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Abstract 

This study presents 'WeldTrack: Smart Guidance System,' developed to minimize operator-induced errors in 

manual laser welding operations and to protect device longevity against the risk of 'back-reflection,' a critical 

issue particularly in highly reflective metals such as AISI 304 stainless steel. The system architecture consists 

of two main units communicating via Wi-Fi. The first unit is a reference apparatus equipped with a BNO055 

absolute orientation sensor and an ESP32-S3 microcontroller, designed to measure the spatial orientation of 

the surfaces to be joined by touching them sequentially prior to welding. Data obtained from these surfaces 

are used to calculate the three-dimensional digital twin of the joint geometry and its absolute orientation relative 

to the gravity axis. The second unit is a tracking module integrated into the welding torch. Based on the bisector 

plane and target orientation data received from the reference unit, the torch module provides real-time 

guidance to the operator through a visual interface (LCD-based spirit level) to maintain the correct angular 

position along the welding line. Experimental results demonstrate the feasibility of the proposed digital twin 

generation and real-time operator guidance approach, enabling orientation-aware manual laser welding while 

providing a digital framework compatible with Industry 4.0-based process monitoring. 

Keywords: Hand-held Laser Welding, Dual-Sensor Fusion, Digital Twin, Joint Geometry Mapping, Real-

Time Guidance 

1. INTRODUCTION 

Laser welding technology has become an indispensable part of modern manufacturing thanks to its 

advantages of low heat input and a narrow heat-affected zone (HAZ) [1, 2]. Early studies proved the 

effectiveness of Nd:YAG lasers on thin foils and sensitive components [3]. The automotive industry is one of 

the areas where this technology is most intensively utilized. In the literature, it has been emphasized that the 

optimization of seam geometry in sheet metal joining [4, 5] and the cracking and softening problems 

encountered in the welding of high-strength steels can be overcome through parameter control [6, 7]. 

Furthermore, the critical role of microstructural phase changes on mechanical strength in the laser joining of 

nickel-based superalloys has been the subject of many investigations [8, 9]. 

In recent years, with the increasing need for flexibility in the industry, a significant trend from fixed systems 

toward hand-held laser welding (HHLW) systems has been observed. The growing popularity of handheld 

systems since 2023 is seen particularly as a solution to the shortage of qualified labor [10]. By evaluating the 

applicability of these systems in the production of components with aesthetic requirements, it has been stated 

that they constitute a strong alternative to traditional arc welding [11]. However, welding quality in these 

systems is directly dependent on parameters such as laser power, wire feed speed, and oscillation frequency 

[12, 13]. 

In contrast, the "operator factor" in handheld systems remains one of the greatest challenges. Variations in 

optical characteristics and focal shifts of different commercial systems make the direct transfer of parameters 
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between devices difficult and can lead to welding defects [14]. Moreover, reflected radiation generated during 

the use of these Class 4 laser category devices poses serious risks to operator safety [15, 16]. By drawing 

attention to the optical hazards created by systems used in small workshops, it has been emphasized that 

traditional protection methods may remain insufficient [17]. Smart torch systems developed to minimize these 

risks and user errors are of great importance for the traceability and reliability of the process [18]. 

The operator assistance device developed within the scope of this study aims to reduce operator-induced 

variability by supporting the parameter sensitivity and safety requirements specified in the literature. In this 

direction, the presented 'WeldTrack: Smart Guidance System' provides real-time guidance using dual-sensor 

fusion and a dynamic referencing algorithm, supporting safer torch orientation. 

2. MATERIALS AND METHODS 

The experimental validation of the WeldTrack system was performed using an industrial laser welding platform 

and a dual-sensor orientation measurement architecture. The proposed methodology focuses on generating 

a weld seam digital twin from measured joint geometry and calculating the corresponding reference torch 

orientation to provide real-time guidance during manual laser welding operations. 

2.1.  Tactile Surface Mapping and Digital Twin Generation 

The Master Unit (Figure 1-1) was developed to digitalize the physical joint geometry. It integrates a BNO055 

absolute orientation sensor (Figure 1-2) and an ESP32-S3 control board (Figure 1-3), enabling quaternion-

based orientation measurement, processing, and Wi-Fi communication. The measurement procedure consists 

of three sequential steps (Figure 2): first, the operator records the gravity-aligned reference quaternion ���� 

using the trigger button (Figure 1-4), establishing the global coordinate frame (Figure 2a-7,8). Then, the 

sensor is placed on the first and second joint surfaces to acquire their orientations as quaternion vectors ��and 

��(Figure 2b-9 and Figure 2c-10). RGB LEDs indicate the current measurement stage (Figure 1-5). 

The quaternion data are converted into surface normal vectors using equation (1): 

�� = ��(0,1,0)��
�� (1) 

where ��and ��are the unit normal vectors of the joint surfaces. The weld seam direction vector is calculated 

using equation (2): 

� = (�� × ��)/∣ �� × �� ∣               (2) 

The normalized bisector vector is obtained using equation (3): 

� = (�� + ��)/∣ �� + �� ∣             (3) 

The bisector plane normal is calculated using equation (4): 

� = (� × �)/∣ � × � ∣              (4) 

where � defines the rotation axis. The target torch orientation vector is generated by rotating the bisector vector 

by 15° about the plane normal vector p, remaining within the bisector plane, as given by equation (5): 

� = �(�, �)�               (5) 

where � = 15∘. The rotation angle was fixed at 15°, corresponding to the target torch work angle used in the 

present study. Therefore, the generated digital twin includes both the weld seam geometry and the reference 

torch orientation required for operator guidance. Before each measurement, the Master Unit was calibrated by 

recording the gravity-aligned reference quaternion (����) on a surface perpendicular to the gravity direction. 

According to the manufacturer's specifications, the BNO055 provides an orientation uncertainty below ±0.5°. 

The generated digital twin was then transmitted to the Slave Unit for real-time guidance. 
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2.2.  Industrial Platform and Real-Time Guidance Integration 

The digital twin was integrated into the manual laser welding process through the Slave Unit. The experimental 

platform consists of a Turcweld LP300 Nd:YAG laser system (Figure 3a), operating at 1064 nm wavelength 

with a peak power of 9.9 kW and average power of 300 W. Welding parameters, including 200 ms pulse 

interval and 1–300 Hz frequency range, were controlled through the manual control unit (Figure 3b). The 

conventional torch (Figure 3c) was modified by integrating the Slave Unit (Figure 3d), which includes a second 

BNO055 sensor (Figure 4b-15) and an ESP32-S3 processor (Figure 4b-16). The sensor continuously 

acquires torch orientation data at 20 Hz, and the measured quaternion data are compared with the target 

orientation calculated from the digital twin. The generated digital twin and the calculated target orientation are 

transferred to the Slave Unit, which continuously updates orientation data at 20 Hz to provide real-time operator 

guidance. The developed user interface (Figure 4c-17) visualizes the deviation between the actual torch 

orientation and the calculated target orientation using a spirit-level display, enabling the operator to 

continuously adjust and maintain the recommended torch orientation during welding. 

 

   

Figure 1 Tactile measurement unit (1) for pre-weld joint geometry mapping (Master Unit): (2) BNO055 

absolute orientation sensor, (3) ESP32-S3 control board for data processing, (4) trigger button, and (5) 

status RGB LED. 

 
(a) (b) (c) 

Figure 2 Representative illustration of the tactile measurement steps for joint digitalization: (a) Calibration 

phase to establish the global reference frame (8) relative to the gravity axis (7). (b) Measurement of the first 

surface orientation angle (9) by contacting the primary workpiece surface (6). (c) Measurement of the second 

surface orientation angle (10) and subsequent calculation of the weld seam digital twin (11), including the 

ideal bisector plane (12) and target torch direction (13). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3 (a) Turcweld LP300 laser welding machine, (b) manual control interface, (c) standard hand-held 

laser torch, and (d) upgraded torch integrated with the WeldTrack angular positioning assistant. 
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(a) (b) (c) 

Figure 4 Welding Torch Module (Slave Unit): (a) Integration of the module (14) onto the torch body (18), (b) 

Internal architecture showing the tracking sensor (15) and receiver processor (16), (c) Real-time User 

Feedback Interface (17) for angular deviation monitoring. 

3. RESULTS AND DISCUSSION 

3.1. Joint Geometry Identification and Digital Twin-Based Torch Orientation Calculation 

Two different measurement scenarios were performed to demonstrate the capability of the proposed system 

to identify joint geometries and calculate the reference torch orientation independently of the workpiece 

position relative to gravity. The preparation and guidance processes for these scenarios are presented step-

by-step in Table 1. In the first scenario, two sheet metal components were positioned to form an internal corner 

joint with arbitrary spatial orientation. During the pre-welding preparation stage, the Master Unit sequentially 

measured the reference surface and both joint surfaces. The acquired quaternion data were processed using 

the algorithm described in Section 2 to reconstruct the three-dimensional digital representation of the joint 

geometry. The generated digital twin represents the weld seam direction, bisector plane, and target torch 

orientation obtained by applying the predefined 15° inclination angle within the bisector plane. This calculated 

orientation was transferred to the Slave Unit to provide real-time guidance during manual welding. 

The second scenario involved a more complex joint orientation with multi-axis inclination, where predefined 

geometric references such as 45° or 90° positions are insufficient. As illustrated in Table 1, the proposed 

mapping approach successfully reconstructed the spatial relationship between the joint surfaces without 

requiring external references. These results demonstrate the capability of the WeldTrack system to transform 

physical joint geometry into a digital representation and generate a corresponding torch orientation reference 

for manual welding operations. 

3.2.  Preliminary Evaluation of Operator Guidance Performance 

A preliminary welding experiment was conducted to evaluate the practical guidance capability of the developed 

system. The objective of this experiment was not to statistically quantify the effect of the system on weld quality, 

but rather to demonstrate its capability to assist an inexperienced operator in maintaining the calculated torch 

orientation. The welding samples were produced using 304 series matte stainless steel sheets with dimensions 

of 20 × 40 × 1.2 mm, configured as 90° internal corner joints. The operator received one day of basic welding 

training before the experiments. A total of twenty specimens were welded, including ten samples without 

WeldTrack guidance and ten samples with WeldTrack guidance. Representative microscope images of three 

samples and one general appearance image for each condition are presented in Figure 5. 

As shown in Figure 5a, samples produced without guidance exhibited visible burn marks on the opposite 

surface of the welding direction, which were associated with difficulties in maintaining a stable torch orientation 

by an inexperienced operator. In contrast, the samples produced with WeldTrack guidance (Figure 5b) did not 

exhibit the same visible marks, suggesting that the visual feedback provided by the system helped the operator 

maintain the recommended torch orientation more consistently. These preliminary observations suggest that 

the proposed system has the potential to improve the consistency of manual torch positioning by assisting 
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operators in maintaining the calculated reference torch orientation; however, comprehensive statistical studies 

involving different operators, materials, welding conditions, and quantitative weld characterization are required 

to determine its overall influence on welding performance. 

Table 1 Identification of joint geometries with different spatial orientations via sequential surface mapping and 

calculation of torch guidance data. 

Welding Scenario Calibration Measurement of the first 
surface 

Second surface measurement 
and the weld seam digital twin 

reconstruction 

   

 

 

         

                                         (a)                                                                           (b) 

Figure 5 Comparison of representative weld seam appearances: (a) welds produced without guidance 

exhibiting visible surface irregularities and burn marks, (b) welds produced using WeldTrack guidance. 

4. CONCLUSION  

This study presents the development and experimental demonstration of WeldTrack, a mechatronic guidance 

system designed to generate a digital twin of a weld seam and provide real-time guidance for maintaining the 

calculated torch orientation during manual laser welding operations. The proposed system integrates tactile 

surface mapping, quaternion-based orientation calculation, and a dual-sensor architecture to reconstruct the 

spatial geometry of the joint and determine the reference torch orientation based on the calculated bisector 

plane and predefined inclination angle. Experimental results show that the developed approach can 

successfully convert physical joint geometry into a digital representation and provide real-time orientation 

feedback to the operator. 

A preliminary welding experiment performed by an inexperienced operator demonstrated that the proposed 

guidance system has the potential to assist in maintaining torch positioning compared with unguided manual 

operation. The present study primarily focuses on the development and validation of the digital twin generation 
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and operator guidance methodology. The quantitative effects of the system on weld quality parameters, 

penetration characteristics, defect formation, and operator performance require further investigation through 

comprehensive statistical studies involving different operators, materials, welding conditions, and 

measurement techniques. 
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