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Abstract: This paper provides an in-depth analysis of a novel methodology to enhance the commis-
sioning processes of robotic production lines in the automotive sector, with a particular emphasis on
the implementation of offline programming (OLP) methods. The proposed innovative methodology,
verified within the automotive industry, introduces a systematic, iterative process for calibrating
and aligning the local user coordinate system (UCS) with high-precision external measurements,
ensuring minimal discrepancy between simulated and actual robot paths. A significant contribution
of this study is an original adjustment of the numerical algorithm applying a closed-form solution to
the absolute orientation problem where unit quaternions are used to establish a UCS and evaluate
positioning errors. The experimental validation study draws from 485 measurement datasets gathered
across more than 300 robot stations, with each dataset comprising at least six measured point pairs,
using readings from both internal robot positioning systems and a Leica AT403 laser tracker, aligned
with nominal tooling values. This approach addresses discrepancies between simulated and actual
environments, and our findings show an 83.51% success rate for direct implementation of simulated
robot path programs. This result underscores the effectiveness of the proposed method and demon-
strates the accuracy of the developed numerical algorithm, providing a reliable measure of real OLP
implementation effectiveness in the automotive sector. This method further streamlines multi-robot
station setup through centralized UCS alignment, significantly reducing commissioning time and
enhancing efficiency in both the assembly and commissioning stages of robotized production lines.
The proposed methodology facilitates precise alignment in the commissioning stage and highlights
the need for synchronized simulation updates, robust offline programming practices, and regular
kinematic error verification to further enhance OLP accuracy.

Keywords: base frame calibration; industrial robot; absolute orientation problem; path planning;
offline robot programming

1. Introduction

Robot commissioning is the process of setting up and configuring an industrial robot
system to ensure it operates correctly and efficiently in a production environment. It
involves several stages, from installation to the production process realized in the assumed
cycle time, to verify that the robot meets the required performance and safety standards.
Various offline programming (OLP) software tools have been developed for seamless
planning, testing, and optimizing robot path programs in a virtual environment, instead
of directly on the robot on the factory floor [1]. Industrial robotic systems, among many
others, have been normalized to ensure efficient control and standardised motion planning
throughout Cartesian coordinate systems [2].

The industrial robot commissioning process uses simulation programming to reduce
the implementation time, which is critical in the manufacturing environment. The robot
controller should be programmed the first time to achieve the highest robot positioning

Robotics 2024, 13, 161. https://doi.org/10.3390/robotics13110161 https://www.mdpi.com/journal/robotics

https://doi.org/10.3390/robotics13110161
https://doi.org/10.3390/robotics13110161
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/robotics
https://www.mdpi.com
https://orcid.org/0000-0002-9859-5131
https://orcid.org/0000-0002-6347-5412
https://doi.org/10.3390/robotics13110161
https://www.mdpi.com/journal/robotics
https://www.mdpi.com/article/10.3390/robotics13110161?type=check_update&version=2


Robotics 2024, 13, 161 2 of 12

accuracy, minimizing the trial-and-error approach. Tool–flange and world–base calibration
involve determining the translation and rotation of the tool and base. This process allows
simulated path programs to be used in real systems [3]. In many papers, this is called hand–
eye calibration, where a camera is mounted on the robot’s flange, representing the tool
frame origin in the equation AX = YB [4–7]. Figure 1 shows the definitions of homogeneous
transformations. The position of the UCS is determined as a tooling table zero position or
an origin of a car reference coordinate system, the so-called car-zero [8]. The transformation
X represents the TCP position in reference to the flange (Tool-0). The transformation B
is internal for the robotic system, which is typically represented by a D-H notation to
calculate the flange position (Tool-0) and is always provided from the robot controller [9].
Y represents world–base transformation, and A values are typically read from an external
sensor, i.e., a camera, measuring arm or a laser tracker.
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Figure 1. Coordinate systems used in industrial robot systems (WCS—world coordinate system,
UCS—user coordinate system, TCP—tool center point) and an example of a car-zero reference frame
in a multi-robot (R01–R07) manufacturing station.

The important aspects of effective industrial robot commissioning have been re-
searched, developed, and patented in various papers [8,10,11]. Another advanced method
in efficient production line commissioning is virtual commissioning (VC), which involves
simulating and testing the entire robotic system in a virtual environment with a physical
programmable logic controller (PLC) before deployment on the factory floor [12,13]. This
approach allows the identification and resolution of potential issues, ensuring that the
system functions as intended and reducing the need for extensive on-site adjustments.

In this paper, an efficient method of implementing simulated path programs, using an
external measuring system, is presented and investigated in terms of integration effective-
ness in manufacturing conditions establishing integration workflow and factors influencing
the correct implementation of a robotic system.

An improper process of commissioning a robotic station increases the chances of
reducing the effectiveness of the simulation implementation and increases the number of
corrections required to be introduced manually in the machine executive program on-line
(on the factory site). The measurement stage is a step in the robotic line commissioning
process where the feasible errors can be detected, compensated, or the machine can be
recalled by the manufacturer. In this research, a Leica Laser Tracker AT403 was used with
its position reading level of ±10 µm in distance performance, which is a class of position
reading several times higher in relation to industrial robots [14]. Therefore, methods using
an external measuring tool achieve better results in determining local coordinate systems
than methods integrated in industrial robot systems provided by manufacturers.

The paper consists of five sections. Section 2 presents the software solution intended
to be used for simulation, virtual commissioning, and measurements for collecting data,
followed by the method implementing simulation into a real robotic system. At the end
of the section, an industrial case example is presented. Section 3 explains a closed-form
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solution of the absolute orientation problem using unit quaternions proposed by B.K.P.
Horn [15]. Section 4 shows the results from 485 measurements taken in industrial conditions
for ABB and KUKA robots, introducing an effectiveness parameter named the absolute
average translation difference of the real system in relation to the simulated system. At the
end of the section, there is a correlation verification of the collected data with the results.
Section 5 summarizes and concludes the presented research.

2. Software and Methods

The automotive industry is the largest consumer of industrial robotic systems [16],
especially in production processes involving the construction of car bodies, such as spot
welding, arc welding, gluing, riveting, and roller hamming. These processes require the
preparation of robot execution path programs that can be prepared in simulation software.
There are various software tools available on the market that can be divided into solutions
offered by robot producers dedicated to their products and those independent of robot type.
Online and offline programming methods are commonly used in the automotive industry
to reduce commissioning time, while their benefits and limitations have been reported in
various papers [17,18]. Virtual commissioning (VC) is another method efficiently reducing
the time required to launch a production line. It enables a configuration of industrial
robots, PLCs, actuators, and I/O modules. OLP and VC are strictly connected with the
digital twin (DT) concept that is part of the Industry 4.0 revolution already applied in the
automotive industry, facilitating the management of a large number of industrial robots in
the production process [18,19].

DT in present research in the industrial robotics field combines with virtual reality
and software designed for other purposes [20], which lead to opportunities to work with
industrial robotics for people not yet associated with this field. Furthermore, combining
DT with automated commissioning supported by neural networks specially trained for
this task [21] can accelerate the launch of robotic lines, although to commission simulated
industrial robot workstations, it is necessary to compensate various inaccuracies that may
occur on factory sites. These inaccuracies are related to assembly tolerances of the robot and
tooling, positioning accuracy errors, and arm deflection due to tool and load weight. The
manual processes of correcting inaccuracies in the production line prolong commissioning
time. It is therefore important for the compensation to be applied correctly the first time to
align the UCS as accurately as possible. UCS alignment can be conducted without or with
external measuring tools. Types and examples of software required for simulation, virtual
commissioning, and external measuring of industrial robots are presented in Table 1.

Table 1. Overview of types and examples of software for industrial robotics used for OLP, VC,
and measurement.

Provider and Software Characteristics Sources (accessed on 1 August 2024):

Robot dedicated software

Selected robot offline programming, robot
environment modelling

ABB RobotStudio https://new.abb.com/products/robotics/

Fanuc RoboGuide https://www.kuka.com/

KUKA Kuka.Sim https://www.fanuc.eu/

Staubli Robotics Suite https://www.staubli.com/

Yaskawa MotoSim EG-VRC https://www.motoman.com/en-us/products/
robots/industrial

Robot-independent software

Robot offline programming, environment
modeling, production planning

Siemens Process Simulate https://plm.sw.siemens.com/en-US/tecnomatix/
products/process-simulate-software/

3ds Delmia https://www.3ds.com/products/delmia

RoboDK https://robodk.com/

https://new.abb.com/products/robotics/
https://www.kuka.com/
https://www.fanuc.eu/
https://www.staubli.com/
https://www.motoman.com/en-us/products/robots/industrial
https://www.motoman.com/en-us/products/robots/industrial
https://plm.sw.siemens.com/en-US/tecnomatix/products/process-simulate-software/
https://plm.sw.siemens.com/en-US/tecnomatix/products/process-simulate-software/
https://www.3ds.com/products/delmia
https://robodk.com/
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Table 1. Cont.

Provider and Software Characteristics Sources (accessed on 1 August 2024):

Virtual commissioning software
Windows-based modeling software for DT and
hardware actuatorsWinMod https://www.winmod.de/

ViPer https://www.eks-intec.de/

Measuring software
Assignment and alignment of coordinate
systems to mechanical stations and collecting
position data from measurements

PolyWorks Inspector https://www.innovmetric.com/products/
polyworks-inspector

Geomagic Control X https://oqton.com/geomagic-controlx/

Robot Positioning and Simulation Adaptation Process

The basic robot calibration is conducted at the production stage by all manufacturers.
Nevertheless, optional procedures and software solutions are offered as after-sales pack-
ages in order to achieve the required process-oriented accuracy. Serial industrial robots are
characterized by position repeatability of up to 0.01 mm, but their accuracy significantly
differs from the repeatability value and reaches values expressed in centimetres [22,23].
There are many papers investigating this problem focusing on improving industrial robot
accuracy using advanced calibration and error correction methods and addressing mul-
tiple error sources. There is in some cases a need for precise error modelling, continuous
monitoring, and the use of sensors and algorithms to improve robot accuracy [22,24,25].
However, implementing constant monitoring for every production operation performed by
industrial robots through external measuring systems is not feasible due to the high costs
involved and the reality that many operations do not require extreme accuracy, as they
are satisfied with high repeatability. When minimizing positioning errors is required (in
example for laser welding, roller hamming), robot manufacturers introduce their internal
solutions for improving robot positioning, the so-called Absolute Accuracy (ABB, KUKA).
Despite the fact that the robot accuracy error can be reduced at the robot manufacturer
site before deployment into its workplace, a large percentage of robots are still distributed
without additional manufacturer calibration [26–28]. For reference, the Absolute Accu-
racy optional package (its name depends on the robot brand) covers the following robot
positioning errors:

• Joint offsets—discrepancy between mathematical and actual zero position;
• Geometric parameters—link lengths, twist angles;
• Non-geometric parameters—joint flexibilities, base tilt;
• Environment—temperature, humidity;
• Measurement factors—non-linear encoders/resolvers.

The absence of an Absolute Accuracy optional package, the tooling and robot’s large
mounting tolerances to the factory floor, and the variety of robot payloads led to the de-
velopment of the systematic measurement process shown in Figure 2. In this manner, the
form and position error of the UCS is found. Identification of mass, center of gravity, and
robot inertia should be carried out with internal robot procedures provided by robot pro-
ducers, such as LoadIdentify (ABB), LoadDataDetermination (KUKA), and PayloadIdentification
(FANUC). Methods used for load identification have been presented in [29], although the
calculations used by each robot manufacturer are not publicly available.

UCS determination to a tooling station can be performed in various ways. Typically,
determination of a UCS is performed with a three-point direct method covered by the
robot producer’s software internally prepared in the robot controller. The mathematical
background of this method can be found in [30]. However, most car manufacturers follow
the rule of determining each tooling UCS throughout a car zero-coordinate system and
align all geometrical tooling stations to this arrangement origin. In that manner, only
indirect methods can be used; for example, geometrical tooling or using a workstation with

https://www.winmod.de/
https://www.eks-intec.de/
https://www.innovmetric.com/products/polyworks-inspector
https://www.innovmetric.com/products/polyworks-inspector
https://oqton.com/geomagic-controlx/
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pneumatic clamps for holding multiple parts before joining them together through welding
or riveting.
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Acknowledgement of robot absolute accuracy deficiency indicates the requirement of
using an external measuring system that can take into account and determine robot error
in its work field. Based on tooling nominal reference points, the UCS in the measuring
system is aligned. The measuring system consists of a measuring tool, i.e., a laser tracker or
measuring arm, provided on the market by producers such as FARO, Leica or API, with its
measuring software for the 3D dimensional analysis to align collected point coordinates
(Polyworks Inspector, Geomagic Control X). An example of a geometrical workstation
and its nominal reference points used to determine a UCS is presented in Figure 3. An
alignment algorithm based on the measurements is executed mostly with an iterative
closest point method, which is widely implemented in various systems of machine vision
and 3D reconstruction [31].

With the homogeneous equation AX = YB, robot position readings A in the local
UCS can be carried out with an aligned measuring system for any quantity of points. For
each measurement process, there are 7–10 measurement pairs obtained from the robot
controller and external measurement system (laser tracker). If the residual error value for
UCS position calculation in a single measured pair ei, exceeds 1.5 mm, the point is excluded
from the calculation. Such a case is treated as an error in the measurement process. If there
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is a necessity to reduce measured pairs to less than 6, the entire measurement process is
repeated. The equation for individual error ei and total measurement error e is introduced
in the next section, cf. (2–3). The gathered data from the robot’s positioning system B and
the external measurement tool is used to estimate the transformation Y with respect to the
world coordinate system.
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3. Implementation of a Closed-Form Solution
3.1. Methodology

The solution for the equation AX = YB used in this paper is based on the closed-form
solution of an absolute orientation problem using quaternions proposed by B.K.P. Horn [15].
The transformation scale factor is equal to 1 with no extra weighting of the given inputs.
For n given sets of points, we can determine two sets of points, {rr,i} and {rl,i}, representing
the robot and laser respectively, where i ranges from 1 to n. Finding the translation and
rotation from such sets of points consists of the steps defined in the following equations:

r0 = rr − Rrl (1)

where
r0—Translation of robot world coordinate to UCS;
rr—Centroid of {rr,i} robot given set of points;
rl—Centroid of {rl,i} laser given set of points;
R—Rotation of robot world coordinate to UCS.
The centroid is a geometrical center of a set of points in three-dimensional space,

which can be calculated as the arithmetic mean of the coordinates of these points. Represen-
tation of rotation varies depending on the robot manufacturer. Different forms of rotation
representation and their conversions can be studied in [32]. The industrial robot systems
and OLP software typically use one of the following forms of rotation representation:

• Unit quaternion q1, q2, q3, q4–q1 real part, q2–q4 imaginary part—ABB;
• Euler angles e = [ez, ey, ex]—KUKA (respectively A, B, C);
• Pitch, yaw, roll—CATIA, Process Simulate, FANUC;
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• 3 × 3 rotation matrix—calculation purposes.

For the purpose of this paper, the form of rotation matrix is used and all gathered and
calculated data are unified into this form, with the final results converted back into the
representation used in the selected system. The residual error equation formula for each
point and average for a given set of points equals:

ei = rr,i − R(r l,i

)
− r0 (2)

e =
1
n

n

∑
i=1

(ei) (3)

In the next step, the matrix of the sum of products can be calculated:

M =
n

∑
i=1

r′r,i
(
r′ l,i

)T
(4)

where
r′r,i—is a (3 × n) 3D position matrix translated by its negative centroid vector;
r′l,i—is a (3 × n) 3D position matrix translated by its negative centroid vector.
Next, it is possible to solve the least-square problem for the rotation by defining nine

individual elements of the matrix noted Sxx, Sxy, Sxz,. . ., Szz, where the first index element
represents the matrix row and the second is the matrix column. This form is presented in
Equation (5).

M =

Sxx Sxy Sxz
Syx Syy Syz
Szx Szy Szz

 (5)

Now it is possible to calculate a 4 × 4 N matrix of sums and differences of M matrix elements.

N =


(S xx + Syy + Szz

)
Syz − Szy Szx − Sxz Sxy − Syz

Syz − Szy (S xx − Syy − Szz
)

Sxy + Syx Szx + Sxz
Szx − Sxz Sxy + Syx (−S xx + Syy − Szz

)
Syz + Szy

Sxy − Syx Szx + Sxz Syz + Szy (−S xx − Syy + Szz
)
 (6)

The penultimate step is to find unit eigenvectors q and their eigenvalues of the N
matrix, with four of them in this case of the 4 × 4 symmetric sum of product matrix.
The four real eigenvalues of N, say λ1, λ2, λ3, λ4, are the solutions of the characteristic
polynomial (7) where I is an identity matrix.

det(N − λI) = 0 (7)

Finding a most positive eigenvalue λm results in finding corresponding eigenvector
em of matrix N, by solving the homogenous Equation (8).

[N − λmI]em = 0 (8)

em =


r0
rx

ry
rz

 (9)

Finally the searched rotation matrix is the result of expanding eigenvector em and its
elements (9) into two orthonormal matrixes 4 × 4 (10) and multiplication by transposition
of the second matrix.
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R =


r0 −rx −ry −rz
rx r0 −rz ry
ry rz r0 −rx
rz −ry rx r0




r0 −rx −ry −rz
rx r0 rz −ry
ry −rz r0 rx
rz ry −rx r0


T

(10)

After determining the rotation matrix R, we can solve Equation (1), and find all
components necessary to identify the elements needed for calculating the translation and
rotation of the UCS system.

3.2. Single Measurement Case Example

In this subsection, a single measurement example is presented for the data collected
from the KUKA robot system with a Leica AT 403 measuring laser tracker. Laser coordinates
have been gathered by a position measuring system reflector with an offset of a robot flange,
represented in Table 2 as a TCP translation. All the robot positions need to be translated by
an inverse matrix of the TCP translation vector before being introduced into the absolute
orientation closed-form solution presented in the previous subsection. The difference of
TCP translation has to be introduced, as the reflector position represents values translated
by such a vector from the robot flange (tool-0). Robot readings are values of the robot flange
center position and orientation read respect to the origin of the internal world coordinate
system. TCP values can be obtained directly from the robot either via the measuring system
or internal robot measuring procedure (X in the equation AX = YB).

Table 2. Example of collected input data for a single measurement.

Laser Robot

Name X [mm] Y [mm] Z [mm] X [mm] Y [mm] Z [mm] A [deg] B [deg] C [deg]

P1 570.61 −906.16 255.38 7117.87 2873.18 1677.75 −57.930 27.843 −168.812

P2 204.88 −967.38 −610.15 7038.67 2937.71 771.54 67.407 1.981 −154.659

P3 −674.73 −535.68 889.32 6690.03 1372.91 1690.19 −153.53 5.917 154.202

P4 −1114.72 486.80 929.25 5668.70 1028.90 1644.69 48.515 −10.460 −95.022

P5 −1182.12 579.21 249.41 5651.42 1287.94 892.77 −54.790 72.622 176.770

P6 −611.1 −214.26 845.64 6344.99 1493.69 1600.83 −130.350 −9.065 89.030

P7 305.84 −631.59 261.23 6838.41 2661.65 1508.62 −76.451 73.604 142.873

P8 534.7 −990.66 −95.23 7089.16 2981.69 1403.89 76.353 −13.774 −123.964

TCP
translation --- --- --- −20.67 89.73 33.44 --- --- ---

In Table 3, the results and difference between simulation assumptions and real values
are presented. All Cartesian direction differences are very small; similarly, rotation does not
vary from theoretical assumptions and the average residual error is far less than 1.5 mm.
These resulting UCS values are to be implemented to the robot controller. A high value of
the average residual error leads to verifying each single point residual error that can be
removed from the calculation, which later on can be repeated without the need to repeat
the whole measurement process. In this research, as mentioned previously, the minimal
number of points required for measurement acceptance is 6.
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Table 3. Comparison between offline assumptions (UCS simulation) and corresponding measured
(UCS result) values.

X [mm] Y [mm] Z [mm] A [deg] B [deg] C [deg] e [mm]

UCS Result 6125.390 2445.560 1168.990 90.529 −24.476 −0.313 0.46

UCS
Simulation 6130.000 2444.711 1156.772 90.000 −25.000 0.000 ---

∆(X, Y, Z, A, B, C) 4.61 −0.849 −12.218 −0.5292 −0.524 0.313 ---

4. Results

In the research paper, the implementation of industrial robot simulation programs into
a real-world system was evaluated using the same methodology as the single measurement
case described in Section 3.1. This evaluation was conducted across 485 measurements,
resulting in verification of the true effectiveness of OLP implementation. Forty measure-
ments originated from ABB robots while the rest of the performed measurements originated
from KUKA industrial robots. The results were categorized based on Formula (11), which
calculated the absolute average translation difference between the real system and the
simulated system.

∆T =

(
|XOLP − XM|+ |YOLP − YM|+ |ZOLP − ZM|

3

)
(11)

The maximum acceptable tolerances for implementing simulated path programs were
set to ±100 mm, considering translation movement from the simulation assumptions. The
achieved effectiveness rate reached 83.51%. Complete data aggregation is presented in the
Table 4. The following factors were identified as potential sources of error and should not
be implemented as path programs:

1. Incorrect setup of the user coordinate system (UCS) in the simulation environment,
deviating from the production plant’s guidelines;

2. Position shifting of the mechanical executive systems on the production line without
corresponding adjustments in the simulation environment;

3. Exceeding assembly tolerance limits for the executive systems;
4. Misdefining of the robot tools with its TCP and/or tool load values.

Table 4. The effectiveness of the robotic workstation simulation in industrial conditions, participating
in the experiment.

Group ¯
∆T [mm] Amount Percentage e [mm] stddev. e

1 ∆T < 10 295 60.82% 0.429 0.236

2 10 < ∆T< 25 79 16.29% 0.432 0.219

3 25 < ∆T < 50 22 4.54% 0.344 0.208

4 50 < ∆T < 100 9 1.86% 0.452 0.240

5 ∆T > 100 80 16.49% 0.461 0.272

Total success
rate --- 405/485 83.51% 0.431 0.240

The results in groups 1–4 fulfilled the criteria for the program implementation from
simulation environments to real systems. For the selected groups, the statistical measure-
ment of the Pearson correlation was performed and showed a very high positive correlation
between the real and simulated systems. A statistical analysis for selected implementa-
tions was performed, and Figure 4 presents a distribution of the position, dispersion, and
shape of the average difference of ∆T. Pearson correlation coefficients for each direction
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in groups 1–4 were rX = 0.99992167, rY = 0.99990738, and rZ = 0.9992458. The average
measurement error across all result groups was 0.431, indicating accurate performance in
all measurement activities.
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5. Summary and Conclusions

This paper presents a comprehensive review of modern methods designed to enhance
the efficiency of commissioning processes for robotic production lines while verifying the
effectiveness of offline programming (OLP) in industrial robot programming. A significant
innovation introduced in this study is the use of unit quaternions to address the challenge
of determining the user coordinate system (UCS) on the factory floor. The closed-form
solution of absolute orientation using unit quaternions was effectively deployed across
485 measurements, each consisting of a minimum of six measured pairs, with a residual
error ei below 1.5 mm, sourced from industrial robot readings and a Leica AT403 laser
tracker, aligned with nominal tooling workstation values.

The effectiveness of the commissioning process was evaluated through the absolute
average translation difference between the real system and the simulated system (∆T). The
presented value of 83.51% success rate for the direct implementation of simulated robot
path programs showed the true effectiveness of implementing OLP programs. The analysis
revealed that the differences between OLP and the real system for 405 measurements allow
use of path programs in the manufacturing line on the first attempt. In the automotive
industry, which typically uses arms with lengths ranging from 2 to 4 m, a ±100 mm margin
is at the edge acceptance. In industrial settings, component assembly tolerances and safety
margins of path programs prepared in OLP typically allow these kinds of adjustments to
accommodate such discrepancies. In order to reduce the differences between simulation
assumptions and real systems, it is necessary to:

• Synchronize simulation with real environment data to more adequately reflect factory
conditions including dynamic updates in simulated environment;

• Apply robust offline programming practices with tests at significant stages of pro-
gram preparation;

• Enhance robots with absolute accuracy correction matrixes and intelligent optimiza-
tion approaches;

• Regularly verify the kinematic error in robotic systems, especially in systems that are
using dynamic position modification.

The methodology developed for the simulation adaptation process of industrial robots
ensures high-quality readings from the robot controller, facilitating measurement processes
conducted in two stages of the robotic production line assembly and commissioning—both
with and without a tool mounted on the robot flange. Additionally, the approach to UCS
determination can significantly reduce UCS determination time, particularly in multi-robot



Robotics 2024, 13, 161 11 of 12

stations (see example in Figure 1). This is achieved throughout a single calibration of the
measuring system and a one-time alignment to the workstation.
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