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APPLICATION OF ADIGITAL TWIN OF AROBOTIC WELDING
COMPLEX FOR TORCH TRAJECTORY OPTIMIZATION

Abstract: The study is devoted to the application of digital twin technology to improve
the efficiency of robotic welding complexes in modern mechanical engineering. The transition
from traditional robot programming by teaching to virtual simulation in CAD/CAE
environments is substantiated as a key factor in reducing production downtime and
increasing technological flexibility. A method for optimizing the trajectory of the welding
torch is proposed based on minimizing the welding cycle time and automatic collision
detection during motion simulation. The digital twin model enables accurate reproduction of
the robot kinematics, including dynamic constraints such as acceleration and inertial effects.
Simulation results demonstrate improved trajectory smoothness and reduced velocity
variation, which is essential for ensuring uniform weld quality. The implementation of virtual
modeling allows early detection of programming errors and eliminates the risk of equipment
damage. The approach significantly reduces setup time and enhances operational safety,
confirming the effectiveness of digital twin integration into robotic welding systems.

Keywords: digital twin; robotic welding; trajectory optimization; CAD/CAE; collision
detection; industrial robot; welding torch; cycle time.

Anomauia: Poboma npucesyena 3acmocy8antio mexHon02ii yughposozo 08itiHuKa 0is
niOBUUeHHsl  eheKMUBHOCMI  POOOMU30BAHUX  38APIOBATLHUX KOMNIEKCI8 Y  CYYACHOMY
Mawunooyoyeanui. OOTpYHMOBAHO OOYINLHICHb nepexody 8i0 MpAOUYIlIHO20 NPOSPAMYEAHHSL
pobomie Memooom HABYAHHA 00 8ipmyanvbHo2o mooenoeanhs y cepedosuuax CAD/CAE sk
KIIOY08020 YUHHUKA 3MEHUIEHH NpOCMOi8 GUPOOHUYMEA Ma NiOBUWEHHS CHYYKOCMI
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MEeXHON02IYHUX — Npoyecis.  3anponoHo8aHo memod onmumizayii mpaekmopii  pyxy
36aPIOBATILHOCO NANbHUKA, WO OA3YEMbC HA MIHIMI3AYii Mpusaiocmi 36aproeaibH020 YUK
ma asmoMamuyHoOMy 8Usl8NeHHI KOai3il nid wac cumynayii pyxy. Lugposuil ositinux 0038015€
MOYHO GIOMEOPIOGAMU  KiHeMamuxky poboma 3 YpPaxy8aHHAM OUHAMIYHUX O0OMedCeHb,
30KpeMa NpucKoOpenb ma  IHepYIuHUX Haeanmadcens. Pezyremamu  MoOenosamts
O0eMOHCMPYIOMb NIOBUWEHHS NIABHOCMI PYXYy MA 3MeHWeHHs eapiayii weuoKkocmi, wo €
KPUMUYHO 8ANHCIUBUM OJISl 3a0e3neyents piGHOMIPHOT AKocmi 36apH020 wea. Bukopucmanns
8ipMYanbHOI MOOeNi 0a€ 3M02y BUABIAMU NOMUIKU NPOSPAMYBAHHA HA PAHHIX emanax ma
yeyeamu pusuk NOUKO0OHMCeHHs 001A0OHAHHA.

Knrwowuosi cnosa: yugposuii 08itiHuk;, pobomuzo8ame 36apro6aHHs, ONMUMIZAYIA
mpaexkmopii;, CAD/CAE,; eusenenHs KOL3itl, NPOMUCIO8ULL poOOm, 38apHOBATIbHUL NATLHUK,
YUKJL.

Statement of the problem and its connection with scientific and practical
works. Robotic welding is a key element of modern mechanical engineering,
operating under conditions of high intensity and increased requirements for the
accuracy and stability of technological processes [1, 2, 3]. Traditional methods
of programming welding robots by direct teaching of the manipulator require
significant time consumption [4, 5], suspension of the production process, and
the involvement of highly qualified personnel [6, 7, 8].

In this regard, the application of digital twins [9, 10] is highly relevant,
allowing the transfer of the programming and debugging stage into a virtual
CAD/CAE environment [11, 12, 13]. This approach ensures a reduction in
production preparation time and increases the operational safety of welding
equipment.

The main purpose of the study is to evaluate the effectiveness of using
digital twins of a robotic welding complex to optimize the trajectory of the
torch.

Presentation of the main material of the research. The digital twin is
based on the creation of an accurate geometric model of the robotic welding
complex (Figure 1), which includes a manipulator, a welding torch, a platform,
and technological equipment. The assembly of the twin and the research results
were performed in the SOLIDWORKS environment. To analyze the motion,
collision detection algorithms were applied, which determine the minimum
distances between system elements during the simulation process.

A 6-axis industrial robot Fanuc Arc Mate 120iD, specifically designed for
arc welding, was chosen as the primary equipment for performing welding
operations. The Abicor Binzel ABIROB W500 welding torch model was
selected. The Austrian Fronius TPS/i series equipment was chosen as the
welding power source for integration with Fanuc. For wire feeding, a Fronius
WF 25i Robacta Drive mechanism is used, with the wire being fed from a
Marathon Pac, which is also located on the platform. The Marathon Pac is a
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high-capacity continuous wire feeding system. The platform provides linear
movement of the industrial robot with equipment up to 3 m [14].

Unlike static approaches, the use of a digital twin allows taking into
account accelerations, inertial loads, and kinematic constraints of the
manipulator. In addition, the simulation made it possible to avoid kinematic
singularities, where the robot loses a degree of freedom, which often occurs
during the manual teaching of complex seams.

Instead of a direct comparison with traditional methods, the effectiveness
of the developed digital twin based on the Fanuc Arc Mate 120iD was evaluated
through iterative simulation in a CAD/CAE environment. The optimization of
the cycle time Teqe IS based on minimizing the total welding time and idle
movements:

Teyele = Y, (Lweld / Vwerd) + 2. (Lidie / Vidie), (1)

where Lyeiq is the total length of the welding seams; Liqe is the length of the idle
trajectories; Vweig and Vige are the respective movement speeds of the welding
torch.

By using the T minimization algorithms according to formula (1), a
trajectory was calculated that takes into account not only the seam length Lyl
but also the dynamic constraints of the manipulator — acceleration and inertial
loads. This allowed achieving high smoothness of motion, confirmed by a low
coefficient of velocity variation (at the level of 4.8%), which is critical for
ensuring uniform penetration depth.

The introduction of the virtual platform model (with a stroke of up to 3 m)
and Fronius wire feeding mechanisms allowed for a comprehensive analysis of
the reachability zones. Collision detection algorithms automatically identified
potential collision points of the torch with technological equipment at the
development stage, which in real conditions guarantees a zero probability of
damaging expensive equipment.

Based on the simulation of complex trajectories, it was established that the
virtual setup stage takes about 3.2 hours. This indicates the high efficiency of
transferring programming from the physical workshop to the virtual
environment, as it allows preparing control programs without stopping the
production process.

The use of the digital twin allows taking into account the kinematic
features of the 6-axis system, ensuring the optimal orientation of the ABIROB
WS500 torch relative to the weld pool throughout the entire trajectory.
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Fig. 1. Three-dimensional model of the welding complex

The obtained data demonstrate that the application of virtual models allows
detecting programming errors at early stages. Ignoring the simulation stage leads
to significant risks of damaging expensive technological equipment. The main
economic effect of the implementation is the elimination of downtime of the
robotic complex during the development of new technological programs.

Conclusion. The paper implements an approach to optimizing a robotic
welding complex using digital twin technology. The integration of CAD/CAE
systems into the production preparation process allows reducing programming
time, eliminating collisions, and shortening the duration of the welding cycle.

The obtained results justify the feasibility of introducing digital twins in
modern mechanical engineering to increase the efficiency, safety, and quality of
welded structures.
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THE RANKING LIST OF HUNGARIAN ROBOTICS RESEARCHERS

2026
Abstract: This scientific paper presents the 2026 ranking of Hungarian researchers in
the field of robotics based on bibliometric indicators. The primary criterion for ranking is the
h-index, which reflects both productivity and citation impact of researchers. In cases where
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