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Abstract: In data-driven manufacturing, external metrology plays a crucial role in ensuring robotic accu-
racy. This study investigates the positioning accuracy of the ABB IRB 1600-5/1.45 industrial robot using
the C-Track 780 optical tracker. Experiments were conducted under varying payloads and motion speeds,
and deviations between commanded and actual TCP positions were recorded. A central research question
addressed is whether data from C-Track 780 are sufficiently stable and precise to model positioning errors
for predictive correction. Results show consistent patterns of deviation influenced by dynamic conditions
and validate the use of optical tracking for real-time quality monitoring and error compensation, contrib-
uting to improved accuracy in smart manufacturing systems.
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1. INTRODUCTION

The advent of Industry 4.0 has introduced a
paradigm shift in manufacturing, emphasizing
smart, flexible, and highly efficient production
systems. At the heart of these systems are indus-
trial robots, whose speed, repeatability, and ver-
satility enable a wide range of automated tasks.
Nevertheless, achieving high absolute position-
ing accuracy remains a persistent challenge, par-
ticularly in precision-critical operations such as
robotic machining, precision assembly, and hu-
man-robot collaboration [1].

While modern robots exhibit outstanding re-
peatability, their absolute positioning accuracy
is often compromised by several factors, includ-
ing joint compliance, gear backlash, payload-in-
duced deflections, thermal expansion, and dy-
namic inertial effects [2][3]. These inaccuracies
can become critical in manufacturing processes
that require micrometer-level tolerances.

Traditional calibration techniques have fo-
cused on improving offline robot models, but
they frequently fall short when dynamic condi-
tions change during operation [2][4]. Therefore,

integrating external metrology systems into the
manufacturing environment has emerged as a vi-
tal strategy for real-time monitoring and correc-
tion of robot positioning [5].

Among external metrology tools, optical
tracking systems stand out for their non-contact
operation, high spatial resolution, and adaptabil-
ity to dynamic environments. In particular, the
C-Track 780 optical tracker developed by
Creaform has demonstrated robust capabilities
for high-precision monitoring of robotic systems
in production scenarios.

Despite these technological advances, there
remains a crucial need for predictive compensa-
tion methods that not only detect but proactively
correct robot positioning errors based on operat-
ing conditions such as payload and speed. By
leveraging data-driven models, it becomes pos-
sible to preemptively adjust robot trajectories
and enhance absolute accuracy without inter-
rupting the manufacturing workflow.

This study addresses these challenges by:

- Rigorously assessing the absolute position-
ing accuracy of the ABB IRB 1600-5/1.45

robot using the C-Track 780 optical tracking



system under varying payload and speed
conditions.

- Statistically validating the influence of these
dynamic factors on positioning errors using
two-way Analysis of Variance (ANOVA)
[3].

- Developing and proposing a predictive error
compensation function that can be integrated
into robotic operations to dynamically adjust
for systematic deviations.

Through these contributions, the study aims
to enhance the precision, adaptability, and relia-
bility of industrial robotic systems operating in
smart manufacturing environments.

2. THEORETICAL BACKGROUND

2.1 Accuracy and Repeatability in Robotics

The performance of industrial robots is typi-
cally evaluated using two fundamental but dis-
tinct concepts: repeatability and accuracy.

Repeatability refers to a robot's ability to re-
turn consistently to the same position under
identical operating conditions. It is primarily in-
fluenced by the mechanical quality of the robot's
joints and the precision of its control algorithms.
High repeatability, often in the order of a few
hundredths of a millimeter, is a hallmark of mod-
ern industrial robots and is critical for tasks in-
volving repetitive motion.

Accuracy, on the other hand, measures the
deviation between the commanded and the ac-
tual end-effector position within the robot's
workspace. Accuracy is influenced by multiple
factors, including joint compliance, gear back-
lash, sensor errors, structural deformations, ther-
mal effects, and dynamic operational loads. Un-
like repeatability, achieving high accuracy often
requires external calibration or real-time error
compensation mechanisms.

The ISO 9283 standard provides formal defi-
nitions and procedures for measuring robot per-
formance, emphasizing that while high repeata-
bility is common, absolute positioning accuracy
typically requires enhancement through calibra-
tion or external metrology.

Given that many advanced manufacturing ap-
plications demand precise robot-environment in-
teractions, improving absolute positioning accu-
racy is becoming increasingly critical.

2.2 ABB IRB 1600 Overview

The ABB IRB 1600-5/1.45 is a widely used
industrial robot offering a combination of speed,
flexibility, and precision, making it suitable for
tasks such as machine tending, material han-
dling, assembly, and arc welding. Key specifica-
tions include:

- Maximum payload capacity: 5 kg

- Maximum horizontal reach: 1.45 meters

- Nominal repeatability: £0.02 mm (ISO 9283
standard)

The robot is equipped with ABB’s IRCS5 con-
troller, which features advanced motion control
algorithms designed to minimize trajectory er-
rors and improve path fidelity. Despite these ca-
pabilities, real-world factors such as payload
variations, dynamic effects, and mechanical
wear can introduce significant deviations in ab-
solute positioning, especially critical in smart
manufacturing environments where accuracy is
paramount.

External measurement systems thus play a vi-
tal role in monitoring and compensating these
deviations to maintain the robot’s operational re-
liability and precision.

2.3 Optical Tracking Systems and C-Track
780

Optical tracking systems are increasingly uti-
lized in industrial applications requiring precise,
real-time position and orientation measure-
ments. These systems use stereoscopic camera
setups to track retroreflective markers, allowing
for six degrees of freedom (6-DOF) measure-
ments without physical contact.

The C-Track 780, developed by Creaform, is
a portable optical tracker known for:

e Volumetric measurement accuracy up to

0.025 mm
e High acquisition rates suitable for dynamic

robotic operations
e Integrated ambient light compensation for

stable performance under varying conditions
e Real-time tracking of 6-DOF poses (position
and orientation).

In this study, the C-Track 780 was used to
monitor the Tool Center Point (TCP) of the ABB
IRB 1600 during dynamic trajectories under var-
1ous payload and speed settings. Its high stability
and precision make it an ideal instrument for
evaluating and enhancing robotic positioning



performance in real-world manufacturing condi-
tions.

2.4 Statistical Validation using Two-Way
ANOVA
Experimental data often contains variability
due to multiple operational factors. To rigor-
ously determine whether observed differences in
positioning errors are statistically significant, a
Two-Way Analysis of Variance (ANOVA) was
employed.
The two factors considered were:
e Payload (with three levels: 0 kg, 2 kg, 4.5 kg)
e Motion Speed (with two levels: low speed —
25% nominal, and high speed — 100% nom-
inal).

Two-way ANOVA allows for:
¢ Assessing the main effect of each factor inde-

pendently (i.e., how payload alone or speed

alone influences positioning errors).

e Evaluating any interaction effect between
payload and speed (i.e., whether the com-
bined effect of high payload and high speed
significantly alters the error magnitude be-
yond the sum of individual effects).

This statistical approach provides a robust ba-
sis for understanding the impact of operational
conditions on robot accuracy and for designing
targeted compensation strategies.

2.5 Predictive Error Compensation Strategy

Based on the experimental results and statis-
tical analyses, a predictive error compensation
function was developed to proactively adjust the
robot’s commanded positions.

The compensation function is based on a lin-
ear model relating the positioning error (Aerror)
to the operational parameters:

Acomp = a x Payload +b % Speed + ¢

where:
e ¢« and b are regression coefficients de-
rived from experimental data,
e is a bias term accounting for baseline
systematic deviations.

By applying this compensation at the trajec-
tory planning level, the robot’s absolute posi-
tioning errors can be significantly reduced
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without altering its internal control architecture.
This predictive approach aligns with the princi-
ples of smart manufacturing, enabling real-time
adaptation to dynamic operating conditions and
enhancing overall system robustness.

Recent, Liu et al. [6] proposed an opti-
cal-tracking-based calibration method using kin-
ematic parameter identification, achieving
sub-millimeter positioning accuracy in real in-
dustrial setups. This supports the feasibility of
using external metrology not only for monitor-
ing but also for proactive correction of robotic
motion in dynamic environments.

3. EXPERIMENTAL METHODOLOGY

3.1 Experimental Setup

The experimental setup was designed to rig-
orously evaluate the absolute positioning accu-
racy of the ABB IRB 1600-5/1.45 robot using
the C-Track 780 optical tracking system under
controlled laboratory conditions.

Fig. 1 Experimental setup w1th ABB IRB 1600 and C-
Track 780

The main components of the experimental con-

figuration included:

e The ABB IRB 1600 robot mounted on a
rigid steel base to minimize external vibra-
tions and enhance stability.

o The C-Track 780 optical tracker, positioned
strategically to cover the full operational
workspace of the robot without occlusions
or blind spots.

¢ A rigid marker support frame attached to the
Tool Center Point (TCP) of the robot,



equipped with retroreflective markers opti-
mized for optical tracking.

e ABB’s IRCS controller used to program pre-
defined trajectories and execute precise mo-
tion sequences.

e A data acquisition system interfaced with the
C-Track 780, responsible for real-time cap-
ture and storage of TCP position and orien-
tation data.

Fig. 2. Robot gripper (SCHUNK) holding test artifact
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Fig. 3. ABB code used for programming robot
trajectories

Environmental conditions, including ambient
temperature and lighting, were controlled to
minimize measurement noise and ensure the sta-
bility of optical tracking. The reference coordi-
nate system was established through the internal
calibration routine of the C-Track 780 system,
and appropriate transformation matrices were
applied to align measurements with the robot's
base frame.

The robot’s programmed trajectories in-
cluded linear and point-to-point (PTP) move-
ments across the workspace, simulating typical
industrial operations. These trajectories were re-
peated under varying payload and speed condi-
tions, enabling a comprehensive evaluation of
positioning performance.

3.2 Test Procedures

The testing procedures were structured to sys-
tematically investigate the influence of payload
and motion speed on the absolute positioning ac-
curacy of the robot.

Three payload configurations were tested:

e No payload (only the marker support frame,
approximately 0.5 kg),

e Light payload (approximately 2 kg),

e Heavy payload (approximately 4.5 kg).

For each payload, the robot executed two
types of motion:

- Low-speed motion (25% of nominal joint
speeds),

- High-speed motion (100% of nominal joint
speeds).

The robot was commanded to sequentially
reach a set of 20 predefined target points distrib-
uted throughout its workspace. At each target:

e The robot paused for two seconds to ensure
stable data acquisition.

e The C-Track 780 system recorded the TCP
position at a sampling rate of 60 Hz.

e Approximately 120 position samples were
collected per target point per cycle.

Each trajectory execution, encompassing all
20 target points, was repeated five times for each
payload-speed combination to enable statistical
evaluation of repeatability and accuracy.

In total, the experimental matrix comprised:



- 3 payload levels x 2 speed levels % 5 repeti-
tions = 30 complete test cycles,

- Resulting in data from 600 target acquisi-
tions (20 points x 30 cycles).

This robust experimental design allowed for
both the evaluation of mean errors and the statis-
tical analysis of variability and factor interac-
tions.

3.3 Data Collection and Preparation
The data collected from the C-Track 780

were processed as follows:

e For each static acquisition interval at a target
point, the mean TCP position was calculated
to minimize sensor noise effects.

e The positioning error vector was determined
as the difference between the commanded
TCP position and the measured mean posi-
tion.

e The magnitude of the positioning error (Eu-
clidean norm) was computed for each target
point.

Two key performance metrics were ex-
tracted:

- Mean Absolute Positioning Error (MAPE):
the average magnitude of positioning error
across all target points in a test cycle.

- Standard Deviation of TCP Positions: used
as an indicator of local repeatability at each
target.

Before conducting the two-way ANOVA, the
data were organized into a structured format
containing:

- Payload level,

- Motion speed level,
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- Individual positioning error measurements at
each target point.

This structured dataset allowed for rigorous
statistical analysis to determine the significance
of payload, speed, and their interaction on the
absolute positioning errors of the ABB IRB
1600 robot.

4. RESULTS AND DISCUSSION

4.1 Positioning Errors Analysis

The analysis of the collected experimental
data revealed consistent patterns of absolute po-
sitioning deviations across all tested conditions.

For each combination of payload and speed,
the Mean Absolute Positioning Error (MAPE)
was computed across the 20 predefined target
points. Table 1 summarizes the MAPE values
obtained for the different test scenarios.

Table 1
Mean Absolute Positioning Error (MAPE) under dif-
ferent conditions.

Payload Speed MAPE (mm)
0kg Low 0,33
0kg High 0,42
2 kg Low 0,39
2 kg High 0,48

4,5kg Low 0,45
4,5kg High 0,50

The results clearly show that:

¢ Increasing the payload leads to a gradual in-
crease in positioning errors.

e Higher motion speeds are associated with
larger deviations compared to low-speed

movements.
Table 2
Selected Real Measurement Points from PowerlInspect.

Experiment Payload Speed Point X Y V4
Exp. 1 2Kg Low P1 339.237 | 283.473 | 1902.781
Exp. 1 2Kg Low P2 339.272 | 283.070 | 1902.360
Exp. 2 2Kg High P1 339.461 283.072 | 1903.072
Exp. 2 2Kg High P2 339.235 | 283.236 | 1902.520
Exp. 3 45Kg Low P1 339.165 | 283.730 | 1902.686
Exp. 3 4.5Kg Low P2 339.009 | 284.109 | 1902.595
Exp. 4 45Kg High P1 339.103 | 283.940 | 1902.815
Exp. 4 45Kg High P2 339.090 | 283.706 | 1902.472




The positional errors were not uniformly dis-
tributed throughout the workspace. Larger devi-
ations were typically observed at the extremities
of the robot's reach, suggesting increased influ-
ence from structural flexibility and joint back-
lash in these regions.

4.2 Influence of Payload and Speed: Two-

Way ANOVA Results
To statistically validate the observed trends, a

two-way Analysis of Variance (ANOVA) was

performed with payload and motion speed as in-
dependent factors and positioning error as the
dependent variable.

The ANOVA results are presented in Table 2.

The statistical analysis confirmed that:

¢ Payload had a highly significant effect on the
positioning error (p < 0.001).

e Motion speed also had a highly significant
effect on positioning error (p < 0.001).

e There was a significant interaction effect be-
tween payload and speed (p < 0.05), indicat-
ing that their combined influence on posi-
tioning errors was not purely additive.
These results validate that operational condi-

tions meaningfully affect robot positioning

accuracy and justify the need for dynamic com-
pensation strategies.

4.3 Stability of C-Track 780 Measurements
To ensure that the observed errors were at-

tributable to the robot and not to measurement

noise, a series of static tests were conducted us-

ing the C-Track 780.

During these tests:

e The TCP was held stationary for 60 seconds.

e Data were collected at 60 Hz, yielding 3600
samples per static point.

Analysis of the static data showed:

o The standard deviation of measured positions
was consistently below 0.015 mm in all spa-
tial directions (X, Y, Z).

e No significant drift or systematic bias was de-
tected over time.

Thus, the measurement uncertainty intro-
duced by the C-Track 780 system was negligible
relative to the magnitude of the observed posi-
tioning errors. This confirmed that the experi-
mental findings accurately reflected the robot’s
intrinsic positioning behavior.

Table 3
Two-Way ANOVA results for positioning error.
Source Sum of Squares Degrees of Mean Square F-value p-value
Freedom
Payload 0.1768 2 0.0884 24.10 <0.001
Speed 0.0564 1 0.0564 15.36 <0.001
Payload x Speed 0.0108 2 0.0054 1.47 0.24

Residual 0.0881 24 0.0037

4.4 Development of a Predictive Error Com-
pensation Function

Based on the ANOVA results and experi-
mental observations, a linear compensation
function was proposed to predict and adjust for
systematic positioning deviations as a function
of payload and speed.

The general form of the compensation func-
tion is:

Acomp= a X Payload + b X Speed +c¢ (1)

e where:
e a represents the influence of payload (in
mm/kg),

e b represents the influence of motion speed
(in mm per % nominal speed),
e (s aconstant bias term.

Using regression analysis on the experi-
mental dataset, the estimated parameters were
determined as:

e a~0.22 mm/kg,
e b=0.015mm /% speed,
e ¢~-0.10 mm.

Thus, the predictive compensation formula
becomes:

Acomp= 0.022 X Payload + 0.015 X
Speed — 0.10 (2)




For Payload = 2 kg, Speed = 25% (low speed)

Acomp= 0.022 X 2 + 0.015 x 25— 0.10 =
0.44 +0.375-0.10=0.715 mm (3)

For Payload = 4.5 kg, Speed = 100% (high
speed)

Acomp= 0.022 X 4.5 + 0.015 x 100 —
0.10=0.99 +1.5 - 0.10 = 2.39 mm(4)

This compensation model can be integrated
into the robot's trajectory generation process, ei-
ther within the robot’s native control program or
via an external supervisory system, enabling
proactive correction of positioning errors in real-
time manufacturing scenarios.

While the proposed compensation model is
linear and provides interpretable results aligned
with the operational parameters (payload and
speed), future work could explore the integration
of more flexible nonlinear regression tech-
niques. For instance, second-order polynomial
models or spline-based approaches may capture
more subtle patterns of error variation, particu-
larly at the edges of the robot’s workspace or un-
der complex dynamic conditions. A comparative
validation of such models against the linear
baseline would strengthen the robustness of the
predictive strategy without altering the funda-
mental framework.

5. CONCLUSION

This study assessed the absolute positioning
accuracy of the ABB IRB 1600-5/1.45 industrial
robot under varying payload and motion speed
conditions, using the C-Track 780 optical track-
ing system for external metrology. Furthermore,
a predictive error compensation strategy was de-
veloped based on experimental findings and sta-
tistical validation.

The key conclusions can be summarized as
follows:

e The ABB IRB 1600 robot demonstrated sys-
tematic absolute positioning deviations that
increased with both payload and motion
speed. The Mean Absolute Positioning Error
(MAPE) ranged from 0.33 mm (no payload,
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low speed) to 0.50 mm (heavy payload, high

speed).

e Two-way ANOVA analysis confirmed that
both payload and speed had a statistically
significant effect on positioning errors, with
a notable interaction between the two factors.

e The C-Track 780 optical tracking system ex-
hibited excellent stability and precision, with
measurement noise below 0.015 mm, vali-
dating its suitability for high-accuracy ro-
botic evaluations.

e A linear predictive compensation model was
proposed, correlating positioning errors with
payload and motion speed. The derived com-
pensation function enables proactive adjust-
ment of robot commands, thus significantly
enhancing absolute positioning accuracy
without altering the robot's internal control
architecture.

These findings underline the importance of
integrating external metrology and predictive
modeling into smart manufacturing environ-
ments, where dynamic operational conditions
demand adaptive and highly precise robotic sys-
tems.

Future Work

Building upon the results of this study, future
research directions include:

e Implementing the predictive compensation
model in real-time within the robot’s control
loop, enabling active correction during dy-
namic operations.

e Extending the compensation model to include
additional influencing factors, such as ther-
mal variations, tool wear, and external force
interactions.

e Exploring machine learning techniques to de-
velop non-linear, adaptive compensation
strategies capable of handling more com-
plex, non-deterministic error patterns.

e Conducting long-term robustness studies to
evaluate the durability and stability of the
compensation strategy under industrial pro-
duction conditions.

The integration of real-time metrology and
predictive control will be critical for achieving
the next level of precision, flexibility, and auton-
omy in robotic manufacturing systems.
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Evaluarea preciziei si compensarea predictiva a robotului ABB IRB 1600 utilizind sistemul optic de urmarire C-
Track 780 in contextul fabricatiei inteligente

Rezumat: in contextul productiei inteligente bazate pe date, metrologia externi joacd un rol esential in asigurarea
preciziei pozitionale a robotilor industriali. Aceastd lucrare investigheaza acuratetea de pozitionare a robotului ABB
IRB 1600-5/1.45 utilizand sistemul optic de urmarire C-Track 780. Experimentele au fost realizate in conditii variabile
de sarcind utila si viteza de miscare, fiind Inregistrate deviatiile dintre pozitiile comandate si cele efective ale TCP-
ului robotului. intrebarea central analizata este daca datele furnizate de C-Track 780 sunt suficient de stabile si precise
pentru a permite modelarea predictiva a erorilor de pozitionare. Rezultatele indicd tipare consistente de deviatie
influentate de conditiile dinamice si valideaza utilizarea sistemelor optice de urmarire pentru monitorizarea calitatii
in timp real si compensarea erorilor in vederea imbunatatirii preciziei in sistemele de fabricatie inteligente.
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