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Abstract

High-precision robotic machining and assembly require accurate calibration of the tool cen-
ter point (TCP), as small deviations directly propagate into process errors. We present a
novel vision-based TCP calibration method using a single low-cost 2D camera, eliminating
the need for markers or manual interaction and enabling fully automated calibration. A
mathematical approach based on transformation matrices was derived to model the cali-
bration process. Experiments were conducted on a real robot, including comparative mea-
surements to validate the accuracy of the results. The proposed method was also compared
with a well-established manual TCP calibration, demonstrating a remaining position error
of 0.240 mm and an angular error of 0.183°, significantly improving the accuracy. This high-
lights the potential of the method to enhance reliability and reduce calibration effort in
industrial robot applications.
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Abstract. High-precision robotic machining and assembly require accurate cali-
bration of the tool center point (TCP), as small deviations directly propagate into
process errors. We present a novel vision-based TCP calibration method using a
single low-cost 2D camera, eliminating the need for markers or manual interac-
tion and enabling fully automated calibration. A mathematical approach based on
transformation matrices was derived to model the calibration process. Experiments
were conducted on a real robot, including comparative measurements to validate
the accuracy of the results. The proposed method was also compared with a well-
established manual TCP calibration, demonstrating a remaining position error of
0.240 mm and an angular error of 0.183°, significantly improving the accuracy.
This highlights the potential of the method to enhance reliability and reduce cali-
bration effort in industrial robot applications.

Keywords. robot calibration, tool center point calibration, vision based calibration,
accuracy, camera sensing, computer vision

1. Introduction

A robot represents a kinematic chain consisting of multiple joints, where inaccuracies
in production or assembly can lead to deviations during operation [1]. Various methods
for calibrating the robot are known [2,3], as well as methods for evaluating its accuracy
[4], but these approaches end at the robot flange. Calibration of the tool mounted on the
robot is equally critical, since the tool center point (TCP) defines the effective point of
interaction with the environment. For example, the TCP corresponds to the tip of a weld-
ing wire, the center of a milling cutter, or the grasping point of a gripper. Inaccurate TCP
estimation directly propagates into process errors, even if the robot itself is well cali-
brated. TCP calibration methods have not been widely studied to date. For high-accuracy
machining or precise assembly tasks, reliable and efficient TCP calibration is essential.
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Conventional methods. Well-established TCP calibration typically relies on point-
to-point calibration, which requires manual user interaction. Only tools with a sharp tip
or edge can be calibrated. During the procedure, the user must align the tool tip with
a stationary reference tip in different orientations. [5,3] Gao et al. optimized this con-
ventional calibration process using particle swarm optimization to select more suitable
calibration poses, resulting in more reliable outcomes. Manual user interaction was still
necessary [6]. Hao et al. proposed a sphere-to-sphere calibration method as an alterna-
tive, and compared it to conventional point-to-point calibration. Their results showed im-
proved accuracy, but strongly dependent on the robot’s inherent precision [7]. Fares et al.
improved the point-to-point conventional method with sphere fitting [8]. Or automation
approaches of conventional methods by closing an electric circuit between the tool tip
and a stationary plane [9].

Laser-based methods. Several approaches rely on external measurement systems.
Sukhorukov and Nosachenko proposed a method using a laser tracker and multiple
prisms as markers, enabling estimation of both TCP position and tool orientation. No
real-world experiments were reported [10]. Lin et al. employed a laser sensor tracker
acting as a switch, with the offset calculation based on triangulation. Their experiments
showed that slower calibration speeds improve overall accuracy [11].

Vision-based methods. Haas and Wendt introduced a 3D camera-based approach
requiring three robot poses combined with model based matching. This method achieved
an euclidean error of 1.134 mm compared to reference measurements, indicating an im-
provement in accuracy [12]. Liu et al. also proposed a 3D camera method. Their pro-
cess first corrected rotational tool errors through translational robot motions, followed
by calibration of position errors. They reported a standard deviation of 0.242 mm, which
was significantly lower than the 0.879 mm of conventional methods, but no absolute
error measurement was performed [13]. Zhang et al. applied a vision-based method with
two 2D cameras for calibrating a surgical needle, requiring extrinsic camera calibra-
tion. A laser tracker served for repeatability evaluation, but no absolute comparison was
performed. Their approach achieved an accuracy of 0.11 mm and a calibration time of
88 s [14]. Balanji et al. employed a marker-based 2D camera calibration combined with
hand-eye calibration. The method required no manual operation, but due to the need
for fiducial markers, its applicability in industrial settings is limited [15]. Konecny et al.
mounted a camera on the robot to perform a TCP calibration [16].

Contribution of this work. In contrast to marker-based or high-cost laser solutions,
this paper proposes a cost-effective 2D camera approach combined with a novel algo-
rithm for TCP calibration. The method does not rely on fiducial markers, but instead
exploits the geometric features of the tool via pose estimation. The method can be fully
automated, eliminating the need for manual interaction.

2. Proposed Method

Fig. 1 illustrates the principle of the proposed method. A tool is attached to the robot
flange with a tool tip. A 2D camera with a sensor coordinate system S observes the
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tool and a LED panel provides homogeneous background illumination. The robot’s TCP
position is initially uncalibrated, as it does not match the tip of the tool. The robot starts
from the initial pose C;. The camera captures an image and determines the current pose
C through pose estimation. The robot moves to the second pose C, by rotating around
the z-axis of TCP.

| w‘
uncalibrated TCP

Figure 1. Setup for the proposed TCP calibration with a robot, tool and a 2D camera

Fig. 2 shows the camera view of the measurement setup. S displays the sensor co-
ordinate system. F is the flange of the robot and C;, C; and C3 are the tip of the tool
in each pose. C; emerges from C; through a rotation around the TCP z-axis which is
perpendicular to the illustration. C3 emerges from C; through a translational movement
in the TCP x-axis.

FTrep is the transformation from the robot flange to the uncalibrated TCP. After
calibration, £ Trcp equals ¥ T¢;. The transformation matrices S7¢, $T¢, and ST are ob-
tained by the camera system via pose estimation. Equation (1) describes the relationship
between the transformation matrices.

o1 =FTrep Py = Trep (" Trep) ™! (D

FTreop can be obtained by the robot control, therefore ClTrep is required for solving
(1). €' Trep consists according to (2) of the rotation matrix ' Rycp and the translation
vector ' rep.

U pep = “"Rrcp “'Trep 2
02><1 1 3%x3

Equation (2) requires the translation vector and rotational matrix, which are deter-
mined separately in the following steps.
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Figure 2. Camera view on the tool and the multiple measurement points
2.1. Translation Vector
ClErcp is the translation vector from C; to TCP. As the rotation around TCP is a rigid
body rotation, this translation vector equals the translation vector from C, to TCP and is
simplified as 7 as seen in (3).
2__Clp c22
t=""trcp = ""trcp (3)

Strcp is the translational vector from S to TCP and can be described according to (4)
and (5).

Strep = 5Te1 T =Rey 7451 4
Sz S 7 Sp 7, Sz
trcp ="Tca t ="Rea 1 +"1c2 (5)

The equations (4) and (5) are set equal, which leads to (6).

SRe1 T45Tc1 = Rea T+ 512 (6)

Transforming (6) to the matrix form Ax = B results in (7).

t - .
SRc1 =SR2 Lx] = |Ster =5t )
Y12x1

2x2 2x1
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As (7) shows, there are two equations for two unknowns, so this system of linear
equations can be solved with matrix inversion. If the system is built with more than
three points it can only be solved numerically e.g. with the method of least squares. The
resulting 7 of (7) can be inserted as €'7¢p in (2).

2.2. Rotation Matrix
To complete (2) the rotation matrix ' Ry¢p is obtained by adding a translational move-

ment in the x-direction of the TCP coordinate system, which is represented by Cs in Fig.
2. The x-axis €, of TCP can then be determined by (8) which includes a normalization.

_ S?C.’a - S?CZ _ X11 (8)
Hsfc3 — Sfcz” X12

The y-axis of TCP €, is determined by the orthogonality criterion as described in

9).

SN X111 —X
e = (e = 11 ] ®

The transformation matrix $T¢; consists of the rotation matrix SR¢j, which allows
determination of the missing rotation matrix ¢!Rz¢p via (10).

-1
“Rrcr = (Re1) “Rrep (10)
This result fulfills (2) and therefore completes the proposed method.
2.3. Calibration Steps

The proposed method does not require a base-eye- or hand-eye-calibration, which sim-
plifies the process and reduces potential sources of error. To establish the relation be-
tween pixels and millimeters, a scaling calibration is performed, typically using a cali-
bration pattern.

Due to the lack of depth information in a 2D camera, additional data is required to per-
form the TCP calibration. The procedure is divided into two steps which are shown in
Fig. 3. In the first step, the tool is oriented such that the TCP x-axis €, is aligned with the
z-axis of S. This allows calibration of €, and €. In the second step, the tool is rotated so
that € is parallel to the z-axis of S, enabling calibration of €, and €. Since ¢, is calibrated
in both steps, its final value is obtained as the mean of the two results.

A 3D transformation matrix consists of three translational degrees of freedom (DoF)
and three rotational DoF. Due to the multiple steps of this calibration method, it is only
possible to determine three translational DoF and one rotational DoF. This limitation
arises from the lack of depth information and the arbitrariness of the rotation angles,
which prevent the estimation of all three rotational components.
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Figure 3. Two steps of the proposed TCP calibration method: (a) calibration of ¢, and €, (b) calibration of &,
and é,.

3. Experimental Setup
Real-world experiments were conducted to validate the proposed method. The experi-

mental setup, illustrated in Fig. 4, comprises a 6-axis articulated robot arm KUKA KR10
R1100 mounted on a granite precision surface plate.

Figure 4. Measurement setup for TCP calibration with a robot
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A tool is attached to the robot flange, and the robot was calibrated for absolute
accuracy by the manufacturer. Data were acquired with a SensoPart V50-ALL-P3-R-M-
M?2-L 2D-camera. The camera has a resolution of 2560 by 1936 pixels and a field-of-
view of 20° in x-direction and 15° in y-direction. The measurements were conducted in a
distance of 380 mm from the sensor which results in a resolution per pixel of 0.051 mm.
A LED-backlight-panel increases the contrast and therefore enhances the precision of
image processing.

Direct communication between the robot and the camera was established via the
TCP/IP protocol. The robot executed the movements and triggered the camera accord-
ingly. The camera handled both data acquisition and processing and was configured us-
ing SensoFind version 2.12.1.1. A contour detector in the camera software was employed
to visually detect the tool tip. With this, the position and orientation of the tip were de-
termined and transmitted to the robot controller. Based on the camera measurements,
the controller computed the correction and adjusted the TCP according to the proposed
method. This setup allows the calibration process to be fully automated, reducing human-
induced errors and cycle time.

Fig. 5 illustrates the camera view of one measurement cycle. Fig. 5(a)—(c) show the
first calibration step, where the y- and z-axes as well as the rotation angle & of the TCP
are determined. In this step, if the TCP position is calibrated, the x- and y-coordinates
of Cy and C; coincide. Here, C; is obtained from C; by a 90° rotation around the TCP.
Fig. 5(c) further illustrates the third pose C3, which is generated by a translational move-
ment of 10 mm along the TCP z-axis from C,, and is required to estimate the rotational
error of the TCP. Fig. 5(d)—(f) show the second calibration step, in which the x- and z-
axes are calibrated. Since both steps involve z-axis calibration, the final z-value is ob-
tained as the mean of both results to mitigate measurement uncertainties.

— —
5
X =51.124 mm| X =50.474 mm X = 46.692 mm
Y = 36.492 mm Y = 37.168 mm Y = 28.000 mm
o =157.4° a=—111.5° a=-111.2°
(@) (b)
[ [
2
X = 50.762 mm X = 51.140 mm X = 43.871 mm|
Y =35.771 mm Y = 36.678 mm Y =29.824 mm
o =134.3° a=—134.4° a=—134.5°
(d) ©) ®

Figure 5. Captured sensor images showing the uncalibrated TCP poses for calibration. (a)—(c) illustrate the
first step, where the y- and z-axes as well as the rotation angle & of the TCP are calibrated. (d)—(f) depict the
second step, which enables calibration of the x- and z-axes of the TCP.



R. Haas and T.M. Wendt / An Innovative 2D-Camera-Based Method 741

4. Results

A series of 10 test measurements was performed to evaluate the proposed method. The
results were compared against reference measurements obtained with a tactile measur-
ing probe. The TCP position and orientation were measured using a Keyence XM-5000
coordinate measuring machine. The device has an accuracy of +(7 +9L/1000) pum ac-
cording to ISO 10360-2 and a repeatability of +3 um.

Fig. 6 shows the translational error as the difference between the reference measurement
and the results of the proposed method.

030 —¢ .
e 025| |
E o020] L I ° |
5 0l5) .'".'"6"5"l"i"l"l--'—-= i
@ 010f . |
8 005 A i
S 000 ---k--z--k--x--z----- 1--]-- |
A —0.05| |exaymz A i

B4 1 L I O

Figure 6. Translational error of the measured TCP in respect to the reference measurement

In the x-direction, the measurement error ranges from a minimum of 0.086 mm to
a maximum of 0.287 mm, resulting in a mean error of 0.171 mm. For the y-direction,
the error varies between -0.044 mm and 0.081 mm, with an average error of 0.004 mm.
Along the z-axis, the error lies between 0.124 mm and 0.210 mm, yielding a mean error
of 0.168 mm. Overall the mean euclidean distance between all the conducted measure-
ments is 0.240 mm.
Fig. 7 illustrates the error of the rotation angle obtained with the proposed method com-
pared to the reference measurement. The error ranges from 0.113°to 0.390°, with a mean
value of 0.183°.

Rotation Error (°)
SO0 2

SOOI ==
(e} S Yo Yoo Ranl O I o) Jo ollan)
T
|

Figure 7. Rotational errors of the TCP measured with the proposed method in respect to the reference mea-
surement
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A series of 10 test measurements was conducted using a well-established TCP cali-
bration method, specifically the KUKA XYZ 4-Point calibration. This method relies on
a tip that represents the TCP position on the robot flange. The robot is manually moved
so that this tip aligns with a second tip mounted in a fixed position. Alignment of the tips
is performed visually by the operator, and the algorithm requires four distinct tip orien-
tations to compute the solution. Fig. 8 shows the resulting errors of this method relative
to the reference measurements. In the x-direction, the error ranges from -1.334 mm to
-0.204 mm, with a mean error of -0.612 mm. In the y-direction, the error spans from
-1.781 mm to -0.371 mm, with a mean of -1.041 mm. For the z-direction, the error varies
between -0.371 mm and 0.449 mm, with a mean value of 0.101 mm. The mean Euclidean
distance across all measurements is 1.297 mm.

0.80 T T T T

’g 0.40 | .
S 000} .
5
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Figure 8. Translational error of the TCP calibrated by the conventional method

Table 1 summarizes the main results of the measurements. The mean and standard
deviation were computed from the 10 measurements. The reported error corresponds
to the difference between the mean value and the reference. The last row shows the
Euclidean distance between the mean position (x,y,z) and the reference. The standard
deviation of the translational error for the proposed method ranges from 0.024 mm to
0.064 mm, which is comparable to the resolution of the 2D camera (0.051 mm per pixel).
For the TCP orientation, due to the symmetry of the rotation angles, only a single rota-
tion parameter can be measured with the proposed method.

Table 1. Evaluation of the measurement results

TCP Position TCP Orientation
x y 4 Rot x Roty | Rotz
Reference | -0.254 | -50.301 | 114.589 | -44.820 | -0.180 | 0.020
Mean -0.425 | -50.305 | 114.421 | -44.637 - -
Std. Dev. 0.064 0.034 0.024 0.073 - -
Error 0.171 0.004 0.168 0.183 - -
Eucl. Dist. 0.240

The results show that the proposed method provides a high level of repeatability
across multiple measurements. Small variations in the measured positions and rotation
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angles can be attributed to sensor noise and minor mechanical deviations of the robot.
Compared to the conventional TCP calibration method, the new approach demonstrates
a significant reduction in both translational and rotational errors. These findings con-
firm that the proposed calibration procedure is capable of accurately determining the
TCP without the need for manual interaction. Experiments conducted with a 3D camera
showed a euclidean distance for position errors of 1.134 mm [12]. In comparison, the
proposed method using a 2D camera reduces the error by 78.8%.

5. Conclusion

A new method for accurate robot TCP calibration using a 2D camera has been presented.
The approach can be seamlessly integrated into existing industrial camera setups and
achieves high accuracy, with a remaining position error of 0.240 mm and an angular
error of 0.183°. Compared to conventional manual TCP calibration, the proposed method
not only provides good accuracy but also eliminates the need for manual interaction. It
only requires a single low-cost 2D camera, in contrast to existing solutions that rely on
expensive laser trackers or 3D cameras.

Future work will focus on applying the proposed method to real-world robotic tools.
The accurate detection of the welding wire is for example crucial for reliable automation
in welding applications. The method’s applicability to other tool types without a tip,
such as two-finger grippers, can also be tested. Further investigations can compare the
execution time of the proposed method with that of the standard method. The influence
of standard or varying lighting conditions on the overall accuracy is also of interest.
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