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Abstract
The purpose of this research is to develop a device capable of compensating for laser beam positioning error during 
processing of workpieces. This research is relevant, since several errors occur when processing workpieces with a laser 
beam, which lead to decrease in the level of accuracy. Two factors lead to these errors, such as the presence of vibrations 
and unstable beam waist position of the laser beam. It is known that one of the main reasons of unstable beam waist 
position of the laser beam is uneven surface of the workpiece. When processing a workpiece with a laser beam, the 
uneven surface of the workpiece causes the beam waist position to change. The position of the beam waist is important 
because it affects the accuracy of the workpiece. In order to reduce errors in the positioning of the beam waist, a system 
or mechanism is needed that can compensate for these errors. To achieve this, the system or mechanism must have ability 
to adapt to the surface of the workpiece. Thus, the development of the device in this study is a solution to the problem 
that arises during laser processing. In this research, an adaptive laser beam head device is designed which has adaptive 
capabilities to the surface of the workpiece so that it can compensate for position errors, stabilize the beam waist position, 
and reduce internal vibrations during workpiece processing. The laser beam head in this research can move in 3 degrees 
of freedom. With this ability, the laser beam head can move to follow the surface shape and adjust the beam waist position 
to the workpieces. During operation, to be able to track the position of the laser beam on the workpiece, the device is 
equipped with a camera. In this research, an experiment with mockup of this device was conducted to determine the 
level of its capabilities. From the experiment, it can be concluded that device is performing its objectives successfully. 
It can maintain the position of the laser beam waist on the surface of workpiece with a relatively high level of accuracy. 
This is evidence by the relatively low error rate. In general, this device can be used and implemented as a system for 
compensating the positioning error of the laser beam during workpiece processing and also can be implemented to 
improve the technology of workpiece processing with a high level of accuracy. 
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Аннотация
Введение. Представлены результаты разработки устройства, предназначенного для компенсации погрешности 
положения лазерного пучка при обработке заготовок. Погрешности, которые возникают при обработке заготовок 
лазерным пучком, приводят к снижению уровня точности. Погрешности вызваны двумя факторами: наличием 
вибраций и нестабильным положением перетяжки лазерного пучка. Одной из основных причин нестабильного 
положения точки фокусировки лазерного пучка является неровная поверхность заготовки, которая приводит 
к изменению положения перетяжки пучка относительно плоскости обработки. Погрешность положения 
перетяжки пучка по углу относительно плоскости обработки влияет на точность обработки заготовки. Для 
уменьшения погрешности в позиционировании перетяжки пучка относительно плоскости обработки, необходимо 
устройство (система или механизм), способное ее скомпенсировать. Устройство должно обладать способностью 
адаптироваться к поверхности заготовки. Метод. Таким образом, разработка устройства служит решением 
проблемы, возникающей при лазерной обработке. Разработанное устройство адаптивной головки лазерного пучка 
адаптируется к поверхности заготовки для компенсации погрешности положения, стабилизирует положение 
перетяжки пучка относительно плоскости обработки и уменьшает внутренние вибрации во время обработки 
заготовки. Головка с фокусирующей оптической системой может перемещаться в трех степенях свободы. 
Благодаря этому головка может отслеживать форму поверхности и корректировать положение точки фокусировки 
в соответствии с формой заготовок. Во время работы, чтобы иметь возможность отслеживать положение 
лазерного пучка на заготовке, устройство оснащено камерой. Выполнен эксперимент с макетом полученного 
устройства для определения уровня его возможностей. Основные результаты. В результате эксперимента 
определено, что устройство успешно выполняет свои задачи. Оно обеспечивает удержание лазерного пятна в 
требуемой точке и постоянное положение лазерного пятна на заготовке так, чтобы искажения его формы были 
минимальны. Обсуждение. Представленное устройство может быть использовано и применено в качестве 
системы компенсации погрешности позиционирования лазерного луча при обработке заготовки, а также для 
совершенствования технологии обработки заготовок с высоким уровнем точности.
Ключевые слова
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Introduction

Laser process technology has been in development 
for more than 40 years. At this time, laser processing has 
been widely applied in various fields, especially in the 
manufacturing process. The use of the laser processing 
includes ablation, surface texturing, laser welding, 
hybrid welding, laser cutting, etc. [1]. Accuracy and 
high speed in materials processing are the main reasons 
for the widespread use of laser processing technology 
in manufacturing processes [2, 3]. This is related to the 
manufacturing process which demands high-quality 
results. The higher the accuracy of the machine in the 
manufacturing process, the higher the quality of the product 
obtained. However, several variables, including energy 
distribution, laser power, focus diameter, focus position, 
and others, have a significant impact on how accurate the 
process laser is. The focus position has the greatest impact 
of all these variables. The beam diameter incident on the 
surface of the material or workpieces changes when the 
focus position is changed. Setting the beam waist position 
during the laser process is important to obtain the optimal 
level of accuracy and maximum product quality [4–7]. 
During laser processing it is always necessary to ensure 
that the beam waist position is stable on surface of the 
workpieces, since changes in focus point position (negative 
focus and positive focus) will change the size of the laser 
spot diameter by a larger amount, thereby reducing the 
energy density per unit area. This greatly affects the quality 
of the product obtained, especially when processing high 
precision workpieces such as single crystal silicon and 

thin films or other semiconductor materials where the 
magnitude of the error is measured in fractions of a micron 
[8]. During laser processing, the stability of the beam waist 
position is greatly affected by two factors, namely the 
uneven surface of the workpiece and vibration. Workpieces 
with uneven surface cause the position of the beam waist 
to change (defocus). To compensate for defocusing and 
to ensure that the beam waist is always on the surface of 
workpieces, a method or device is needed that can move or 
adapt on the surface of the workpiece so that the laser beam 
is always perpendicular to the workpiece surface and the 
size of the laser spot diameter does not change. 

Research on stabilization systems in laser processing 
has been developed before. The research is about the focus 
stabilization method using optical system [9, 10]. The 
optical systems used include Hollow Retroreflector Mirrors 
(HRM) and Fast Steering Mirrors (FSM). The control 
system is added with the aim of being able to control the 
HRM and FSM pasts using a Piezoelectric actuator. This 
research gave good results by showing that the method can 
compensate for the effect of vibration generated so as to 
provide stability at the beam waist position. However, the 
method given in this research still cannot compensate for 
problems with processing workpieces or materials with 
freeform surfaces. 

Research is to be able to solve problems when laser 
processing on uneven surfaces of workpieces has also been 
developed before. Stabilization of the focus position on 
complex component was proposed by research [11–13]. 
The method used in this research is to apply a scanner 
and camera to be able to detect the surface of the material 
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and a five-axis laser machine tool to be able to process 
the material. The results of the research indicate that the 
proposed method can provide stability to the beam waist 
position on workpieces or material with freeform surfaces. 
However, in this study, laser processing of materials with 
uneven surfaces was carried out by scanning the first. After 
performing a scan, the machine stores data and provides 
movement coordinates. So that the focus position of the 
material has determined beforehand. Also with this method, 
the accuracy of the movement is greatly influenced by the 
result of the scan and calibration of the laser machine on 
the workpieces. By not detecting the laser process with this 
method is not adaptive to the workpiece surface, because if 
the calibration results are bad, the focus position becomes 
inaccurate. 

Based on previous and how important it is to maintain 
the stability of the focus position during the laser process, 
this research proposes a method that can compensate 
for the vibration present in the system and workpieces 
with freeform surfaces. In this study, laser beam head is 
proposed that has adaptive capability to the surface of 
the workpieces or materials and is resistant to vibration 
and has self-calibration capability. In addition, this laser 
beam head can be applied to existing laser machines. The 
proposed laser beam head consists of three important 
parts, namely focusing and stabilization system, laser 
spot detection system and control system. Focusing and 
stabilization system is a moving part that aims to project 
the laser beam and move and adapt to the surface of the 
workpiece. This part is developed using the working 
principle of the modified Stewart platform. The Stewart 
platform has the capabilities of being flexible, payload 
capability, repeatability and positioning accuracy [14–18]. 
With the capabilities possessed by the Stewart platform, 
the laser beam head can move adaptively to follow the 
shape of the surface of workpieces, so that the beam waist 
position can be maintained. Laser spot detection system is 
designed to detect or recognize the laser spots. This part is 
developed using a camera and image processing program. 
The working principle of this system is the camera captures 
the laser spot and then the image coming from the camera is 
being processed by the program image processing [19, 20]. 
Therefore, if there is a deviation from the focus position 
of the laser beam during the laser process, the beam waist 
position can be corrected immediately. So by using the 
proposed adaptive laser beam head, the two main factors 
that affect the stability of the beam waist position during 
the laser process can be compensated and increase the 
accuracy of the laser process. The proposed solution is 

relevant in relation to workpiece surface processing using 
the laser. For instance, laser marking, laser engraving and 
laser annealing. 

Influence of the Focus Position on Laser Spot Size 
on the Workpieces

Focus position is the distance between the beam focus 
and the surface of the workpiece. There are 3 types of 
focus that need to be considered during the laser process, 
namely zero, positive and negative focus [21, 22]. Zero 
focus is a focus position where the laser beam focus 
position is located directly on the workpiece surface or 
in the other words where the beam waist position is right 
on the surface of the workpieces. Positive focus is a focus 
position where the laser beam focus far above the surface 
of the workpiece or the beam waist is located above the 
surface of the workpieces. Negative focus where the focus 
is located below the workpiece surface or the beam waist 
is located below the surface of the workpiece. For more 
details it can be seen in Fig. 1 below.

Focus position greatly affects the quality of the 
workpiece being processed. This is because changing 
the focus position will change the size of the laser beam 
spot. The accuracy of the laser processing is influenced by 
the size of the laser beam spot. So, to be able to process 
workpieces that have results with high accuracy, a type of 
zero focus is needed. 

As explained earlier, the focus position is highly 
dependent on the surface of the workpiece. So, the 
surface of the workpiece is one of the factors that affect 
the stability of the beam waist position. However, if the 
workpiece being processed has an uneven surface, the 
beam waist that has been set becomes unstable. Thus, to 
obtain good quality results during workpiece processing, a 
system is needed that can compensate for error caused by 
uneven workpiece surfaces. Another factor that causes the 
beam waist position to become unstable is the vibration 
generated during workpiece processing. To provide a more 
detailed illustration of the beam waist position on uneven 
workpiece, it can be seen in Fig. 2 below.

Based on Fig. 2, it is known that the workpiece is 
uneven causing the focus position to change to positive or 
negative focus even though the position of beam waist has 
been previously set. The changed focus position causes the 
laser spot to change in shape and size. The laser spot on the 
uneven workpiece is shown in Fig. 3. 

In order to compensate for the changing shape and size 
of the laser beam spot and provide stability to the beam 

Fig. 1. Scheme of focus point position on the workpiece during laser processing: zero focus (a); negative focus (b); positive focus (c)



Научно-технический вестник информационных технологий, механики и оптики, 2023, том 23, № 5
862 Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

Development of adaptive laser head for compensating error of beam waist position...

waist position on uneven workpieces, a method is needed 
to solve these problems. In this research, a laser head is 
developed that has adaptive capabilities so that it can adapt 
to the surface of the workpiece and allow the laser head to 
be always perpendicular to the workpiece and maintain the 
beam waist during the laser process. 

Laser Beam Positioning Error Compensation Device

In this research, a laser head is developed which has 
adaptive capabilities to the surface of the workpiece so 
that it can compensate for position errors, stabilize the 
beam waist position, and reduce internal vibrations during 
workpiece processing. The laser beam head in this research 
can move in 3 Degrees Of Freedom (DOF), which is 
rotating in the X axis or commonly referred to as roll (φ) 
and rotating in the Y axis or commonly referred to as pitch 

(θ) and also translating in the Z axis. With this ability, the 
laser beam head can move to follow the surface shape and 
adjust the beam waist position to the workpieces. Fig. 4 
shows the design of the adaptive laser beam head.

Based on Fig. 4, there are two parts of the adaptive laser 
beam head. The first important part is the focus position 
stabilization system. The focus position stabilization system 
is the part which functions to move the laser head so that 
can move following the shape of the workpiece surface. 
This part also functions to adjust the beam waist position 
on the surface of the workpiece. In this research, the focus 
position stabilization system is built on a platform called 
the modified Stewart platform. The modified Stewart 
platform has the ability to move in 3 DOF, namely rotating 
in the φ and θ axes, and translating in the Z axis. With the 
capabilities possessed by the modified Stewart platform, 

Fig. 2. Position of the beam waist on uneven workpieces: if the laser head is not adaptive to the surface of the workpiece (a); if the 
laser head is adaptive to the surface of the workpiece (b)

Fig. 3. Laser beam spot on the uneven workpiece, where φ is roll axis; θ is pitch axis

Fig. 4. Design of the adaptive laser beam head
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the system can provide stability to the beam waist position 
during laser processing of the workpiece. 

The second important part is laser spot detection 
system. This system is applied using camera. The camera 
functions to detect the laser beam spot and trajectory during 
the laser process on the workpiece. As previously stated, 
the laser beam spot is strongly influenced by the surface 
of the workpiece so that its size and shape can change. 
Therefore, a camera is needed to solve this problem. The 
camera will real-time capture the image of the laser beam 
spot on the surface of the workpiece.

The working principle of this adaptive laser beam 
head is as follows. The initial position of this device is 
above the reference workpiece which aims to perform 
calibrations. When the calibration takes place, the laser 
beam will be activated so that the image of the laser beam 
spot can be captured by the camera. Furthermore, the size 
and shape of the laser beam spot will be compared with 
the predetermined laser beam spot reference. If there is a 
difference, the control will instruct the modified Stewart 
platform to move and adjust the beam waist position as 
close as possible to the reference. This provides the device 
with self-calibration capabilities. After the calibration 
is complete, the device moves towards the work area to 
process the workpiece. During workpieces processing, 
the camera will always capture images of the laser beam 
spot and process and compare them with the reference 
in order to achieve stability in the beam waist position. 
However, if during the laser processing there is unevenness 
on the surface of the workpiece that causes the beam waist 
position to be disturbed or position error occurs, such as the 
size or shape of the laser beam spot changing, the device 
automatically adapts to the surface and adjusts the size 
and shape of the laser beam spot again according to the 
reference. This also applies if the beam waist position 
becomes unstable due to internal vibration. Therefore, with 
the capabilities of this device, positioning error during laser 
processing can be compensated. 

It should be noted that applying the proposed solution 
is mainly intended for systems in which laser radiation 
is brought to the surface via optical fiber. When using a 
system of mirrors and galvanometric deflecting systems, 
the correction of the laser spot shape will be difficult due 
to the lack of the necessary optical elements. 

Focusing and Stabilization System of Laser Beam 
Positioning Error Compensation Device

The focusing and stabilization system is one of the 
important parts of the position error compensation device. 
This system was developed using the working principle of 
the modified Stewart platform. Based on research [14], the 
Stewart platform is a manipulator device used to control 
position and movement. This platform has the ability to 
move in 3 DOF. With its flexibility and accuracy, this 
manipulator can be used and applied as the laser head part of 
the laser beam position error compensation device, namely 
as a laser beam focusing and stabilization system. This 
ability can provide the device to be able to move adaptively 
and position of the laser head always perpendicular to the 
surface of the workpiece so that the laser spot position 

is always at zero focus. To be able to experiment with 
this focusing and stabilization system, this research has 
developed a modified Stewart platform mockup. In the 
experiment, the mockup is used to compare its characteristics 
and operating mechanism. The modified Stewart platform 
mockup used in this experiment is shown in Fig. 5. 

Mechanical and electronic systems are required to 
design and implement the modified Stewart platform 
mockup. Several electronic parts, including a stepper 
motor and a gyroscope sensor, are employed in the mockup 
modified Stewart platform to support its movement and 
mechanism. The modified Stewart platform legs are 
propelled by a linear motor, and the platform tilt is sensed 
by a gyroscope sensor. On this modified Stewart platform 
there are 4 stepper motors on each leg which are referred 
to as motor X, motor Y, motor Z and motor A. The modified 
Stewart platform will lengthen by 2,815 μm every step 
as a result of input steps used to control the linear motor 
movement. The simulation model parameters will also be 
taken from the modified Stewart’s parameters. The platform 
can rotate maximum of 7°18ʹ on the φ and θ axes. The 
platform can translate maximum 11.3 mm in the Z axis. 
The accuracy of the inclination angle generated from this 
platform has been tested in previous research. The test 
results showed that there was no significant difference 
between the simulation model data and the experimental 
platform. With these results, it is found that the modified 
Stewart platform can be used to build an adaptive laser 
head as focusing and stabilization system.

Laser Spot Detection System of Laser Beam 
Positioning Error Compensation Device

Laser spot detection is important in the development 
of laser beam positioning error compensation device. 
Laser spot detection allows knowing the coordinates of 
the location of the laser spot. This spot detection system 
is performed by image processing program. In developing 
the laser spot method in this research, several devices and 
programs are required to support the development of the 
image processing method. Fig. 6 shows laser spot detection 
device used in the development of detection method in this 
research. 

When developing imaging systems, the camera is one of 
the main devices. The purpose of the camera is to be able to 

Fig. 5. Mockup of modified Stewart platform as focusing 
and stabilization system of laser beam positioning error 

compensation
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take images of the laser spot while the workpiece is being 
processed. The images taken from the camera will be sent 
for processing. In this research a digital camera is used. 
The resolution of the digital camera used is 5 megapixels. 
In the development of the laser spot detection system, two 
lasers are used called the reference laser and the platform 
laser. The reference laser is a green and spot-shaped laser. 
This reference laser is the part that will be processed and 
detected by this system. The platform laser is a red and 
cross-shaped laser. This laser is located above the modified 
Stewart platform, so this laser shows the moving point of 
the laser head of the laser beam position error compensation 
described earlier. 

Laser spot detection program is developed using 
several image processing functions with the objective of 
knowing the position or coordinates of the reference laser 
(green laser) on the target. The program was designed 
using MATLAB software. After images are acquired from 
the camera, the images will be processed in the detection 
program. The first function of image processing is to 
convert a color image into black and white using rgb2gray 
and bw functions. The purpose of converting an image to 
black and white is to make it easier to identify objects or 

laser spot contained in the image. To locate the center point 
of the laser spot, a function called centroid is needed. Using 
this function, the position or coordinate of the laser beam 
spot can be found. The location or coordinate obtained with 
this function is the pixel coordinates of the central point of 
the object. In MATLAB, this function can be used with a 
block program called Blob Analysis. In addition, using the 
coordinate points from the Blob Analysis function, the laser 
beam spot identification process can be carried out with 
Draw markers block program. With this block program, the 
laser beam spot can be marked with different shapes such as 
crosshairs, circles, squares and so on. Once the laser beam 
spot detection has been developed, the next thing to 
be developed is a conversion program from pixels to 
millimeters. Millimeters units are needed for the control 
program of laser beam positioning error compensation 
device as input data. For more details, Fig. 7 shows the 
laser spot detection program that has been developed. 

The results of the image processing obtained from the 
functions used in the laser spot detection program can be 
seen in Fig. 8 below. 

In general, the laser spot detection program using 
image processing has been successfully developed in this 

Fig. 6. Laser spot detection system: camera (a); image captured by the camera (b)

Fig. 7. Laser spot detection program
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research. The detection program can solve its task which 
is to detect the laser beam spot and provide the coordinates 
of its location. Using this detection program, it can be used 
as a laser spot detection system of laser beam positioning 
error compensation. 

Control System of Laser beam Positioning Error 
Compensation Device

The purpose of this control system is to control the 
movement of the laser beam positioning error compensation 
device. In addition, the control system is intended for 

the laser head to move automatically based on the laser 
position. The control program developed in this research 
is obtained by combining the laser spot detection program 
with the inclination angle tracking program of the modified 
Stewart platform that has been developed previously. This 
control program was designed using MATLAB software. 
Fig. 9 shows the control program of the laser position error 
compensation device. 

In this control program, the input is an image. The 
image is taken from a preliminary installed camera. The 
image is processed to get the coordinates of the laser 
beam spot location; also, after obtaining the laser spot 

Fig. 8. Process for detecting laser spot position: original image (a); processed image (black and white) (b); processed image (marked) 
(c); coordinate and position of the laser spot’s location (d)

Fig. 9. Control program of the laser position error compensation device
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location and after obtaining the laser beam spot location 
coordinates, the data will be processed to obtain the 
inclination angle values. As shown in Fig. 9, the output 
of this control program includes: X coordinates (pixel), X
coordinates (mm), platform angle in X coordinates (°), Y 
coordinates (pixel), Y coordinates (mm), platform angle in 
Y coordinates (°), motor step X, motor step Y, motor step Z, 
motor step A. These steps data will be the input of mockup 
to generate the inclination angle. The inclination angle is 
read by the gyroscope sensor. All obtained data will be 
processed and analyzed for further development of the laser 
beam position error compensation device. 

Experiment of Laser Beam Positioning Error 
Compensation Device

In this research, experiments were conducted to 
determine the accuracy of the position error compensation 
device in movement at a certain distance and angle. In 
addition, the purpose of this experiment is to determine the 
effectiveness of laser spot detection program and control 
program that have been developed previously. To determine 
the success of the experiment, the experiment results 
are compared with the simulation results that have been 
developed previously. Fig. 10 shows the installation of the 
laser position error compensation device in the experiment. 

The first process performed in this experiment is for 
the camera to take an image, as shown in Fig. 11. Once 
the image is captured, it will be processed in the program 
that was developed earlier. The program will process the 
image to get the coordinates of the laser spot location, 
inclination angle and steps data for X, Y, Z, A motors. The 
data is processed and the mockup of modified Stewart 
platform changes position by inclining by a certain angle. 
As the mockup moves, the platform laser (red laser) moves 
to the reference laser (green laser) from its starting point. 
In addition, the angle data obtained will be compared with 
the angle obtained in the simulation. In addition, the X–Y
coordinates contained in the laser target will be compared 
with the result of X–Y coordinates generated from the 
experiments. The coordinates located on the laser target in 
this experiment can be seen in Fig. 11 below. 

To facilitate the experiment and data collection, 
coordinate points are set on the target. The coordinate 
points will be the reference points for the platform laser 
(red laser) and the reference laser (green laser). In addition, 
the coordinate points will make it easier to calculate the 
distance between the two lasers. In this experiment, the 
mockup of the modified Stewart platform works on both 
X and Y coordinates. On the target, the distance between 
coordinate points is given in millimeters. There are 25 
points on the target with coordinates (X, Y):  (0, 0); (0, 25); 
(0, 50); (0, 75); (0, –25); (0, –50); (0, –75); (25, 0); 
(25, 25); (25, –25); (–25, 0); (–25, 25); (–25, –25);  (50, 0); 
(50, 50); (50, –50); (–50, 0); (–50, 50); (–50, –50); (75, 0); 
(75, 75); (75, –75); (–75, 0); (–75, 75); (–75; –75). The 
coordinate point (0, 0) is the initial positioning point of the 
laser platform (red laser) and the other coordinate points 
are the positioning point of the reference laser (green 
laser). These coordinate points will be illuminated by the 
reference laser beam which will be detected by the laser 

spot detection program. The distance (height) between the 
platform and the laser target is 120 cm.

Experiment Results of Laser Beam Positioning Error 
Compensation Device

At this stage, the results of the experiment on laser 
beam positioning error compensation are presented. In this 
experiment, the accuracy of the movement of this device 

Fig. 10. Installation of laser position error compensation device 
in the experiment: modified Stewart platform with platform 

laser (red laser), camera, and reference laser (green laser) (a); 
laser target (b)

Fig. 11. Coordinates located on the laser target in this 
experiment
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is evaluated from the movement of the platform laser (red 
laser) against the position of the reference laser (green 
laser) on the laser target. As previously explained, there 
are 25 coordinate points that have been conducted. The 

movement of the laser beam in the experiment can be seen 
in Fig. 12.

To simplify the data analysis process, please refer to 
Fig. 12. In Fig. 13, the blue dot is the reference point on 

Fig. 12. Experiment results on the movement of the position error compensation device on the laser target coordinates X, Y, mm: 
(25, 0) (a); (50, 0) (b); (75, 0) (c); (–25, 0) (d); (–50, 0) (e); (–75, 0) (f); (0, 25) (g); (0, 50) (h); (0, 75) (i); (0, –25) (j); (0, –50) (k); 

(0, –75) (l); (25, 25) (m); (50, 50) (n); (75, 75) (o); (25, –25) (p); (50, –50) (q); (75, –75) (r); (–25, 25) (s); (–50, 50) (t); (–75, 75) (u); 
(–25, –25) (v); (–50, –50) (w); (–75, –75) (x)
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the target, and the red dot is the coordinate point where the 
red laser beam moved during the experiment. 

Fig. 13 presents the data obtained from the experiments 
in this study. From the comparison graph, it is found 

that the largest error value on the X axis is 2.6 mm at 
coordinates (–75, –75) and the largest error value on the 
Y axis is 3.8 mm at coordinates (50, 0) and (75, 0). As 
a result, it can be concluded that the errors contained in 
the coordinate position data are generally small. Based 
on analysis conducted, the errors that appeared in this 
experiment were partly related to the size of the laser spot. 
The spot formed by the projection of the laser beam on the 
target is quite large, about 5 mm in diameter. With this size 
of laser spot, the detection program cannot provide more 
accurate results. However, the difference between the data 
is still within the tolerance of the laser spot which is less 
than 5 mm. In addition to the position data, there is also 
inclination angle data in the experiment. It is known that the 
maximum absolute error, inclination angle along the φ and 
θ axes is 0°24′. It is known that the error comes from the 
mechanical part of the mockup modified Stewart platform. 
As explained in the previous section, the modified Stewart 
platform is a complex device where each part of the device 
interconnected. The complex mechanism slightly restricts 
in the movement of the platform, which leads to decrease 
in the accuracy of the platform. Nevertheless, the device 
developed in this research has high positioning accuracy. 
Based on the experiment results, it can be concluded that 
the laser beam positioning error compensation device can 
move and work according to the target and direction given 
by the control program which is by directing the laser 
beam projection of the moving platform (red laser) from 

Fig. 12. Continuation

Fig. 13. Comparison graph of the laser spot position coordinates 
between reference position and experimental results
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the origin coordinate (0, 0) mm to the specified point or 
predetermined position of the reference laser point (green 
laser) on the laser target. 

Conclusion

In this research, a laser head is developed which has 
adaptive capabilities to the surface of the workpiece 
so that it can compensate for position error, stabilize 
the beam waist position, and reduce internal vibrations 
during processing of workpieces with uneven surfaces. 
A device called a modified Stewart platform was developed 
as the focusing and stabilization system of laser beam 
positioning error compensation device. The platform has 
the ability to move in 3 DOF, namely rotation along the 
φ and θ axes and movement along the Z axis. During 
the experiment, a program was developed to control the 
movement of the moving platform and detect the laser spot. 
The program allows the device to operate automatically, 
providing an automatic positioning system and automatic 
calibration. It was shown that the laser beam positioning 
error compensation device acts on the possible shift the 
laser spot and provides the displacement of laser beam 
(red laser) to the required point with sufficient accuracy. 
Further, such a device can move to the desired position 

or continuously ensure the position of the laser head is 
always perpendicular to the surface of workpiece with 
high degree of accuracy. From the experiment, it was found 
that there is a slight error in experimental data, which is 
explained by the imperfection of the mechanism of the 
modified Stewart platform. The imperfections of the spring 
elements and backlash at the joints cause a decrease in 
the positioning accuracy of the platform. Also, errors that 
occurred in this experiment were partly related to the size 
of the laser spot. The spot formed by the projection of the 
laser spot is quite large, about 5 mm in diameter. With 
this size of the laser beam, the detection program cannot 
provide more accurate results. However, the difference 
between the experimental data and the model is still within 
tolerance, which is less than 5 mm. In general, this device 
can be used and implemented as a laser beam positioning 
error compensation system during processing of workpiece. 
Thus, the laser head can change the focus distance to the 
surface, adapt to uneven workpiece surfaces, or compensate 
for vibrations. In future work, it is planned to continue to 
develop and study the model of the moving platform under 
dynamic conditions, as well as improve the mechanical 
parts and increase the level of laser beam positioning 
accuracy. 

References
1.	 Happonen A., Stepanov A., Piili H. Feasible application area study 

for linear laser cutting in paper making processes. Physics Procedia, 
2015,  vol .  78,  pp.  174–181.  ht tps: / /doi .org/10.1016/J .
PHPRO.2015.11.030

2.	 Naresh, Khatak P. Laser cutting technique: A literature review. 
Materials Today: Proceedings, 2022, vol. 56, pp. 2484–2489. https://
doi.org/10.1016/J.MATPR.2021.08.250

3.	 Sobih M. Laser-based machining - An advanced manufacturing 
technique for precision cutting. Advanced Machining and Finishing, 
2021, pp. 417–450. https://doi.org/10.1016/B978-0-12-817452-
4.00012-9

4.	 Metelkova J., Kinds Y., Kempen K., de Formanoir C., Witvrouw A., 
van Hooreweder B. On the influence of laser defocusing in Selective 
Laser Melting of 316L. Additive Manufacturing, 2018, vol. 23, 
pp. 161–169. https://doi.org/10.1016/J.ADDMA.2018.08.006

5.	 Rodrigues G.C., Vorkov V., Duflou J.R. Optimal laser beam 
configurations for laser cutting of metal sheets. Procedia CIRP, 2018, 
vol. 74, pp. 714–718. https://doi.org/10.1016/J.PROCIR.2018.08.026

6.	 Cao B.X., Hoang P.L., Ahn S., Kim J., Noh J. High-precision 
detection of focal position on a curved surface for laser processing. 
Precision Engineering, 2017, vol. 50, pp. 204–210. https://doi.
org/10.1016/J.PRECISIONENG.2017.05.008

7.	 Rana R.S., Chouksey R., Dhakad K.K., Paliwal D. Optimization of 
process parameter of Laser beam machining of high strength steels: 
a review. Materials Today: Proceedings, 2018, vol. 5, no. 9, 
pp. 19191–19199. https://doi.org/10.1016/J.MATPR.2018.06.274

8.	 Düsing J.F., Eichele T., Koch J., Suttmann O., Overmeyer L. Laser 
surface processing of integrated thin film systems on arbitrarily 
shaped components. Procedia Technology, 2014, vol. 15, pp. 122–
128. https://doi.org/10.1016/J.PROTCY.2014.09.063

9.	 Ding C., Zhu D., Wei Z., Tang M., Kuang C., Liu X. A compact and 
high-precision method for active beam stabilization system. Optics 
Communications, 2021, vol. 500, pp. 127328. https://doi.
org/10.1016/J.OPTCOM.2021.127328

10.	 Chang Y.H., Hao G., Liu C.S. Design and characterisation of a 
compact 4-degree-of-freedom fast steering mirror system based on 
double Porro prisms for laser beam stabilization. Sensors and 
Actuators A: Physical, 2021, vol. 322, pp. 112639. https://doi.
org/10.1016/J.SNA.2021.112639

Литература
1.	 Happonen A., Stepanov A., Piili H. Feasible application area study 

for linear laser cutting in paper making processes // Physics Procedia. 
2015 .  V.   78 .  P.   174–181 .  h t t p s : / / do i . o rg /10 .1016 / J .
PHPRO.2015.11.030

2.	 Naresh, Khatak P. Laser cutting technique: A literature review // 
Materials Today: Proceedings. 2022. V. 56. P. 2484–2489. https://doi.
org/10.1016/J.MATPR.2021.08.250

3.	 Sobih M. Laser-based machining - An advanced manufacturing 
technique for precision cutting // Advanced Machining and Finishing. 
2021. P. 417–450. https://doi.org/10.1016/B978-0-12-817452-
4.00012-9

4.	 Metelkova J., Kinds Y., Kempen K., de Formanoir C., Witvrouw A., 
van Hooreweder B. On the influence of laser defocusing in Selective 
Laser Melting of 316L // Additive Manufacturing. 2018. V. 23. 
P. 161–169. https://doi.org/10.1016/J.ADDMA.2018.08.006

5.	 Rodrigues G.C., Vorkov V., Duflou J.R. Optimal laser beam 
configurations for laser cutting of metal sheets // Procedia CIRP. 2018. 
V. 74. P. 714–718. https://doi.org/10.1016/J.PROCIR.2018.08.026

6.	 Cao B.X., Hoang P.L., Ahn S., Kim J., Noh J. High-precision 
detection of focal position on a curved surface for laser processing // 
Precision Engineering. 2017. V. 50. P. 204–210. https://doi.
org/10.1016/J.PRECISIONENG.2017.05.008

7.	 Rana R.S., Chouksey R., Dhakad K.K., Paliwal D. Optimization of 
process parameter of Laser beam machining of high strength steels: 
a review // Materials Today: Proceedings. 2018. V. 5. N 9. P. 19191–
19199. https://doi.org/10.1016/J.MATPR.2018.06.274

8.	 Düsing J.F., Eichele T., Koch J., Suttmann O., Overmeyer L. Laser 
surface processing of integrated thin film systems on arbitrarily 
shaped components // Procedia Technology. 2014. V. 15. P. 122–128. 
https://doi.org/10.1016/J.PROTCY.2014.09.063

9.	 Ding C., Zhu D., Wei Z., Tang M., Kuang C., Liu X. A compact and 
high-precision method for active beam stabilization system // Optics 
Communications. 2021. V. 500. P. 127328. https://doi.org/10.1016/J.
OPTCOM.2021.127328

10.	 Chang Y.H., Hao G., Liu C.S. Design and characterisation of a 
compact 4-degree-of-freedom fast steering mirror system based on 
double Porro prisms for laser beam stabilization // Sensors and 
Actuators A: Physical. 2021. V. 322. P. 112639. https://doi.
org/10.1016/J.SNA.2021.112639

https://doi.org/10.1016/J.PHPRO.2015.11.030
https://doi.org/10.1016/J.PHPRO.2015.11.030
https://doi.org/10.1016/J.MATPR.2021.08.250
https://doi.org/10.1016/J.MATPR.2021.08.250
https://doi.org/10.1016/B978-0-12-817452-4.00012-9
https://doi.org/10.1016/B978-0-12-817452-4.00012-9
https://doi.org/10.1016/J.ADDMA.2018.08.006
https://doi.org/10.1016/J.PROCIR.2018.08.026
https://doi.org/10.1016/J.PRECISIONENG.2017.05.008
https://doi.org/10.1016/J.PRECISIONENG.2017.05.008
https://doi.org/10.1016/J.MATPR.2018.06.274
https://doi.org/10.1016/J.PROTCY.2014.09.063
https://doi.org/10.1016/J.OPTCOM.2021.127328
https://doi.org/10.1016/J.OPTCOM.2021.127328
https://doi.org/10.1016/J.SNA.2021.112639
https://doi.org/10.1016/J.SNA.2021.112639
https://doi.org/10.1016/J.PHPRO.2015.11.030
https://doi.org/10.1016/J.PHPRO.2015.11.030
https://doi.org/10.1016/J.MATPR.2021.08.250
https://doi.org/10.1016/J.MATPR.2021.08.250
https://doi.org/10.1016/B978-0-12-817452-4.00012-9
https://doi.org/10.1016/B978-0-12-817452-4.00012-9
https://doi.org/10.1016/J.ADDMA.2018.08.006
https://doi.org/10.1016/J.PROCIR.2018.08.026
https://doi.org/10.1016/J.PRECISIONENG.2017.05.008
https://doi.org/10.1016/J.PRECISIONENG.2017.05.008
https://doi.org/10.1016/J.MATPR.2018.06.274
https://doi.org/10.1016/J.PROTCY.2014.09.063
https://doi.org/10.1016/J.OPTCOM.2021.127328
https://doi.org/10.1016/J.OPTCOM.2021.127328
https://doi.org/10.1016/J.SNA.2021.112639
https://doi.org/10.1016/J.SNA.2021.112639


Научно-технический вестник информационных технологий, механики и оптики, 2023, том 23, № 5
870 Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

Development of adaptive laser head for compensating error of beam waist position...

11. Wang X., Liu B., Mei X., Wang W., Duan W., Wang X. An adaptive 
laser focus auto-positioning method for non-datum complex 
components based on 3D vision. Optics and Lasers in Engineering, 
2022,  vol . 149,  pp. 106834.  ht tps: / /doi .org/10.1016/ j .
optlaseng.2021.106834

12. Karkantonis T., Penchev P., Nasrollahi V., Le H., See T.L., Bruneel D., 
Ramos-de-Campos J.A., Dimov S. Laser micro-machining of 
freeform surfaces: Accuracy, repeatability and reproducibility 
achievable with multi-axis processing strategies. Precision 
Engineering, 2022, vol. 78, pp. 233–247. https://doi.org/10.1016/J.
PRECISIONENG.2022.08.009

13. Duan Y., Vo Q., Zhang X., Wang Y., Huang S., Fang F. Novel method 
of measuring optical freeform surface based on laser focusing probe 
without calibrating focus error signal. Measurement, 2019, vol. 148, 
pp. 106961. https://doi.org/10.1016/J.MEASUREMENT.2019.106961

14. Rizki M.A., Fedosov Yu.V. Evaluation and development of a method 
for compensating the positioning error of computer numeric control 
equipment. Scientific and Technical Journal of Information 
Technologies, Mechanics and Optics, 2022, vol. 22, no. 6, pp. 1063–
1071. https://doi.org/10.17586/2226-1494-2022-22-6-1063-1071

15. Russo M., Dong X. A calibration procedure for reconfigurable Gough-
Stewart manipulators. Mechanism and Machine Theory, 2020, 
v o l . 1 5 2 ,  p p . 1 0 3 9 2 0 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / J .
MECHMACHTHEORY.2020.103920

16. Song Y., Tian W., Tian Y., Liu X. Calibration of a Stewart platform 
by designing a robust joint compensator with artificial neural 
networks. Precision Engineering, 2022, vol. 77, pp. 375–384. https://
doi.org/10.1016/J.PRECISIONENG.2022.07.001

17. Yang X.L., Wu H.T., Chen B., Kang S.Z., Cheng S.L. Dynamic 
modeling and decoupled control of a flexible Stewart platform for 
vibration isolation. Journal of Sound and Vibration, 2019, vol. 439, 
pp. 398–412. https://doi.org/10.1016/J.JSV.2018.10.007

18. Navvabi H., Markazi A.H.D. Hybrid position/force control of Stewart 
Manipulator using Extended Adaptive Fuzzy Sliding Mode Controller 
(E-AFSMC). ISA Transactions, 2019, vol. 88, pp. 280–295. https://
doi.org/10.1016/J.ISATRA.2018.11.037

19. Cao B.X., Hoang P., Ahn S., Kim J.O., Sohn H., Noh J. Real-time 
detection of focal position of workpiece surface during laser 
processing using diffractive beam samplers. Optics and Lasers in 
Engineering, 2016, vol. 86, pp. 92–97. https://doi.org/10.1016/J.
OPTLASENG.2016.05.008

20. Zhang Y., Li Y., Gu X., Liu H., Zhang Y., Hu W. Laser spot image 
acquisition and processing based on LabVIEW. Optik, 2019, vol. 185, 
pp. 505–509. https://doi.org/10.1016/J.IJLEO.2018.12.051

21. Alexeev I., Wu J., Karg M., Zalevsky Z., Schmidt M. Determination 
of laser beam focus position based on secondary speckles pattern 
analysis. Applied Optics, 2017, vol. 56, no. 26, pp. 7413. https://doi.
org/10.1364/AO.56.007413

22. Voisey K.T. Laser drilling of metallic and nonmetallic materials and 
quality assessment. Comprehensive Materials Processing, 2014, 
vol. 9, pp. 177–194. https://doi.org/10.1016/B978-0-08-096532-
1.00919-5

Authors
Muhamad Albani Rizki — Student, ITMO University, Saint Petersburg, 
197101, Russian Federation, sc 58038476200, https://orcid.org/0000-
0001-7502-1699, muhamadalbanirizki@gmail.com
Yuri V. Fedosov — PhD, Associate Professor, ITMO University, Saint 
Petersburg, 197101, Russian Federation, sc 57194080548, https://orcid.
org/0000-0003-1869-0081, Yf01@yandex.ru

Received 19.06.2023
Approved after reviewing 27.07.2023
Accepted 17.09.2023

11. Wang X., Liu B., Mei X., Wang W., Duan W., Wang X. An adaptive 
laser focus auto-positioning method for non-datum complex 
components based on 3D vision // Optics and Lasers in Engineering. 
2 0 2 2 .  V. 1 4 9 .  P. 1 0 6 8 3 4 .  h t t p s : / / d o i . o rg / 1 0 . 1 0 1 6 / j .
optlaseng.2021.106834

12. Karkantonis T., Penchev P., Nasrollahi V., Le H., See T.L., Bruneel D., 
Ramos-de-Campos J.A., Dimov S. Laser micro-machining of 
freeform surfaces: Accuracy, repeatability and reproducibility 
achievable with multi-axis processing strategies // Precision 
Engineering. 2022. V. 78. P. 233–247. https://doi.org/10.1016/J.
PRECISIONENG.2022.08.009

13. Duan Y., Vo Q., Zhang X., Wang Y., Huang S., Fang F. Novel method 
of measuring optical freeform surface based on laser focusing probe 
without calibrating focus error signal // Measurement. 2019. V. 148. 
P. 106961. https://doi.org/10.1016/J.MEASUREMENT.2019.106961

14. Rizki M.A., Fedosov Yu.V. Evaluation and development of a method 
for compensating the positioning error of computer numeric control 
equipment // Научно-технический вестник информационных 
технологий, механики и оптики. 2022. Т. 22. № 6. С. 1063–1071. 
https://doi.org/10.17586/2226-1494-2022-22-6-1063-1071

15. Russo M., Dong X. A calibration procedure for reconfigurable Gough-
Stewart manipulators // Mechanism and Machine Theory. 2020. 
V. 1 5 2 .  P. 1 0 3 9 2 0 .  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / J .
MECHMACHTHEORY.2020.103920

16. Song Y., Tian W., Tian Y., Liu X. Calibration of a Stewart platform 
by designing a robust joint compensator with artificial neural 
networks // Precision Engineering. 2022. V. 77. P. 375–384. https://
doi.org/10.1016/J.PRECISIONENG.2022.07.001

17. Yang X.L., Wu H.T., Chen B., Kang S.Z., Cheng S.L. Dynamic 
modeling and decoupled control of a flexible Stewart platform for 
vibration isolation // Journal of Sound and Vibration. 2019. V. 439. 
P. 398–412. https://doi.org/10.1016/J.JSV.2018.10.007

18. Navvabi H., Markazi A.H.D. Hybrid position/force control of Stewart 
Manipulator using Extended Adaptive Fuzzy Sliding Mode Controller 
(E-AFSMC) // ISA Transactions. 2019. V. 88. P. 280–295. https://doi.
org/10.1016/J.ISATRA.2018.11.037

19. Cao B.X., Hoang P., Ahn S., Kim J.O., Sohn H., Noh J. Real-time 
detection of focal position of workpiece surface during laser 
processing using diffractive beam samplers // Optics and Lasers in 
Engineering. 2016. V. 86. P. 92–97. https://doi.org/10.1016/J.
OPTLASENG.2016.05.008

20. Zhang Y., Li Y., Gu X., Liu H., Zhang Y., Hu W. Laser spot image 
acquisition and processing based on LabVIEW // Optik. 2019. V. 185. 
P. 505–509. https://doi.org/10.1016/J.IJLEO.2018.12.051

21. Alexeev I., Wu J., Karg M., Zalevsky Z., Schmidt M. Determination 
of laser beam focus position based on secondary speckles pattern 
analysis // Applied Optics. 2017. V. 56. N 26. P. 7413. https://doi.
org/10.1364/AO.56.007413

22. Voisey K.T. Laser drilling of metallic and nonmetallic materials and 
quality assessment // Comprehensive Materials Processing. 2014. V. 9. 
P. 177–194. https://doi.org/10.1016/B978-0-08-096532-1.00919-5

Авторы
Ризки Мухамад Албани — студент, Университет ИТМО, Санкт-
Петербург, 197101, Российская Федерация, sc 58038476200, https://
orcid.org/0000-0001-7502-1699, muhamadalbanirizki@gmail.com
Федосов Юрий Валерьевич — кандидат технических наук, до-
цент, Университет ИТМО, Санкт-Петербург, 197101, Российская 
Федерация, sc 57194080548, https://orcid.org/0000-0003-1869-0081, 
Yf01@yandex.ru

Статья поступила в редакцию 19.06.2023
Одобрена после рецензирования 27.07.2023
Принята к печати 17.09.2023

Работа доступна по лицензии
Creative Commons
«Attribution-NonCommercial»

https://doi.org/10.1016/j.optlaseng.2021.106834
https://doi.org/10.1016/j.optlaseng.2021.106834
https://doi.org/10.1016/J.PRECISIONENG.2022.08.009
https://doi.org/10.1016/J.PRECISIONENG.2022.08.009
https://doi.org/10.1016/J.MEASUREMENT.2019.106961
https://doi.org/10.17586/2226-1494-2022-22-6-1063-1071
https://doi.org/10.1016/J.MECHMACHTHEORY.2020.103920
https://doi.org/10.1016/J.MECHMACHTHEORY.2020.103920
https://doi.org/10.1016/J.PRECISIONENG.2022.07.001
https://doi.org/10.1016/J.PRECISIONENG.2022.07.001
https://doi.org/10.1016/J.JSV.2018.10.007
https://doi.org/10.1016/J.ISATRA.2018.11.037
https://doi.org/10.1016/J.ISATRA.2018.11.037
https://doi.org/10.1016/J.OPTLASENG.2016.05.008
https://doi.org/10.1016/J.OPTLASENG.2016.05.008
https://doi.org/10.1016/J.IJLEO.2018.12.051
https://doi.org/10.1364/AO.56.007413
https://doi.org/10.1364/AO.56.007413
https://doi.org/10.1016/B978-0-08-096532-1.00919-5
https://doi.org/10.1016/B978-0-08-096532-1.00919-5
https://orcid.org/0000-0001-7502-1699
https://orcid.org/0000-0001-7502-1699
mailto:muhamadalbanirizki@gmail.com
https://orcid.org/0000-0003-1869-0081
https://orcid.org/0000-0003-1869-0081
mailto:Yf01@yandex.ru
https://doi.org/10.1016/j.optlaseng.2021.106834
https://doi.org/10.1016/j.optlaseng.2021.106834
https://doi.org/10.1016/J.PRECISIONENG.2022.08.009
https://doi.org/10.1016/J.PRECISIONENG.2022.08.009
https://doi.org/10.1016/J.MEASUREMENT.2019.106961
https://doi.org/10.17586/2226-1494-2022-22-6-1063-1071
https://doi.org/10.1016/J.MECHMACHTHEORY.2020.103920
https://doi.org/10.1016/J.MECHMACHTHEORY.2020.103920
https://doi.org/10.1016/J.PRECISIONENG.2022.07.001
https://doi.org/10.1016/J.PRECISIONENG.2022.07.001
https://doi.org/10.1016/J.JSV.2018.10.007
https://doi.org/10.1016/J.ISATRA.2018.11.037
https://doi.org/10.1016/J.ISATRA.2018.11.037
https://doi.org/10.1016/J.OPTLASENG.2016.05.008
https://doi.org/10.1016/J.OPTLASENG.2016.05.008
https://doi.org/10.1016/J.IJLEO.2018.12.051
https://doi.org/10.1364/AO.56.007413
https://doi.org/10.1364/AO.56.007413
https://doi.org/10.1016/B978-0-08-096532-1.00919-5
https://orcid.org/0000-0001-7502-1699
https://orcid.org/0000-0001-7502-1699
mailto:muhamadalbanirizki@gmail.com
https://orcid.org/0000-0003-1869-0081
mailto:Yf01@yandex.ru

