deterministic
magnetorheological finishing (MRF) [11,12] has become a hot topic in current research
and development.

High-precision processing using Robot-MRF [13,14] relies on accurate motion control
within the robot’s workspace, which requires precise calibration of the positional relation-
ship, known as the tool center point (TCP), between the working point of the MRF polishing
module and the center of the robot’s end flange. Common TCP calibration methods include
four-point and six-point methods [15], sphere-fitting calibration [16], and vision-based
measurement techniques [17]. For example, Fakherddine Fares and colleagues [18] used
a KUKA KR3 r540 robot to compare the four-point and sphere-fitting methods, finding
that sphere-fitting provided higher accuracy, with calibration errors below 1 mm. Similarly,
Zhiyu Yang and colleagues [17] achieved a TCP calibration error of 0.181 mm using a
vision-assisted approach. However, both the four-point and sphere-fitting methods depend
somewhat on operator experience. In MRF, the working point is defined as the intersection
between the polishing wheel’s surface and the normal direction at a given point on the
optics’ surface, generally considered the lowest point of the wheel. This makes it chal-
lenging to accurately locate the working point on the polishing wheel for contact with a
“needle tip” or “sphere” surface. Additionally, vision-based calibration methods struggle
to fully capture the MRF tool, making it difficult to pinpoint the exact working point of the
MREF tool.

In recent years, laser tracker-based calibration techniques have become a widely used
method for robot system parameter calibration. These systems take advantage of the unique
benefits of laser trackers, such as non-contact measurement, high accuracy, a wide mea-
surement range, and broad applicability, to achieve effective TCP calibration. For instance,
Guangyun Li [19] successfully used a laser tracker for TCP calibration, achieving an RMS
calibration error of less than 1 mm. However, precisely positioning the laser tracker’s target
sphere at the working point of the polishing wheel remains a challenge, making it impossi-
ble to directly use the laser tracker to determine the exact pose transformation between the
robot’s end flange and the working point coordinate system of the polishing wheel.

To address the challenge of accurately calibrating the TCP (tool center point) in the
Robot-MRF system, this paper introduces a laser tracker-based parameter calibration
method for the Robot-MRF tool. By leveraging the geometric features of the robot’s end
flange and the polishing wheel, a TCP transformation model is established, followed by
calibration experiments to validate its effectiveness. This method not only enables TCP
calibration for the Robot-MRF but also applies to the precise calibration of other optical
processing tools with well-defined geometric shapes.

2. The MRF TCP Calibration Method Based on Laser Tracker

Aiming at the problem of precise calibration of the coordinate system of MRF tools,
a non-contact TCP calibration method is proposed. The overall calibration process is
as follows:

Firstly, the measuring coordinate system {M]} of the laser tracker is established, and
the measurement coordinate system {M} is consistent with the flange coordinate system {F},
as shown in Figure 1.

Secondly, the attitude parameters of the MRF tool coordinate system {T} are calibrated.
The target ball is adsorbed on the outer surface of the polishing wheel through the magnetic
field; it then slowly rotates the polishing wheel and measures the coordinates of the
target ball in at least four different positions. The normal line of the surface on which the
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measuring point is located can be obtained by using the least square fitting, which can be
expressed by the following equation:

X—XOiy—y():Z—ZQ (1)

Ao By Co

where (Ag, By, Cp) represents the direction vector of the normal line, and (x, yo, o) is a

point on the normal L.
Ag

X = arccos —————
VA3+B3+C3
By
= arccos —————
p \/ AZ+B2+C? 2
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= arccos ———=—
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The attitude of the MRF polishing tool is actually calibrated as follows:

o' = 29—«
B'=2By—B 3)
v =270 -7

where ag, Bo, and v are the theoretical setpoints of the angles between the normal line and
the X, Y, and Z axes of the measuring coordinate system {M)}, respectively.
The quaternion converted to the robot demonstrator is [20]:

qo=3VI+rn+rn+rs
q1 = ﬁ(rsz —13)
92 = 145 (r13 —131)
43 = g5;(r21 — 112)

(4)

where

1 Tz T3
a1 T2 723
31 732 7133
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The modified quaternion is introduced into the robot teaching device to complete the
attitude calibration of the MRF polishing tool.

Finally, the position parameters of the MRF polishing tool coordinate system {T} are
calibrated. Adjust the end attitude to the actual zero attitude, place the target ball on the
side cylinder of the flange, and fix it. Rotate the sixth axis at the end of the robot, measure
the coordinates of different positions of the target ball in the measurement coordinate
system {M], and measure no less than four points. Use the ball-fitting function of the laser
tracker to determine the coordinates of the center point of the ball where the target ball is
located (xo’, yo', zo’). Place the target ball near the center of the flange end face and measure
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the position coordinates (xo”, 10", zo”') at this time; then, the center point coordinates of the
flange are as follows:

X0 X0
vo| = | o ®)
20 zo — Ry

Robot

Target ball

Polishing Wheel

Laser Tracker

Figure 1. The establishment of a measuring coordinate system.

The target ball is placed in at least four different positions on the outer surface of the
polishing wheel, and the target ball coordinates at different positions are measured by the
laser tracker. The measured data can be calculated through the fitting ball function of the
laser tracker, and the center point of the polishing wheel (x3, 12, z) and the actual radius
R; of the polishing wheel can be obtained. Therefore, the coordinates of the lowest point of
the polishing wheel can be expressed by the following formula:

X2 X2
vl=1 wn (6)
2 zh — Ry

Then, the offset of the lowest point of the polishing wheel relative to the center point
of the flange is determined as follows:

AX; X2 — Xo Xy — X{,
AL, | =1 -y |= v2 = Yo )
AZZ Zé*Zo*Rz ZIZ*ZS+R1*R2

The calculated offset is input into the instructor to complete the calibration of the
position parameters of the tool coordinate system {T}. This method does not require
the intervention of auxiliary equipment and can realize the double calibration of the
attitude and position of the coordinate system of the MRF polishing tool only by using the
laser tracker.

3. The MRF TCP Calibration Experiment
3.1. The Construction of Measurement System

A parameter measurement system for the MRF module based on a laser tracker was
constructed, as shown in Figure 2. The system comprises a robot, MRF module, laser tracker,
and associated software and hardware. The robot used is an ABB IRB 6700, featuring a
repeatability positioning error of +0.05 mm, a payload capacity of 150 kg, and a working
range exceeding 2 m. Meanwhile, the MRF module is equipped with a spherical polishing
wheel that has a diameter of 160 mm and a smooth surface without distinct features. The
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employed laser tracker is the FARO Vantage, which provides a measurement accuracy of
16 um + 0.8 pum/m. The environmental temperature is controlled at 22 °C £ 0.5 °C, and
the impact of this temperature on the measurement results can be neglected. Based on
the theoretical working pose requirements, the quaternion of the tool coordinate system
{T} of the Robot-MRF setup is defined as [0, 1, 0, 0]. The measurement coordinate system
{M} of the laser tracker is aligned along the X, Y, and Z axes to ensure parallelism with
the tool coordinate system {T}. Considering the robot’s minimal pose error and the high
manufacturing and assembly precision of the MRF module, the theoretical pose is regarded
as equivalent to the actual pose. Therefore, the TCP calibration experiment primarily
focuses on the calibration of position parameters.

Target Ball
Robot-MRF

Laser Tracker

Polishing Wheel

Figure 2. The structure of the Robot-MRF.

3.2. The TCP Calibration Results

The commonly employed six-point calibration method was utilized to perform TCP
calibration, as shown in Figure 3, with a total of 10 calibration trials conducted. The
calibration results, along with the associated errors, are summarized in Tables 1 and 2.
By averaging the data from the 10 trials, the final TCP parameters were determined to
be (2.0127, 1.9557, and 401.0524). Analysis of the data in Tables 1 and 2 reveals that
the maximum repeatability calibration error in the X-axis is 4.8677 mm, in the Y-axis is
3.7153 mm, and in the Z-axis is 5.3324 mm. The corresponding results are shown in
Figure 4. These error magnitudes represent significant systematic deviations, which are
critical for MRF systems that demand high processing precision. Consequently, the six-
point calibration method introduces substantial TCP calibration errors and demonstrates
limited reliability in achieving accurate calibration results.

Figure 3. The six-point calibration method field.
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Table 1. The six-point method TCP calibration results.

Number X/mm Y/mm Z/mm
1 —2.855 2.381 396.510
2 3.837 1.869 404.127
3 —1.419 5.671 399.490
4 3.749 4.580 395.720
5 0.335 —0.689 405.911
6 3.420 1.712 402.673
7 3.912 1.148 399.350
8 2.315 2.485 403.203
9 4.011 0.851 400.330
10 2.822 —0.451 403.210
Mean 2.0127 1.9557 401.0524

Table 2. The six-point method TCP repeatability calibration error.

Number AX/mm AY/mm AZ/mm
1 —4.8677 0.4253 —4.5424
2 1.8243 —0.0867 3.0746
3 —3.4317 3.7153 —1.5624
4 1.7363 2.6243 —5.3324
5 —1.6777 —2.6447 4.8586
6 1.4073 —0.2437 1.6206
7 1.8993 —0.8077 —1.7024
8 0.3023 0.5293 2.1506
9 1.9983 —1.1047 —0.7224
10 0.8093 —0.451 2.1576
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Figure 4. The six-point method TCP calibration results curve: (a) X-axis and Y-axis calibration results,
and (b) Z-axis calibration results.

Using the proposed method, parameter calibration of the MRF module was performed.
The established measurement system facilitated sequential TCP calibration, with each
parameter measured 10 times and the average taken as the final calibration result. The
measurement data are detailed in Tables 3 and 4. The results demonstrate that the proposed
method yielded TCP parameters of (0.2605 mm, 0.2957 mm, and 403.1198 mm), with
maximum repeatability errors in the X, Y, and Z axes of 0.0505 mm, 0.0367 mm, and
0.0492 mm, respectively. The corresponding results are shown in Figure 5. These findings
indicate that the repeatability accuracy of this calibration method is ten times higher than
that of the six-point method, significantly enhancing the stability and reliability of the
calibration results while satisfying the stringent precision requirements of MRF processing.
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Table 3. The laser tracker method TCP calibration results.

Number X/mm Y/mm Z/mm
1 0.291 0.259 403.145
2 0.284 0.321 403.126
3 0.311 0.278 403.112
4 0.224 0.289 403.162
5 0.253 0.275 403.130
6 0.275 0.292 403.169
7 0.259 0.313 403.098
8 0.219 0.314 403.082
9 0.235 0.292 403.084
10 0.254 0.324 403.090
Mean 0.2605 0.2957 403.1198
Table 4. The laser tracker method TCP repeatability calibration error.
Number AX/mm AY/mm AZ/mm
1 0.0305 —0.0367 0.0252
2 0.0235 0.0253 0.0062
3 0.0505 —0.0177 —0.0078
4 —0.0365 —0.0067 0.0422
5 —0.0075 —0.0207 0.0102
6 0.0145 —0.0037 0.0492
7 —0.0015 0.0173 —0.0218
8 —0.0415 0.0183 —0.0378
9 —0.0255 —0.0037 —0.0358
10 —0.0065 0.0283 —0.0298
(@) 0.35 (b) 403.18
E E 403.16
E &% /\/\}3(\/5/ v '2403.14\\
g oasl \//\\/ 5403.12 ~7
2 oY & 403.1

—

2 3 4 5 6
Number

7

8 9

403.081

2 3 4

5 6 7 8 9 10
Number

Figure 5. The laser tracker method TCP calibration results curve: (a) X-axis and Y-axis calibration

results and (b) Z-axis calibration results.

4. Discussion

The results from the two experiments show that the traditional six-point calibration

method has a maximum TCP calibration error of 5.3324 mm in the Z-axis, whereas the
proposed method achieves a maximum error of only 0.0505 mm in the X-axis. In terms
of calibration accuracy, the proposed method is 10 times more precise than the six-point
method, as shown in Figure 6. Further analysis of the standard deviation (STD) of the
calibration results, as shown in Table 5, indicates that both methods exhibit the highest STD
values in the Z-axis direction, with 3.3316 mm for the six-point method and 0.0318 mm for
the proposed method. In terms of calibration stability, the proposed method also outper-
forms the six-point method by a factor of 10. This improvement is due to the lack of distinct
surface features on the MRF polishing wheel, which makes the accuracy of the six-point
method heavily dependent on factors such as the alignment precision between the probe
and the working point, as well as the operator’s experience, resulting in calibration errors
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at the millimeter scale. In contrast, the proposed method’s error is primarily influenced by
the measurement accuracy of the laser tracker and slight movements of the handheld target
sphere, resulting in calibration errors of only tens of micrometers. Consequently, the pro-
posed method ensures significantly higher stability, reliability, and confidence in the calibra-
tion results. Furthermore, using the 30 rule for further analysis of the measurement results,
the calibration data error ranges for the X, Y, and Z axes using the six-point method are
2.0127 mm = 7.4133 mm, 1.9557 mm = 5.9898 mm, and 401.0524 mm = 9.9948 mm, respec-
tively. The method proposed in this paper yields error ranges of 0.2605 mm =+ 0.0897 mm,
0.2957 mm = 0.0651 mm, and 403.1198 mm =+ 0.0954 mm for the X, Y, and Z axes, respec-
tively. By comparing these results with the data presented in Tables 1 and 3, it can be seen
that the measurement data obtained by both methods do not contain gross errors, thereby
strongly supporting the correctness of the aforementioned data analysis. Therefore, the
TCP parameters obtained using the laser tracker-based method are adopted as the final
TCP parameters for the MRF system: [X, y, z, q1, q2, g3, q4] = [0.2605, 0.2957, 403.1198, 1, 0,
0,0].

@) ©

?X/mm
‘\“
Y/mm

L o

Six point method
-e-Laser tracker method
5 6 7 8 9 10
Number Number Number

Figure 6. Calibration error comparison curve between the six-point method and laser tracker calibra-
tion method: (a) X-axis calibration error, (b) Y-axis calibration error, and (c) Z-axis calibration error.

Table 5. The STD of the calibration results for two methods.

Method Std(X)/mm Std(Y)/mm Std(Z)/mm
Six-Point Method 24711 1.9966 3.3316
Laser Tracker-Based Method 0.0299 0.0217 0.0318

When integrating other optical manufacturing technologies with robotics, accurately
calibrating the TCP remains a significant challenge. For example, in computer-controlled
optical surfacing, the tools are disk-shaped, and in bonnet-polishing technology, the tool
surfaces are spherical, making it difficult to precisely determine the working point locations
on their surfaces. The laser tracker calibration method fully leverages the geometric
features of the processing tools and the robot flange. By utilizing spatial transformation
relationships, TCP calibration can be performed with high precision. Therefore, the method
proposed in this paper is also applicable to TCP calibration of other robot-based optical
manufacturing equipment.

5. Conclusions

This paper addresses the challenge of precise tool coordinate system calibration in
Robot-MRF systems by introducing a laser tracker-based method for TCP calibration of
the MREF tool. The experimental results demonstrate that the widely adopted six-point
calibration method yielded a repeatability calibration error of 5.3324 mm, substantially
undermining the accuracy of processing poses and making high-precision processing in-
feasible. In contrast, the proposed laser tracker-based TCP calibration method achieved
a repeatability calibration error of only 0.0505 mm, representing an order-of-magnitude
improvement in calibration accuracy over the six-point method. This enhanced preci-
sion satisfies the stringent requirements of MRF technology, meeting the high-precision
processing requirements of MRF technology.
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