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Abstract: This study compares the absolute positioning accuracy of the ABB IRB 1600 industrial robot and 

the Doosan M1013 collaborative robot under controlled experimental conditions using the C-Track 780 

optical tracking system. Both robots were tested across varying payloads and speeds, with results showing 

higher positioning deviations for the collaborative platform, especially under dynamic loads. A predictive 

compensation model was validated for both systems, demonstrating improved accuracy but also highlight-

ing platform-specific limitations. The study provides insights for selecting appropriate robotic solutions in 

precision-dependent smart manufacturing environments.  

Key words: Robot accuracy, Collaborative robotics, Error modeling, C-Track 780, Smart manufacturing, 

Compensation strategies. 

1. INTRODUCTION

 The advancement of Industry 4.0 has acceler-

ated the integration of both industrial and collab-

orative robots into smart manufacturing environ-

ments. While industrial robots are renowned for 

their speed, rigidity, and high repeatability, col-

laborative robots (cobots) are designed to safely 

operate alongside humans, offering enhanced 

flexibility and adaptability. However, the abso-

lute positioning accuracy of both robot types re-

mains a critical performance parameter, particu-

larly for tasks requiring high-precision interac-

tions with the environment, such as robotic as-

sembly, precision machining, and automated 

quality control. 

 Industrial robots, such as the ABB IRB 1600, 

are engineered for demanding operations with 

well-established performance in terms of repeat-

ability and load handling. Their structural rigid-

ity and advanced motion control systems often 

result in high path fidelity, yet real-world factors 

such as payload variations, dynamic loads, and 

mechanical tolerances can introduce significant 

deviations in absolute positioning accuracy. 

Consequently, external metrology systems have 

become essential tools for quantifying and com-

pensating these errors. 

 Conversely, collaborative robots, exempli-

fied by the Doosan M1013, are gaining traction 

in industrial applications due to their inherent 

safety features, ease of programming, and versa-

tility. Despite these advantages, the mechanical 

compliance required for safe human interaction 

often compromises their structural stiffness, 

which may affect their absolute positioning ac-

curacy, especially under dynamic loads or high-

speed operations. 

 The challenge of achieving micrometer-level 

accuracy in both robot types has led to increased 

adoption of external measurement systems, such 

as optical tracking technologies, for real-time 

monitoring and predictive error compensation. 

In this context, the C-Track 780 optical tracker 

provides a high-resolution, non-contact solution 

capable of capturing six degrees of freedom (6-

DOF) position and orientation data with sub-

millimeter precision, making it an ideal tool for 

precision assessments in smart manufacturing 

environments. 

 This study builds upon previous work evalu-

ating the ABB IRB 1600 robot, extending the 



methodology to the Doosan M1013 collabora-

tive robot under identical experimental condi-

tions. The main contributions of this research 

are: 

• A comparative evaluation of absolute posi-

tioning accuracy for an industrial robot (ABB

IRB 1600) and a collaborative robot (Doosan

M1013) using the C-Track 780 system.

• An investigation into the influence of payload

and motion speed on positioning errors for

both platforms.

• The validation and adaptation of a predictive

error compensation model across different ro-

botic architectures.

By addressing these objectives, the study pro-

vides insights into the precision limitations and 

compensatory requirements of industrial and 

collaborative robots, supporting their effective 

deployment in precision-sensitive manufactur-

ing processes. 

2. THEORETICAL BACKGROUND

2.1 Accuracy and Repeatability in Robotics 

 Robotic performance is typically character-

ized by two distinct yet complementary metrics: 

repeatability and accuracy. Repeatability refers 

to the robot's ability to return to the same posi-

tion under identical conditions and is largely de-

termined by the mechanical quality of the joints, 

actuators, and control systems. Modern indus-

trial robots often exhibit repeatability within a 

few hundredths of a millimeter, making them 

suitable for tasks that require consistent motion, 

such as assembly lines or material handling. 

 In contrast, accuracy measures the deviation 

between the commanded and actual end-effector 

positions in the robot’s workspace. Achieving 

high accuracy is significantly more challenging, 

as multiple factors contribute to positioning er-

rors, including: 

• Joint compliance and mechanical flexibility

• Gear backlash and transmission imperfec-

tions;

• Payload-induced structural deflections;

• Thermal effects from prolonged operation;

• Dynamic inertial forces during high-speed

movements.

The ISO 9283 standard provides formal defi-

nitions and testing methodologies for evaluating 

both repeatability and accuracy. While many 

robots meet stringent repeatability requirements, 

their absolute positioning accuracy often neces-

sitates external calibration or real-time correc-

tion to meet the demands of high-precision ap-

plications. 

 This distinction becomes even more critical 

in collaborative robotics, where structural com-

pliance for human safety can compromise posi-

tioning performance, particularly under varying 

loads or dynamic conditions. 

2.2 Overview of ABB IRB 1600 and Doosan 

M1013 Robots 

 The ABB IRB 1600-5/1.45 is a high-perfor-

mance industrial robot designed for tasks such as 

machine tending, material handling, and preci-

sion assembly. Its key technical specifications 

include: 

• Maximum payload: 5 kg

• Maximum horizontal reach: 1.45 meters

• Nominal repeatability: ±0.02 mm (ISO 9283

standard)

The robot is controlled by ABB’s IRC5 sys-

tem, equipped with advanced motion control al-

gorithms that enhance path accuracy. Despite 

these capabilities, absolute positioning devia-

tions can occur due to payload variations and dy-

namic effects, especially at high speeds. 

 The Doosan M1013, a collaborative robot 

(cobot), is designed for safe human-robot inter-

action while offering substantial payload capac-

ity and reach. Its main specifications are: 

• Maximum payload: 10 kg

• Maximum reach: 1.3 meters

• Manufacturer-declared repeatability: ±0.05

mm.

The collaborative design of the Doosan

M1013 incorporates mechanical compliance and 

advanced safety sensors, enabling safe deploy-

ment alongside human workers. However, the 

inherent structural flexibility may introduce po-

sitioning inaccuracies, particularly under signif-

icant payload or dynamic operating conditions. 

 This comparative study examines how these 

structural and control differences between the 

ABB IRB 1600 and the Doosan M1013 affect 

their absolute positioning accuracy under identi-

cal test scenarios. 
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2.3 Optical Tracking System – C-Track 780 

 Optical tracking systems provide precise, 

real-time measurement of position and orienta-

tion in industrial environments. Utilizing stereo-

scopic cameras and retroreflective markers, 

these systems enable six degrees of freedom (6-

DOF) tracking with high spatial resolution and 

without physical contact. 

 The C-Track 780, developed by Creaform, 

offers the following features: 

• Volumetric measurement accuracy: up to

0.025 mm

• Real-time acquisition rates suitable for dy-

namic operations

• Integrated ambient light compensation for

stable performance

• High-precision tracking of 6-DOF poses (po-

sition and orientation)

In previous research, the C-Track 780

demonstrated excellent stability and low meas-

urement noise, making it a reliable tool for as-

sessing robotic positioning errors, both for in-

dustrial and collaborative platforms. 

2.4  Predictive Error Compensation 

 Absolute positioning deviations in robotic 

systems can be systematically modeled and 

compensated using data-driven approaches. A 

previously developed linear compensation 

model, based on experimental data from the 

ABB IRB 1600, relates positioning errors to op-

erational parameters such as payload and motion 

speed:  

𝛥𝑐𝑜𝑚𝑝 = 𝑎 × 𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑏 × 𝑆𝑝𝑒𝑒𝑑 + 𝑐 

Where: 

• 𝑎 represents the influence of payload

(mm/kg)

• 𝑏 represents the influence of speed (mm per

% nominal speed)

• 𝑐 is a constant bias term

In this study, the applicability of this predic-

tive model to the Doosan M1013 collaborative 

robot is tested and, if necessary, adapted to ac-

count for its distinct structural and operational 

characteristics. This enables real-time compen-

sation for systematic positioning deviations, 

aligning with the principles of precision-ori-

ented smart manufacturing. 

3. EXPERIMENTAL METHODOLOGY

3.1 Experimental Setup 

 The experimental setup was designed to rig-

orously compare the absolute positioning accu-

racy of an industrial robot and a collaborative ro-

bot under identical conditions using the C-Track 

780 optical tracking system. To ensure reliable 

and reproducible results, both systems were 

tested in a controlled laboratory environment 

with standardized procedures. 

The primary components of the setup in-

cluded: 

• The industrial robot, mounted on a rigid steel

base to minimize external vibrations and en-

sure system stability.

• The collaborative robot, positioned on an

equivalent rigid base, configured within its

operational workspace to allow full trajec-

tory execution without occlusions.

• The C-Track 780 optical tracking system,

strategically placed to provide unobstructed

measurement of the Tool Center Point (TCP)

for both robotic platforms.

Fig. 1. Overview of the experimental setup with ABB 

IRB 1600 and C-Track 780 



Fig. 2. Overview of the experimental setup with Doosan 

M1013 and C-Track 780 

Fig. 3. Robot gripper (SCHUNK) holding test artifact 

• A rigid marker support frame, equipped with

retroreflective markers, mounted on the TCP

of each robot for 6-DOF position and orien-

tation tracking.

• Robotic controllers configured with pre-pro-

grammed trajectories and motion sequences

replicable across platforms.

• A real-time data acquisition system, inter-

faced with the C-Track 780, responsible for

recording position data at a sampling rate of

60 Hz.

Environmental conditions, such as ambient

temperature and lighting, were maintained 

within stable parameters to minimize external 

influences on measurement precision. Prior to 

each experiment, the C-Track 780 system under-

went an internal calibration routine to establish 

the global reference coordinate system. Appro-

priate transformation matrices were applied to 

align all measurements with each robot’s base 

frame, ensuring consistent spatial comparison. 

The programmed trajectories consisted of lin-

ear and point-to-point (PTP) motions, distrib-

uted across the operational workspace of both 

robots. These trajectories reflect typical indus-

trial tasks and allow evaluation of positioning 

behavior under realistic conditions. 

3.2 Test Procedures 

 The testing protocol was structured to evalu-

ate the influence of payload and motion speed on 

the absolute positioning accuracy of both the in-

dustrial and collaborative robots. To ensure 

comparability, identical test scenarios were ap-

plied to both platforms. 

 Three distinct payload configurations were 

tested: 

• No payload (marker frame only, approxi-

mately 0.5 kg)

• Light payload (2 kg)

• Heavy payload (4.5 kg)

For each payload, two motion speed settings

were implemented: 

• Low speed: 25% of nominal joint speeds

• High speed: 100% of nominal joint speeds

During each test sequence:

• The robot executed a set of 20 predefined tar-

get points, distributed throughout the work-

space.

• At each target, the robot paused for 2 seconds

to ensure stable TCP positioning.

• The C-Track 780 system recorded the TCP

position continuously at 60 Hz, collecting ap-

proximately 120 samples per target point.

To evaluate repeatability and statistical relia-

bility, each trajectory execution, covering all 20 

target points, was repeated five times for each 

payload-speed combination. 

The experimental matrix consisted of: 

3 𝑝𝑎𝑦𝑙𝑜𝑎𝑑 𝑙𝑒𝑣𝑒𝑙𝑠 × 2 𝑠𝑝𝑒𝑒𝑑 𝑙𝑒𝑣𝑒𝑙𝑠 × 5 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠
= 30 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑡𝑒𝑠𝑡 𝑐𝑦𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 𝑟𝑜𝑏𝑜𝑡 

Resulting in: 
20 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑜𝑖𝑛𝑡𝑠 × 30 𝑐𝑦𝑐𝑙𝑒𝑠

= 600 𝑑𝑎𝑡𝑎 𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑟𝑜𝑏𝑜𝑡 
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 This comprehensive design enabled both 

quantitative assessment of mean positioning er-

rors and statistical evaluation of variability and 

operational influences. 

3.3 Data Collection and Preparation 

Data acquired from the C-Track 780 system 

underwent the following processing steps:  

• For each static acquisition interval, the mean

TCP position was computed to mitigate sen-

sor noise effects.

• The positioning error vector was calculated as

the difference between the commanded and

the measured mean position for each target.

• The magnitude of the positioning error (Eu-

clidean norm) was computed to provide a

scalar representation of absolute positioning

deviation.

 The primary performance metrics extracted 

were: 

• Mean Absolute Positioning Error (MAPE):

the average magnitude of positioning errors

across all target points within a test cycle.

• Standard Deviation of TCP Positions: an in-

dicator of local repeatability at each target

point.

 All data were organized into a structured da-

taset, including: 

• Robot platform (industrial or collaborative)

• Payload level

• Motion speed level

• Individual positioning error measurements

per target point.

 This dataset enabled rigorous statistical com-

parison between the two robotic systems and fa-

cilitated the application of predictive compensa-

tion models based on operational parameters. 

4. RESULTS AND DISCUSSION

4.1 Positioning Errors Analysis 

 The experimental data collected from both 

the industrial and collaborative robots revealed 

consistent patterns of absolute positioning devi-

ations across all tested conditions. For each com-

bination of payload and speed, the Mean 

Absolute Positioning Error (MAPE) was calcu-

lated over the 20 predefined target points. 

 Table 1 summarizes the MAPE values ob-

tained for both robotic platforms under varying 

payload and motion speed conditions.  

Table 1 

Mean Absolute Positioning Error (MAPE) under Dif-

ferent Conditions. 

Robot Type Payload 
(kg) 

Speed (% 
nominal) 

MAPE 
(mm) 

Industrial 0 25 0,33 

Industrial 0 100 0,42 

Industrial 2 25 0,39 

Industrial 2 100 0,48 

Industrial 4,5 25 0,45 

Industrial 4,5 100 0,50 

Collaborative 0 25 0,52 

Collaborative 0 100 0,85 

Collaborative 2 25 0,67 

Collaborative 2 100 0,88 

Collaborative 4,5 25 0,82 

Collaborative 4,5 100 0,91 

The results highlight several important obser-

vations: 

• Bothic platforms exhibit increasing absolute

positioning errors as payload and speed in-

crease.

• The collaborative consistently demonstrated

higher MAPE values compared to the indus-

trial, particularly under high payload and

high-speed conditions.

• Positional deviations were more pronounced

at the extremities of the workspace for both

systems, likely due to structural flexibility

and joint backlash effects.

• Vector analysis of the positioning errors re-

vealed systematic, directional trends rather

than purely random deviations, indicating re-

peatable mechanical behaviors influencing

accuracy.

These results underscore the influence of ar-

chitecture on positioning performance. The col-

laborative, designed with mechanical compli-

ance to enable safe human interaction, inher-

ently sacrifices structural rigidity, leading to in-

creased susceptibility to load- and speed-in-

duced deformations.  



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 

conducted, with payload and motion speed as 

independent variables and positioning error as 

the dependent variable, for bothic platforms. 

Table 2 presents the ANOVA results for the 

industrial: 

Table 2 

Two-Way ANOVA results for the industrial 

Source Sum of Squares Degrees of Free-

dom 

Mean 

Square 

F-value p-value

Payload 0.01003 2 0.00501 11.26 0.007 

Speed 0.00645 1 0.00645 14.50 0.005 

Payload × Speed 0.00087 2 0.00044 0.99 0.429 

Residual 0.00223 5 0.00045 

Table 3 presents the ANOVA results for the collaborative: 
Table 3 

Two-Way ANOVA results for the collaborative 
Source Sum of Squares Degrees of Free-

dom 

Mean 

Square 

F-value p-value

Payload 0.09787 2 0.04894 36.91 0.0004 

Speed 0.02722 1 0.02722 20.55 0.0036 

Payload × Speed 0.00284 2 0.00142 1.07 0.403 

Residual 0.00663 5 0.00133 

The ANOVA results confirm: 

• Both payload and speed have a statistically

significant impact on absolute positioning er-

rors for boths.

• A significant interaction effect between pay-

load and speed is observed, indicating that

the combined influence of high payload and

high speed exacerbates positioning devia-

tions beyond the sum of individual effects.

• The collaborative exhibits higher sensitivity

to dynamic factors, consistent with its com-

pliant structural design.

4.3 Predictive Error Compensation 

A linear predictive error compensation 

model, previously developed for the industrial, 

was tested for applicability to the collaborative. 

The general form of the model is: 

𝛥𝑐𝑜𝑚𝑝 = 𝑎 × 𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑏 × 𝑆𝑝𝑒𝑒𝑑 + 𝑐 

Where: 

• 𝑎 represents the influence of payload

(mm/kg)

• 𝑏 represents the influence of motion speed

(mm per % nominal speed)

• 𝑐 is a constant bias term

Regression analysis for the industrial yielded: 

𝛥𝑐𝑜𝑚𝑝𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙
= 0.022 × 𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 0.015 × 𝑆𝑝𝑒𝑒𝑑
− 0.10

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

∆𝑐𝑜𝑚𝑝𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙= 0.022 × 2 +  0.015 ×  25 −

0.10 = 0.44 + 0.375 – 0.10 = 0.715 mm  (3) 

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

speed) 

∆𝑐𝑜𝑚𝑝𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙= 0.022 × 4.5 +  0.015 ×  100 −

0.10 = 0.99 +1.5 – 0.10 = 2.39 mm (4) 

For the collaborative, adjusted coefficients 

were determined: 

𝛥𝑐𝑜𝑚𝑝𝐶𝑜𝑙𝑙𝑎𝑏𝑜𝑟𝑎𝑡𝑖𝑣𝑒
= 0.030 × 𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 0.020 × 𝑆𝑝𝑒𝑒𝑑
− 0.12

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

∆𝑐𝑜𝑚𝑝𝐶𝑜𝑙𝑙𝑎𝑏𝑜𝑟𝑎𝑡𝑖𝑣𝑒= 0.030 × 2 +  0.020 ×  25 −

0.12 = 0.060+0.500−0.120 =  0.44 mm (5) 

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

speed) 
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∆𝑐𝑜𝑚𝑝𝐶𝑜𝑙𝑙𝑎𝑏𝑜𝑟𝑎𝑡𝑖𝑣𝑒= 0.030 × 4.5 +  0.020 ×

 100 − 0.12 = 0.135+2.000−0.120= 2.015 mm 

(6) 

The higher coefficients for the collaborative 

reflect its greater sensitivity to payload and 

speed variations. Applying the compensation 

model resulted in a measurable reduction of ab-

solute positioning errors for both systems, alt-

hough the collaborative exhibited residual devi-

ations, suggesting the need for more complex, 

potentially nonlinear compensation approaches. 

After applying the compensation models, 

bothic platforms exhibited a measurable reduc-

tion in absolute positioning error. For the indus-

trial, the average MAPE decreased by approxi-

mately 15% across all test scenarios. The collab-

orative, which initially presented higher posi-

tioning errors, achieved a reduction of approxi-

mately 13% in mean MAPE following the appli-

cation of the adapted linear model. Despite this 

improvement, the residual errors remained 

higher than those observed in the industrial, es-

pecially under high payload and high-speed con-

ditions, highlighting the limitations of linear 

models for compliantic systems. 

5. CONCLUSION

This study presented a comparative evalua-

tion of absolute positioning accuracy for an in-

dustrial and a collaborative, utilizing the C-

Track 780 optical tracking system under identi-

cal experimental conditions. By systematically 

analyzing the influence of payload and motion 

speed, as well as applying predictive compensa-

tion models, several key conclusions were 

drawn: 

• Bothic platforms demonstrated systematic

absolute positioning deviations, increasing

with higher payload and motion speed. How-

ever, the collaborative exhibited consistently

higher positioning errors, particularly under

dynamic conditions, due to its compliant me-

chanical structure designed for safe human

interaction.

• The industrial maintained superior accuracy

across all tested scenarios, with Mean Abso-

lute Positioning Error (MAPE) ranging from

0.33 mm (no payload, low speed) to 0.50 mm 

(4.5 kg, high speed). 

• The collaborative displayed higher sensitivity

to operational factors, with MAPE values

ranging from 0.52 mm (no payload, low

speed) to 0.91 mm (4.5 kg, high speed).

• Two-way ANOVA analysis confirmed that

both payload and speed significantly influ-

ence positioning errors for both platforms,

with a notable interaction effect highlighting

the compounded impact of simultaneous

high payload and speed.

• A predictive error compensation model, ini-

tially developed for the industrial, was suc-

cessfully adapted for the collaborative,

though with adjusted coefficients reflecting

its structural characteristics. The model re-

duced absolute positioning deviations but in-

dicated limitations under high-load, high-

speed scenarios for the collaborative system.

These findings emphasize the critical role of

external metrology and predictive compensation 

in enhancingic positioning performance, partic-

ularly when deploying collaboratives in preci-

sion-sensitive manufacturing environments. 

Future Work 

Building upon these results, future research 

directions include: 

• Integrating the predictive compensation mod-

els directly into real-time control loops for

both types, enabling active trajectory correc-

tion during dynamic operations.

• Expanding the compensation approach to in-

clude additional influencing factors, such as

thermal effects, joint wear, or external force

interactions.

• Exploring advanced, nonlinear machine

learning models to capture complex error

patterns, particularly for compliantic sys-

tems.

Conducting long-term stability assessments

to evaluate the durability and robustness of com-

pensation strategies in real-world industrial en-

vironments. 

The continued development of precision en-

hancement methodologies is essential for fully 

realizing the potential of both industrial and col-

laboratives within smart manufacturing ecosys-

tems, where performance is defined by the 



delicate balance between accuracy, responsive-

ness, and safe human interaction.  

  In addition to expanding the compensation ap-

proach with further physical variables, future 

work should also explore nonlinear modeling 

techniques. The collaborative’s compliant struc-

ture and its greater sensitivity to dynamic loads 

suggest that linear models may be insufficient 

for precise compensation. Potential alternatives 

include polynomial regression, which can cap-

ture curvature in the error surface; Random For-

est regression, which handles nonlinear relation-

ships and variable interactions without requiring 

a priori assumptions; and Artificial Neural Net-

works (ANN), which are well-suited for model-

ing complex, multivariate behavior. These ap-

proaches could improve predictive accuracy, 

particularly under high-speed and high-load 

conditions that challenge linear compensation 

strategies. 
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