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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.

Keywords
modified Stewart platform, laser processing, adaptive laser beam head, laser spot detection system

For citation: Rizki M.A., Fedosov Yu.V. Development of adaptive laser head for compensating error of
beam waist position during processing materials using laser beam spot detection method. Scientific and
Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no. 5, pp. 859-870. doi:
10.17586/2226-1494-2023-23-5-859-870

VK 681.5.073
Pa3paboTka ananTuBHOI JIa3epHOM IOJOBKH JJIsI KOMIIEHCAIIUN
NMOrPeIHOCTH MOJI0KEeHHS MePeTSKKU NMYyYKa BO BpeMs Jia3epHoii 00padoTkmn
C HCITI0JIB30BaHUEM METOdAa 06Hapyﬂceﬂnﬂ NATHA Ja3€pPHOro Uu3J1y4YeHUus
Myxaman Anoanu Puzku!™, IOpuii Banepnesuny ®enocon?
1.2 Vausepcurer UTMO, Canxr-Iletep6ypr, 197101, Poccuiickas ®enepanys

! muhamadalbanirizki@gmail.com™d, https://orcid.org/0000-0001-7502-1699
2 Y{01@yandex.ru, https://orcid.org/0000-0003-1869-008 1

© Rizki M.A., Fedosov Yu.V., 2023

Hay4HOo-TexHN4ecKkunin BECTHUK MHDOPMALIMOHHbLIX TEXHONOM NI, MeXaHUku n ontukun, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

859


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:muhamadalbanirizki@gmail.com
https://orcid.org/0000-0001-7502-1699
mailto:Yf01@yandex.ru
https://orcid.org/0000-0003-1869-0081
mailto:muhamadalbanirizki@gmail.com
https://orcid.org/0000-0001-7502-1699
mailto:Yf01@yandex.ru
https://orcid.org/0000-0003-1869-0081

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

AHHOTALUA

Beenenne. [IpencraBiens! pe3yabTaTsl pa3padOTKH yCTPOHCTBA, IPeJHA3HAYEHHOTO ISl KOMIICHCAIINH TTOTPEITHOCTH
TIOJIOKEHUS JIA3€PHOTO ITydKa IIpH 00paboTke 3aroToBOK. [TorpentHocTn, KoTopble BO3HUKAIOT IIpH 00padOTKe 3ar0TOBOK
JIa3epPHBIM ITy9IKOM, IPUBOJIT K CHIDKEHHIO YPOBHS TOYHOCTH. [lorpenHocTy BBI3BaHbI ABYMs (h)aKTOpPAMH: HAIUIHEM
BHOpaIMii 1 HeCTAaOWIILHEIM TOJI0XKEHHEM TIEPETSHKKH J1a3epHoro myuka. OfHOI U3 OCHOBHBIX IPUYHH HECTAOMIEHOTO
HOJIOXKEHHSI TOUKH (POKYCHUPOBKH JIa3€PHOTO ITydKa SIBIISIETCS] HEPOBHASI TOBEPXHOCTH 3arOTOBKH, KOTOpasi IPHBOINUT
K U3MCHECHHIO TOJOKEHUS MEPETHIKKU ITy4YKa OTHOCHTEIBHO IIOCKOCTH 00paboTku. [lorpemHoCcTh NoI0KeHUs
MEePETSHKKY MydKa MO YIIy OTHOCHTENBHO MIOCKOCTH 00pabOTKM BIMSAET HA TOYHOCTh 00pabOTKH 3aroToBKH. Jlist
YMEHBIIECHNS TIOTPEIIHOCTH B TIO3UIMOHNPOBAHUH EPETSDKKH ITy9Ka OTHOCHTEINIBHO IIIOCKOCTH 00pabOTKH, HEOOXOIHMO
YCTPOMCTBO (CHCTEMa UITH MEXaHU3M), CIIOCOOHOE €€ CKOMITIEHCHPOBAaTh. YCTPOWCTBO JOJHKHO 00Ia1aTh CIIOCOOHOCTHIO
alalTHPOBATHCS K MMOBEPXHOCTH 3aroToBku. Metoa. Takum o0pa3oM, pa3paboTka yCTPOHCTBA CITyKUT pEIICHHEM
Ipo0IIeMBI, BO3HUKAIOMIEH ITpH Jra3epHoii 00padoTke. PazpaboTanHOE yCTpOHCTBO amanTHBHOMN TOJIOBKH JIA3E€PHOTO ITyYKa
aanTHPYeTCs] K MOBEPXHOCTH 3arOTOBKH JUIS KOMIIEHCAIMH MTOTPEITHOCTH MOJIOKEHHSI, CTAOMIN3UPYET MOJIOKEHUE
HEePETSDKKH ITyYKa OTHOCUTENIBHO TUIOCKOCTH 00pabOTKU M YMEHbIIaeT BHYTPEHHHE BUOPAIMU BO BpeMsi 00paboTKH
3aroToBKU. [0noBKa ¢ QoKycUpyOLIel ONTHYECKO CHCTEMON MOXET MepeMeIlaThesi B TPEX CTEMEHsIX CBOOOBI.
bnarozapsi 3ToMy ToJIoBKa MOKET OTCIIKHMBATH ()OPMY TIOBEPXHOCTH U KOPPEKTUPOBATH MOJIOKEHUE TOYKH (POKYCHPOBKH
B COOTBETCTBHHM C ()OpMOIi 3aroToBoK. Bo BpeMst paboThl, 4TOOB IMETh BO3MOXKHOCTh OTCJI€KHBATh MONOKEHHE
Ja3epHOTO ITy4YKa HA 3aTOTOBKE, YCTPOHCTBO OCHANIEHO KaMepoil. BEIMONHEH SKCIIEPIMEHT ¢ MAKeTOM MOIyIeHHOTO
yCTpoiicTBa AJIsl ONIpEneIeHUs] yPOBHS €ro Bo3MOXKHOCTeH. OCHOBHBIE pe3yabTaThl. B pesynbrare sKkcriepuMeHTa
OIIpeIeNIeHO, YTO YCTPOHCTBO YCHENIHO BEIONHSIET CBOM 3aadd. OHO o0ecreunBaeT yaepiaHue J1a3epHoro MsITHA B
TpeOyeMoi TOUKe M TIOCTOSTHHOE ITOJIOKEHHE JIA3ePHOTO MSITHA Ha 3aTOTOBKE TaK, YTOOBI HCKaXKEHHS ero (hOpMBI ObLIH
MUHUMaNIbHBL. Ofcysknenne. [IpencraBieHHOe yCTPOHCTBO MOXKET OBITH HCIIOJIB30BAHO M IPUMEHEHO B Ka4eCTBE
CHCTEMBI KOMIICHCAIIMU HOTPEIIHOCTH MMO3UIHOHUPOBAHHMS JTa3ePHOro Jiy4a mpu 00paboTKe 3aroTOBKH, a TaKXKe [UIS
COBEPIIEHCTBOBAHUS TEXHOJIOTUH 00PabOTKM 3arOTOBOK C BEICOKUM YPOBHEM TOUHOCTH.

KiroueBsie ciioBa
MonudunrpoBanHas miardpopma Crroapra, Ja3zepHas 00paboTKa, aZanTUBHAS TOJIOBKA Ja3€pHOTO IydKa, CHCTEMa
oOHapyKEHNUsI J1a3epPHOTO MSATHA
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00Hapy»XeHHs IIATHA JIA3epHOTO n3mydeHust / HaydHo-TeXHIYeCKHi BECTHUK HH(POPMAIMOHHBIX TEXHOJIOTHH, MEXaHUKI

n ontuku. 2023. T. 23, Ne 5. C. 859870 (1a anrn. s3.). doi: 10.17586/2226-1494-2023-23-5-859-870

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

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)
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Fig. 3. Laser beam spot on the uneven workpiece, where ¢ is roll axis; 6 is pitch axis

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 (¢)
and rotating in the Y axis or commonly referred to as pitch

Fiber optic

Laser spot detection
system (camera)

Focusing and stabilization system
(modified Stewart platform)

Field of camera vision

(0) 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 ¢ and 6 axes, and translating in the Z axis. With the
capabilities possessed by the modified Stewart platform,

O

Casing

Laser spot detection
system (camera)

Field of camera vision

Laser beam

Workpiece

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

Gyroscope
Sensor

Stepper _
Motor

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

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 um 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°18" on the ¢ and 6 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
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L'll'-l

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

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
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Fig. 7. Laser spot detection program
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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)

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
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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 (°), ¥
coordinates (pixel), Y coordinates (mm), platform angle in
Y coordinates (°), motor step X, motor step ¥, motor step Z,
motor step 4. 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);
(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

Reference
laser

Camera

Platform
laser

Modified
Stewart
platform

Laser
target

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)

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

g

s LLIPF;

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 =~ movement of the laser beam in the experiment can be seen
laser) against the position of the reference laser (green  in Fig. 12.

laser) on the laser target. As previously explained, there To simplify the data analysis process, please refer to
are 25 coordinate points that have been conducted. The  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, ¥, 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) (7); (0, =50) (k);
(0, -75) (1); (25, 25) (m); (50, 50) (n); (75, 75) (0); (25, -25) (p); (50, =50) (g); (75, =75) (r); (=25, 25) (s); (=50, 50) (1); (=75, 75) (u);
(=25, -25) (v); (=50, =50) (w); (=75, -75) (x)
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Fig. 12. Continuation

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

SO‘ a P

40

@ ™ ®
40
e ® F
ol 4 o W LR
—-80 —40 0 40 80
X

Fig. 13. Comparison graph of the laser spot position coordinates
between reference position and experimental results

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 ¢ and
0 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
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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
¢ and 0 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
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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.
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