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Abstract: ISO 9283 is a significant guiding standard for assessing the performance characteristics
of robots. The main objective of the present paper was to verify the repeatability of the Panasonic
TM-2000 welding robot at a manufacturing company. The paper describes the workflow of the robot
control program in the simulation software RoboDK, which created a complete welding station. The
measurement, as well as the simulation, were possible thanks to designing the measuring device,
the imaginary ISO cube, the measuring plane, the measuring points, and last but not least, the cycle
that determined in which order the points were measured. The analytical part of the paper resulted
in a direct measurement of the position repeatability of the welding robot. A total of five points
were measured for the X-axis and five points for the Y-axis. Each point was recorded 30 times, with
measurements taken in the positive direction of motion. The results were compared with the value
given by the manufacturer, and the measured deviations were presented graphically.

Keywords: ISO 9283 standard; unidirectional repeatability; positioning accuracy; RoboDK simulation
software; Panasonic TM-2000 welding robotic arm

1. Introduction

Robotics can be applied to not only in large engineering companies, but thanks to
its availability, it can also reach the medium and smaller manufacturing companies. The
advantage of using robots is their complexity and adaptability within the manufacturing
process. After a certain period, a robot that performs work directly in the manufacturing
process may lose its declared accuracy and repeatability for various reasons, such as an arm
overload or irregular calibration [1]. The main performance characteristics of the robots to
be monitored are the repeatability, payload, reach, and positioning accuracy (Figure 1) [2,3].
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Payload is defined as the weight that the robot can carry without causing variations
in other specifications, such as accuracy, during the execution of the task. The maximum
payload of the robotic arm can be greater than the specified payload. At a load greater

Machines 2023, 11, 734. https://doi.org/10.3390/machines11070734 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11070734
https://doi.org/10.3390/machines11070734
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-3794-3745
https://doi.org/10.3390/machines11070734
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11070734?type=check_update&version=1


Machines 2023, 11, 734 2 of 15

than the useful load, the robot will likely be less accurate, experience a problem with the
trajectory of the motion, or have large deviations [4]. An example is the specification of a
robot where the maximum payload specified by the manufacturer is 6 kg, which means
that the robot has been tested at 6 kg, the weight at which it has achieved the best results.
This weight should not be exceeded to avoid positioning errors [5].

Reach can be defined as the maximum distance the robot can reach within its working
area [6]. The cubes’ function, the robot arm’s length, and other robot configurations
condition the robot’s reach. The parameters provided by the manufacturer only give the
maximum range, which is a rough estimate of the workspace. In practice, it is common
for a robot to have a greater reach in one direction than in the other. Therefore, the robot’s
reach is very important in terms of robot selection [7,8].

Accuracy is generally defined as the error between the programmed, i.e., desired,
position and the actual position of the robot endpoint. Accuracy is not always paramount
when using a robot, meaning that if the robot is programmed manually, where the worker
teaches the robot all the points to reach, accuracy does not play a major role. However,
the positioning accuracy of the robot is particularly important when it is used in a market
where it has to be programmed according to a CAD model, as the endpoint has to be
reached in precisely defined positions [9].

The repeatability of a robot expresses how accurately the robot can reach the same
position if the motion is repeated several times. The repeatability of a position is affected
by the robot’s precision. For example, when testing a robot where a desired position is
selected and repeated 30 times, the robot will not always reach the same position. However,
deviations will occur, and the robot will move near the desired point. The radius that is
formed by the repeated movements is termed the repeater. A certain number of repetitive
cycles usually form this robot characteristic. The more repetitions that are performed, the
worse the results obtained. Robot manufacturers specify the tests they have performed
with a certain number of cycles, payload, and arm orientation [10].

2. State of the Art

The problems in evaluating the performance characteristics of robots, such as unidi-
rectional precision and the robot’s position, is currently being addressed by many research
teams and manufacturing departments worldwide. The measurement itself can take place
directly in the manufacturing plants, as well as in the laboratory columns.

In an experiment conducted by Sepehr Gharaaty et al., the positioning accuracy of
two industrial robots, specifically the FANUC LR Mate 200iC and the FANUC M20iA, was
investigated. The authors solved the problem by designing a dynamic position correction
scheme. This dynamic position correction scheme works by obtaining a feedback loop
through which the change in positioning is through the projected robotic arm. The authors
used the C-Track 780 optical coordinate system from Creaform for positioning. The algo-
rithm was designed for use on a six-axis robot performing stationary tasks. As a result of
the designed and tested system, the real-time positioning accuracy of the six-axis industrial
robot greatly improved. Thus, the proposed algorithm can improve the positioning accu-
racy of robots in tasks, such as welding, riveting, and threading. The authors’ vision for
further research is to adapt this algorithm to other industrial robot manufacturers, such as
ABB and Kuka [11].

In their experiment, Albert Nubiola et al. compared two metrology devices to calibrate
an industrial robot. The metrology devices used were the FARO laser tracker and the
Creaform C-Track. These calibrations were performed on an ABB IRB 120 industrial robot.
The main difference between these devices is that the C-Track device works on the principle
of photogrammetry. Through experimentation, the authors reduced the position error by
almost 5 mm on average. At the same time, the authors pointed out the ease of use and the
more affordable option of calibration with the Creaform C- Track device [12].

An experiment by Mohamed Slamani et al. investigated the positioning accuracy
and repeatability of a six-axis ABB IRB 1600 industrial robot. The design of the test
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conditions was based on the ISO 9283 standard, which focuses on assessing the performance
parameters of industrial robots. The authors used a trio of metrology devices: a laser tracker,
a laser interferometer, and a Renishaw ballbar test. Using the laser tracker, the repeatability
was measured in the range from 22 to 37 mm, respectively. The repeatability was measured
between 6 and 14 mm using the Renishaw laser interferometer. The last device used was
the circular ballbar test, with which a circularity deviation was measured within 1 mm.
Of all the metrology devices used, the authors chose the circular ballbar test as the most
suitable, as it is an accurate and affordable device that can measure industrial robots’ static
and dynamic parameters [13].

In a paper by Jerzy Józwik et al., they tested a repeatability of the Yaskawa Motoman
HP20F industrial six-axis robot. They used a Phantom v2511 high-speed camera to measure
the repeatability. The measurement principle was based on tracking the designed points
and subsequent image analysis using the TEMA MOTION software. The measurement
was performed in two planes, X and Y, respectively. The measured deviations were then
added to the formulas according to ISO 9283. The result of this experiment was that as the
number of cycles increased, the robot achieved a worsened repeatability. At the same time,
the manufacturer’s declared repeatability was RP = 0.06 mm, but the authors measured a
repeatability that was several hundredths of a millimeter worse at several points [14].

In their experiment, the Michal Vocetka et al. investigated the effects of thermal
expansion on the design of an industrial robot in order to reduce the difference in robot
repeatability at low and high temperatures. The robot chosen for the experiment was
an ABB IRB 1200 5/0.9. The authors proposed a compensation methodology to reduce
the effect of drift on the robot’s repeatability. A diagram incorporated in front of the
robot control unit was able to evaluate and adjust the robot’s position. As a result of the
experiment, the robot’s repetitive drift was reduced by almost 85% with the proposed
compensation methodology. Prior to the introduction of the methodology, the repeatability
was in the neighborhood of 200 µm; after the introduction, it was in the range of 25 µm
at any temperature. Moreover, with the proposed methodology, the robot can be used
immediately after startup, and there is no need to wait for the robot to warm up to the
operating temperature [15].

3. Testing of Performance Characteristics According to ISO 9283

ISO 9283 describes the test methods for determining the performance characteristics
of industrial robots. The standard contains 14 tests that can be used to develop, test, or
compare industrial robots. The number of measurement points and cycles characterizes
each test. The tests are described in detail to determine the correct measurement conditions
to be observed. Each performance test must be performed at the maximum possible load
and speed. The standard itself does not specify what metrology system should be used to
measure the characteristics, which can be seen as a benefit as being more affordable, and
accurate measurement systems can be used. The most common characteristics assessed are
the unidirectional position accuracy (AP), unidirectional position repeatability (RP), path
repeatability (RT), distance accuracy (AD), and distance repeatability (RD). Most manufac-
turers of industrial robots test to this standard. However, only positional repeatability is
specified by manufacturers in the robot selection specifications. Most of the characteristics
are tested using an imaginary ISO cube inserted into the robot’s workspace so that it is
where the robot most often operates [16–18].

In Figure 2, it is possible to see a cube on which a diagonal has been chosen to perform
the tests using the points C1 to C8. In this example, these are points C1–C2–C7–C8. The
next step is to select the measurement points, the number of which may vary depending
on the characteristic being measured. In this example, the measured characteristic was
unidirectional position accuracy. For the measurement, five measurement points (P1–P5)
have been selected [16,17].



Machines 2023, 11, 734 4 of 15

Machines 2023, 11, x FOR PEER REVIEW 4 of 16 
 

 

unidirectional position accuracy. For the measurement, five measurement points (P1–P5) 
have been selected [16,17]. 

 
Figure 2. Example of an ISO cube. 

1. Unidirectional position accuracy (AP): position accuracy is defined in the standard 
as the deviation between the desired position and the mean achieved value of the 
desired position (Figure 3). When performing the test, it is necessary to comply with 
the specified measurement conditions set out in the standard (Table 1): the mass of 
the maximum payload, the speed, and the number of repetitions [16–18]. 

Table 1. Position accuracy measurement conditions [16]. 

Performance 
Characteristics 

Payload—% of 
Maximum Possi-

ble 

Speed—% of Maxi-
mum Possible 

Number Of 
Measuring 

Points 

Number of Cy-
cles 

Position accuracy 100%—required 100%—required 5 (P1–P5) 30 
10%—optional 50%—10% optional 5 (P1–P5) 30 

Unidirectional positioning precision (APp): the difference between the desired posi-
tion and the range of positions achieved. The positioning accuracy is given by Equation 
(1): 𝐴𝑃 =  ඥ(𝑥 − 𝑥)ଶ  (𝑦 − 𝑦)ଶ  (𝑧 − 𝑧)ଶ  𝐴𝑃 =  ට(𝐴𝑃௫)ଶ  (𝐴𝑃௬)ଶ  (𝐴𝑃௭)ଶ 

(1)

where 𝑥, 𝑦,  𝑧 represent the coordinates of the focal point obtained for a certain position 
after performing n number of cycles, and 𝑥, 𝑦, 𝑧 (Equation (2)) represent the measured 
values. The terms 𝑥 , 𝑦 , and 𝑧  represent the coordinates of the controlled, i.e., pro-
grammed, position [16]. 

𝑥 =  1𝑛  𝑥
ୀଵ  ;  𝑦 =  1𝑛  𝑦

ୀଵ ; 𝑧 =  1𝑛  𝑧
ୀଵ  (2)

Figure 2. Example of an ISO cube.

1. Unidirectional position accuracy (AP): position accuracy is defined in the standard
as the deviation between the desired position and the mean achieved value of the
desired position (Figure 3). When performing the test, it is necessary to comply with
the specified measurement conditions set out in the standard (Table 1): the mass of
the maximum payload, the speed, and the number of repetitions [16–18].
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Table 1. Position accuracy measurement conditions [16].

Performance Characteristics Payload—% of
Maximum Possible

Speed—% of
Maximum Possible

Number of
Measuring Points

Number
of Cycles

Position accuracy 100%—required 100%—required 5 (P1–P5) 30
10%—optional 50%—10% optional 5 (P1–P5) 30
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Unidirectional positioning precision (APp): the difference between the desired position
and the range of positions achieved. The positioning accuracy is given by Equation (1):

APp =

√(−
x − xc

)2
+
(−

y − yc
)2

+
(−

z − zc
)2

APP =
√
(APx)

2 +
(

APy
)2

+ (APz)
2

(1)

where
−
x,

−
y,

−
z represent the coordinates of the focal point obtained for a certain position

after performing n number of cycles, and xj, yj, zj (Equation (2)) represent the measured
values. The terms xc, yc, and zc represent the coordinates of the controlled, i.e., programmed,
position [16].

−
x =

1
n

n

∑
j=1

xj ;
−
y =

1
n

n

∑
j=1

yj;
−
z =

1
n

n

∑
j=1

zj (2)

2. Unidirectional position repeatability (RP): according to the above-mentioned standard,
position repeatability is expressed as the difference between the positions reached
after n cycles performed in the same direction for the same position [16,18]. For testing,
the same conditions apply, as written in Table 1.

The unidirectional repeatability of the positioning is expressed by the RPl value, and
is calculated as shown in the following Equation (3):

RPl =
−
l + 3Sl (3)

where
−
l represents the mean of the variable L, and Sl represents the standard deviation

−
x,

−
y ,

−
z , and xj, yj, zj is defined in Equation (4).

−
l =

1
n

n

∑
j=1

lj ; lj =

√ (
xj −

−
x
)2(

yj −
−
y
)2(zj −

−
z
)2 ; Sl =

√√√√∑n
j=1
(
lj −

−
l
)2

n − 1
(4)

4. Methodology
4.1. Panasonic TM 2000 Industrial Robot

Panasonic manufactures and supplies several series of robots. The TM series of robots
were designed primarily for welding processes. The mentioned welding robot series came
with several improvements, such as the possibility of cable routing to the torch (internal
and external) and stronger and more stable robot construction. The main improvement
over the older types, where an absolute encoder was used on the servomotor, is using a
high-precision smart encoder, which ensures a better track accuracy and more precise weld
execution. The basic parameters of the used welding robot given by the manufacturer are
presented in Figure 4.

The primary software for programming and controlling Panasonic robots is the DTPS
software. This software has been exclusively designed for Panasonic industrial robots for
offline programming. In this software, it is possible to create an overall welding design with
cycle counts and welding times and simulate the manufacturing process. The advantage
of these simulation programs is the prevention of possible collisions with the robotic
equipment. This means that when directly programming from the CAD model, the worker
can change the welding torch’s orientation to avoid unwanted robot positions. The software
supports multiple formats for CAD model insertion (STL, IGES, IGS, and DXF). Panasonic
has also incorporated robot and external positioner axis calibration into the software.
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4.2. Design of Measuring Equipment, ISO Cubes, and the Selection of the Test Conditions

A digital strain gauge from INSIZE, model 2112-254F, was used to implement the
column measurements. It is an accurate, simple, and affordable measuring device. It has
an accuracy of 0.005 mm, a measuring range of 25.4 mm, and a digital step of 0.001 mm for
digital measurements, potentially storing the data in the form of a table of values directly on
the PC. As the repeatability was measured on a welding robot having a welding wire at the
end of the welding nozzle, a 20 mm diameter contact area was chosen for the repeatability
measurement due to the impossibility of attaching another suitable object, e.g., a precision
machined cube, to the end of the robotic arm. A fixture was subsequently designed and
fabricated to fix the measuring device to the welding table. The complete design of the
measuring station in real conditions in the production hall is shown in Figure 5.
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Figure 5. Measuring system applied to a robotic workstation.

Once the measurement system was selected, designing an ISO cube with a selected
measurement plane and five measurement points was the next necessary step. The di-
mensions of the ISO cube were determined based on the robot’s workspace and where
the robot most often welds. The length of the edge was 1200 mm. This type of welding
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robot uses the “touch sensing” function, which means that the robot locates the position
of the workpiece to be welded before welding. This type of smoothing is entered directly
when programming the welding task of the robot. It works on the principle of the tension
generated when the welding wire comes into contact with the material to be welded. In this
way, it is possible to prevent inaccurate welds, which may have been caused, for example,
by the displacement of the workpiece or inadequate calibration of the positioner.

Due to the “touch sensing” function, the Z-axis was omitted from the measurement as
the robot can determine the distance from the workpiece in the Z-axis when welding. The
proposed ISO cube is displayed in Figure 6, where the points C5–C6–C7–C8 represented the
selected measurement plane and P1 to P5 represented the measured points, respectively.
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Commonly used welding speeds range from 30 to 60 m/min, respectively. For this
reason, the speed in the measurement was set at 90 m/min, representing 50% of the
maximum possible speed. Other test conditions are shown in Table 2.

Table 2. Determination of the test conditions.

Movement Speed
90 m/min Load 3 kg Tested Positions Number of

Performed Cycles Measured Axis

50% of the
maximum possible

50% of the
maximum possible P1-P2-P3-P4-P5 30 Cycles X–Y

5. Creation and Design of a Simulation of a Robotic Welding Workstation

RoboDK software was chosen for the design of the workstation simulation. It is a
simulation software that offers an intuitive environment in which various robotic tasks
can be programmed, such as welding, palletizing, packaging, milling, 3D printing, etc. In
addition, the software supports basic CAD model input formats, such as STEP, IGES, and
STL. The advantages of this software compared to other software are as follows [19]:

• An online library containing a large number of robots, positioners, and tools from
various manufacturers;

• The possibility to insert your own designed robot in the CAD program;
• The possibility of testing the precision of robots;
• The software runs performance tests according to ISO 9283 (Renishaw ballbar test),

and the calibration of robots using laser trackers;
• Exporting post processors for the different types of controllers.
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This simulation was possible thanks to creating CAD components of the welding
station according to the layout of the real workstation. First, the dimensions of the worksta-
tion, the positioner, the welding table, and the robot travel were measured. The individual
functional units of the equipment are shown in Figure 7.
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Figure 7. Robot workstation in the production hall.

After measuring the main components, it was necessary to determine the layout of
the components in the space. After obtaining the dimensions, the individual parts of the
station were processed into CAD models using Creo Parametric software. The basic step in
creating the station was the insertion and appropriate positioning of the 4500 × 3000 mm
floor, which was available from the online library. The next step was inserting the pre-
prepared CAD models of the workstation and their layout. In order to insert the files into
the software environment, it was necessary to save the components in STEP format, which
RoboDK supports. First, barriers with a back wall were added to form the boundary of
the workstation. This was followed by inserting the welding station’s most important
parts: the positioner, and the vehicle with the base. The Panasonic TM-2000 robot was
downloaded from the online library and added to the assembly, where it was placed onto
the base with the traveler. Other components added to complete the welding station were
a welding table, pallet truck, control box, welding wire, positioner switch, teach pendant,
guard markings, and weld parts. The complete design can be seen in the RoboDK software
simulation environment, which was as shown in Figure 8.
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Programming and Adding Targets for the Robot

After creating the simulation model of the welding station, the robot motion sequences
simulated for the measurement were created. Next, the designed ISO cube with an edge
length of 1200 mm was inserted into the robot workspace, which is shown in Figure 9. The
cube was inserted at the place where the robot welds most frequently, which was one of
the conditions for measuring the repeatability and positioning accuracy of the robot arm.
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Programming the robot motion sequences in RoboDK and thus preparing the mea-
surement program consists of assigning the targets to be reached by the robot. In this case,
the targets for the robot were added using the “Teach target(s) on surface” function, located
in the “Program” table. By selecting this function, the TCP robot moved in parallel with
the selected target by fixing it to a well-defined point on the surface of the inserted cube. In
this case, it was the contact area where the contact of the deflector with the welding head
occurs. Since the digital indicator has a measuring range of 25.4 mm, the robot needed to
compress the contact by 10 mm. After creating all the targets for the robot, the next step
was to add and generate the program. In this case, two programs were created, one for the
X-axis and one for the Y-axis, respectively, for better transparency.

6. Measurement and Evaluation of Results

During the measurements, it was necessary to observe further rules, which are set out
in ISO 9283, such as:

• The robot must be mounted under the manufacturer’s control and fully functional
during the measurement;

• The ambient temperature must be in the range 20–22 ◦C;
• Both the robot and the measuring device must be in a thermally stable condition, and

must not be affected by scientific influences, e.g., sunlight;
• Before measuring the selected characteristic, the robot must undergo a warm-up cycle,

including the drift measurement.

As it was necessary to observe the warm-up cycle, the measurements were made after
an 8 h working shift under optimal working conditions: pressure 101.3 kPa, temperature
21 ◦C, and humidity 38%. After this time, the robot was sufficiently warmed up and ready
for measurement. The digital aberration meter was placed in the robot area a day before
the measurements were taken to ensure temperature stability.
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The actual measurement was preceded by placing the deflection meter on the welding
plate. The next step was to run the program on the robot in the so-called test mode, in
which the speed was significantly reduced. This mode was used for every newly created
program to assess the control program’s correctness.

The robot arm position repeatability was measured after testing the program in the test
mode. First, the digital indicator was fixed to the desired position. Next, a cable for data
transmission was connected to the digital indicator and a notebook with a blank MS Excel
workbook, where the measured values were automatically saved. At the first occurrence of
a touch on the digital indicator, the digital indicator was reset at all measurement points so
that the reading could be taken directly from the selected point. When the robot entered
the programmed position, a 5 s pause allowed the value on the deflector to settle, and then
the value was written to the PC by pressing a button on the cable. Figure 10 shows the
aberration meter at the measured point P1 on the X-axis and Y-axis.
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The X-axis was measured first, and the measurement started at P1. After 30 readings
were recorded for point P1, the program was paused, and the jig with the digital indicator
was moved to position P2. The measurement continued similarly at points P3, P4, and P5.
Table 3 shows the measured X-axis deviation values.

Table 3. Measured X-axis deviation values.

Measurement Number
Measured Points in the X-Axis

Point P1 Point P2 Point P3 Point P4 Point P5

1 0.077 −0.033 −0.005 −0.018 −0.002
2 0.091 −0.013 −0.009 −0.028 0.003
3 0.088 0.019 −0.014 −0.035 −0.027
4 0.087 0.011 −0.008 −0.033 0.011
5 0.122 0.007 −0.012 −0.040 0.016
6 0.101 0.002 −0.021 −0.038 0.011
7 0.101 −0.016 −0.029 −0.040 0.025
8 0.121 −0.011 −0.024 −0.032 0.022
9 0.122 −0.003 −0.028 −0.029 0.028

10. 0.108 0.002 −0.015 −0.031 0.022
11 0.110 0.018 −0.033 −0.039 0.020
12 0.112 0.006 −0.016 −0.044 0.012
13 0.104 0.004 −0.004 −0.031 −0.010
14 0.132 0 −0.007 −0.035 −0.007
15 0.112 −0.001 −0.008 −0.039 −0.017
16 0.066 −0.009 −0.013 −0.037 −0.025
17 0.149 −0.008 0.015 −0.038 −0.026
18 0.059 −0.001 0.001 −0.049 0.016
19 0.133 −0.011 0.001 −0.043 0.016
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Table 3. Cont.

Measurement Number
Measured Points in the X-Axis

Point P1 Point P2 Point P3 Point P4 Point P5

20 0.065 −0.001 −0.001 −0.046 −0.012
21 0.062 −0.005 −0.027 −0.037 0.008
22 0.122 −0.004 −0.029 −0.045 −0.024
23 0.063 0 −0.014 −0.045 −0.002
24 0.053 0.006 −0.033 −0.044 0.016
25 0.056 −0.003 −0.031 −0.043 −0.021
26 0.132 −0.001 −0.020 −0.051 0.049
27 0.110 0.001 −0.029 −0.057 0.038
28 0.107 0.006 −0.029 −0.058 −0.013
29 0.059 −0.006 −0.033 −0.056 −0.020
30 0.048 0 −0.012 −0.049 0.024

The measurement continued with the control program for the Y-axis, where the jig
with the deflection gauge was rotated by 90◦ and set to position P1. On the first touch, the
digital indicator was reset, and then on the next 30 touches, the values were recorded. As
with the X-axis point measurements, the measuring device was moved to the remaining
positions (P2, P3, P4, and P5) where 30 values were recorded for each point, as summarized
in Table 4.

Table 4. Measured Y-axis deviation values.

Measurement Number
Measured Points in the Y-Axis

Point P1 Point P2 Point P3 Point P4 Point P5

1 −0.017 0.009 −0.009 −0.009 0.018
2 −0.007 0.010 0.003 0 0.008
3 −0.022 0.009 0.006 −0.013 0.005
4 −0.019 0.016 −0.006 0.007 0.010
5 0 −0.003 −0.012 0.005 0
6 −0.014 0.013 0.045 0.007 0
7 0.004 0.004 0.034 0 −0.002
8 −0.021 0.005 0.016 −0.013 0.001
9 0.011 −0.007 0.032 −0.002 −0.009
10 0.026 −0.015 −0.005 0.007 0.012
11 −0.016 0 0.002 −0.001 −0.005
12 −0.037 −0.005 −0.015 0.016 0
13 −0.004 −0.004 0.022 0.001 −0.015
14 −0.012 −0.001 0.008 0.015 −0.015
15 −0.038 −0.018 0.036 −0.008 0.007
16 −0.024 0 0.046 −0.002 −0.007
17 −0.018 −0.009 0.020 0.002 0.008
18 −0.026 −0.015 0.035 −0.004 −0.018
19 −0.027 −0.002 0.026 0.006 −0.002
20 −0.045 −0.004 0.031 0 0.023
21 −0.029 −0.005 0.036 0.004 0
22 −0.037 −0.028 0.030 −0.007 −0.001
23 −0.036 −0.015 0.033 0.004 −0.003
24 −0.051 −0.006 0.033 −0.007 0.011
25 −0.043 −0.008 0.038 −0.007 0.018
26 −0.057 −0.002 0.033 −0.004 0.014
27 −0.048 −0.015 0.014 0.005 0.026
28 −0.041 −0.002 0.019 0.005 −0.004
29 −0.036 −0.011 0.010 0 0.001
30 −0.131 −0.001 0.033 0.024 −0.013
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7. Discussion

A total of 300 measurements were obtained, followed with a repeatability count. The
repeatability was calculated for each measurement point separately. From the measured
values, it was impossible to calculate the average one-way repeatability of the position
as the equipment was moved when measuring the deviations of one point. Since the
measurement was made in the X and Y axes, the axes were measured separately.

In particular, using the formula to calculate the total unidirectional position repeatabil-
ity as specified in the standard was not possible. For this reason, an equation based on the
standard deviation (Equation (5)), where the index pn denotes the point to be measured,
was used to calculate the repeatability.

RPPn = ±3 SPn = ±3

√√√√∑n
j=1

(
Pn j −

−
Pn
)2

n − 1
(5)

Subsequently, the results obtained from the calculation were compared with the data
reported by the manufacturer, which are presented in Table 5. The measurement results
for the X-axis clearly show that the robot achieved an even better repeating in the X-axis
than that given by the manufacturer. Furthermore, comparing the results from the Y-axis
measurement with the value given by the manufacturer also showed that the robot achieved
a better repeatability.

Table 5. Comparison of the calculated X- and Y-axis values.

Measured Point Repeatability in the X-Axis Repeatability in the Y-Axis

Point P1 ±0.086 < 0.1 mm ±0.082 < 0.1 mm
Point P2 ±0.030 < 0.1 mm ±0.029 < 0.1 mm
Point P3 ±0.037 < 0.1 mm ±0.053 < 0.1 mm
Point P4 ±0.027 < 0.1 mm ±0.025 < 0.1 mm
Point P5 ±0.062 < 0.1 mm ±0.033 < 0.1 mm

It was also possible to examine the graphical processing of the calculated standard
deviations for the points on the X-axis, as shown in Figure 11.
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From graphically comparing the achieved values in the X and Y axes, it is shown in in
Figure 13 how the robot achieved an almost identical repeatability values at points P1, P2,
and P4. The assumption was that at points P3 and P4, which were at the boundary of the
working space and thus when the robot’s arm was the most extended, it would achieve
the worst repeatability, but this assumption was not confirmed. The worst repeatability
for both measurements was achieved at point P1, which was located in the middle of the
designed measurement plane.
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The specific result we obtained was that the robot achieved a better repeatability at
each point than the manufacturer indicated. However, the measured values at point P1
indicated that the repeatability around the measured point may deteriorate.

8. Conclusions

The ISO 9283 standard forms the basis for assessing the performance characteristics of
industrial robots. The unidirectional position repeatability is one of the most important
parameters to be monitored regarding the reported accuracy of robots. Most manufacturers
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declare the repeatability and position accuracy based on tests they performed according to
the ISO 9283 standard. However, in the case of Panasonic, it could not be clearly established
on how and on what basis the manufacturer tests its industrial robots. The following
factors contribute to the deterioration of position repeatability: irregular calibration of the
robot axes, arm overstressing, or collisions after which the robot has not been calibrated
and inspected.

The object of study described in the paper was a Panasonic TM-2000 welding robot,
which welds the end frames for forklift trucks in the factory. This paper discussed the
selection of a suitable metrological device for a quick repeatability check and a possible
calibration of the robot directly at the workplace, with an emphasis on the simplicity and
efficiency of the device’s measurement for workers working at a welding robotic workplace.
The RoboDK software was chosen for the simulation design of the trajectories and the gen-
eration of the control program for the realization of the robot repeatability measurements.
The measurements and the simulations were possible thanks to designing and manufac-
turing a measuring device, an imaginary ISO cube, a measuring plane, measuring points,
and a cycle to determine in which order the points would be measured. This paper further
described the design procedure of the ISO cube, which formed the basis for the design of
the measurement plane and the measurement points. A digital indicator was chosen as the
measuring device on which a flat touch was used. The disadvantage of the digital indicator
is the impossibility of measuring in the Z-axis, but in this case, the measurement was made
in the X and Y axes. As the robot included a touch sensing function, it was not necessary
to perform measurements in the Z-axis as specified by the ISO 9283 standard as the robot
verified the position of the welding nozzle through an integrated sensor during calibration
before starting the welding process.

The analytical part resulted in a direct measurement of the position repeatability on
the welding robot. A total of five points were measured for the X-axis and five points for the
Y-axis, respectively. Each point was recorded 30 times, and the measurements were taken
in the positive direction of motion. These results were compared with the value provided
by the manufacturer, and the measured deviations were also processed graphically. The
robot achieved better results compared the manufacturer’s results at each point. After
comparing the results in both axes, the trend in that the more the robot’s arm is stretched,
the worse the repeating the robot achieves, was not confirmed. The assumption we made
was that at point P1, where the robot has achieved the worst repeatability, the repeatability
and accuracy may deteriorate in the future.

After consulting the results with the quality department of the manufacturing com-
pany, the following recommendations were proposed for maintaining the quality and
repeatability of the robot:

• Regularly perform calibration of all robot axes and also their positioners;
• Regularly check the shape of the welding torch and correct any irregularities;
• Using the designed measuring device to check the repeatability of the robot on the

trajectories of the busiest workplace points;
• In the event of a robot collision, perform calibration, and then check the repeatability

with the designed measuring device.
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