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ABSTRACT The objective of this study was to develop a novel real-time monitoring and control method
for ultra-fast laser scribing processes utilizing spectrometer. Adjustment of laser process parameters such as
laser power with high precision in real-time is critical in the laser engraving process due to the premium
quality and speed requirements of the process. An online monitoring system was established using the
Ocean Optics spectrometer, IPG ytterbium pulsed laser, and PXIe-8880 industrial computer. An algorithm
for real-time control of the laser scribing process was developed based on the monitoring outcomes using
LabVIEW R©software. Experimental methods were performed to evaluate the reliability of the developed
monitoring system and control algorithm. The sensitivity of the spectrometer was assessed by changing
laser power, pulse length, and focal point position. A workpiece consisting of two different metals,
including stainless steel SS304L and steel S355, was used to evaluate the performance of the developed
algorithm when scribing moved from one material to another. Instant accurate setting of the laser power
based on the variations in intensities of metals from 750 AU to 1400 AU validated the reliability of the
algorithm.

INDEX TERMS Laser scribing, real-time monitoring, real-time control, spectrometer, ultrafast laser.

I. INTRODUCTION
Ultrafast lasers have revolutionized laser processes in man-
ufacturing industry and provided opportunities for various
novel applications due to their high peak powers and
extraordinary short pulse durations. Surface engraving can
be performed by mechanical or laser methods. However,
mechanical engraving has limitations for small details, mate-
rials range, tool wear, and workpiece clamping [1], [2]. Laser
scribing technology has been actively developed in recent
years and is replacing conventional mechanical methods.
Laser engraving provides high precision for a wide range
of materials in a contactless high-speed process with a high
power of laser beam [3], [4]. Ultrafast lasers are favored
to be engaged in laser engraving applications [5]. Laser
engraving processes are much faster than other widely used
applications such as laser welding or cutting processes, the
speed of which can reach several meters per second [6]. Also,
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laser scribing processes demand high quality requirements,
as even a minor defect in the scribing line can deteriorate
the quality of the final product [6], [7]. A defect in this field
refers to a disconnection in the scribing line. Due to the
high speed and quality requirements an effective monitoring
system is critical. Laser process monitoring is usually per-
formed utilizing optical or acoustic methods, the most com-
mon of which are optical methods [8], [9]. Optical sensors
have been significantly improved during the past years from
simple sensors like photodiodes to advanced digital cam-
eras [10]–[12]. So far, the most successful optical sensors are
the ones that measure spatially integrated optical intensities
such as spectrometers, which are capable to measure spectral
ranges from gamma rays to microwaves [13], [14]. Spectral
analysis is one of the most reliable methods in detecting
spectrum from a plasma plume, which occurs due to high
intensity power in laser processing [15]. Although several
techniques have been developed for process monitoring and
control of laser welding and cutting, high-quality monitoring
and control systems have not been sufficiently studied and
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implemented for the laser engraving processes [16], [17].
However, these types of processes are remarkably slower
than the laser scribing process [18], [19]. The control of
laser scribing process is typically performed by applying the
parameters changes offline rather than in real-time. However,
a closed-loop online monitoring and control system is essen-
tial for such a process since it requires high precision and fast
speed.

The objective of this research was to develop a functional
and accurate online monitoring method and real-time control
algorithm for a laser scribing process using spectrometer. For
this purpose, a test set-up for performing different exper-
iments has been built to evaluate the feasibility and per-
formance of the developed monitoring and control method.
Process monitoring system was established using a pulsed
ytterbium fiber laser, spectrometer, camera adapter, and
industrial computer PXI system with Data Acquisition card
and Real-Time Controller module. Using LabVIEW R© soft-
ware, two algorithms were developed for real-time control
of the process based on the acquired data from the moni-
toring system. Spectrometer was utilized to sense different
wavelengths and intensity of laser engraving process, while
the attempt was to stabilize the engraving process apart of
the material, which leads to uniform engraving quality even
if the engraved component consists of different materials.
This study addresses all required equipment setup for moni-
toring of laser engraving process and accurately describes a
method for developing an algorithm to real-time control of a
laser scribing process. The real-time monitoring and control
method for laser scribing using spectrometer investigated
in this study, contributes to implementing such a system in
the industrial applications. Also, the developed technique of
real-time monitoring and control utilizing a spectrometer can
be applied for other laser applications such as laser-induced
marking in different materials, where controlling the charac-
teristics of parameterizedmarks for information recording are
essential [20], [21].

II. REAL-TIME CONTROL OF LASER PROCESS
An algorithm for the real time control of the laser engraving
process based on the data acquired by spectrometer has been
developed. LabVIEW software was used for designing the
algorithm. Serial communication between the PXIe industrial
computer and the laser was set so that the user could control
the process through the laptop connected to PXIe through
Ethernet, while all calculations would be carried out by the
PXIe industrial computer. All the accepted parameters for
pulse repetition rate and pulse duration were set in the drop-
down menu. The laser power was aimed to be adjusted in
real-time by connecting the intensity acquired by the spec-
trometer to the associated power outputs. A wide intensity
range was considered for an efficient and accurate tunning of
the laser power output range by dividing the acquired spectra
into 2000 pixels with corresponding wavelength values. The
highest peak of intensity among divided pixels was fed to

FIGURE 1. Sample of spectrometer data acquisition.

the laser power control algorithm to tune the level of power.
Graphical output of the spectrometer is illustrated in Fig. 1
with laser power of 20W, scanning speed of 1000mm/s, pulse
duration of 200ns, and pulse repetition rate of 200kHz. The
goal of this experiment was to test the functionality of the
spectrometer.

III. EXPERIMENTAL SETUP
Test bed shown in Fig. 2 was built for the experiments. It con-
sists of IPG ytterbium pulsed laser, Scanlab Hurryscan 14 II
scan head, Scanlab camera adapter, Scanlab RTC 4 interface
card, Ocean Optics HR2000+ High-Resolution miniature
fiber optic spectrometer plus adapter, and CaviLux illumina-
tion laser. The controlling of laser was performed using IPG
YLP C-series software. Scanlab Hurryscan 14 II scan head
controls the movement and speed of the mirrors with high
speed and precision. Speed of the mirrors inside the scan head
was at least 100mm/s. Controlling of the scanner head and
the laser parameters was performed using SCAPS SAMLight
version 3.0.5 build-0582. In order to acquire data using spec-
trometer, Scanlab camera adapter was installed between the
laser flange and the scan head to observe the path of laser
light through the mirrors. Scanlab RTC 4 PC control board
was used to real-time control of scan and laser system with
PCI interface. The Ocean Optics spectrometer used in this
research operates with SpectraSuite software and provides
resolution of 0.035 nm, wavelength range of 200–1100nm,
and integration time of 1 ms to 65 s. Ocean Optics HR2000+
provides several methods of acquiring data. The voltage level
on the spectrometer’s trigger pin can be triggered by the laser
pulse or an outside event to start spectral acquisition. As soon
as the laser control software starts the laser and executes
the scribing pattern, it simultaneously triggers the spectrom-
eter, illumination laser, and the data acquisition computer
to record the data. National Instruments industrial computer
PXIe-8880, which is an embedded controller, along with NI
PXI-8430 serial port module was engaged for data acquiring
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FIGURE 2. Experimental equipment and its schematic diagram [22].

and tunning the parameters in real-time. Reflection and rel-
ative irradiance tests were performed to ensure functionality
of the setup.

IV. RESULTS
Two experiments were performed using the developed algo-
rithm to analyze the spectrometer output and evaluate the
performance of the control algorithm for laser scribing on a
metal plate from different materials.

A. SPECTROMETER OUTPUT ANALYSIS
Stainless steel SS304L plate with the size of 100 × 50 ×
6 mm3 was used for this experiment. The moving zone of
the laser beam was within a 4 × 4 mm2 rectangular shape.
The hatching distance was 0.22mm in one dimension without
including the contour of the shape. Laser parameters include
laser power of 20W, pulse length of 4 ns, laser beam scanning
speed of 1000 mm/s, and pulse repetition rate of 1000 kHz.
The spectrometer focal length was 520mm and the direction
of observation was perpendicular.

1) REPEATABILITY
The repeatability of the spectrometer was evaluated by repeat-
ing the same test six times. each time executing for two
seconds. The sum of all intensities along the wavelength

range was calculated for each test to measure the intensity
deviation. The sum of intensity varied from 1,568,357 AU
to 1,585,605 AU, which revealed the difference of 0.0109%.
Therefore, it could be concluded that the spectrometer pro-
vided the reliable spectral data andmeasurement repeatability
was validated. The repeatability test results are presented
in Fig. 3.

2) IMPACT OF LASER POWER
The impact of laser power on radiation intensity was exam-
ined by altering the laser power from 2W to 20W in 2W
increments and retaining the rest of parameters by default.
By increasing the laser power, the radiation intensity raised as
well (Fig. 4). The difference in radiation intensity for power
of 2W and 4Wwas relatively small; however, from the power
of 6W to 20W, the increment in radiation intensity was 150
units per watt of the laser power, which meant an almost
linear relationship between the intensity enhancement and
the increase in laser power. Although spectra were changed
constantly due to a high sensitivity of the spectrometer, the
increase or decrease in power could still be observed with
good accuracy.

3) IMPACT OF PULSE LENGHT
The sensitivity to various pulse lengths was examined by
varying the pulse length corresponding to the nominal pulse
repetition rate in such a way that the highest pulse energy was
obtained for each pulse and the average power was retained
constant. Pulse length to pulse repetition rate were arranged
as 4ns/500kHz, 8ns/200kHz, 14ns/125kHz, 20ns/105kHz,
30ns/85kHz, 50ns/60kHz, 100ns/40kHz, and 200ns/20kHz.
The corresponding pulse energies were 0.04, 0.1, 0.16, 0.19,
0.235, 0.33, 0.5 and 1 mJ, respectively. A significant differ-
ence equal to 1400 AU was pointed between the intensities
related to the longest pulse length and the shortest pulse
length at the wavelength of 550nm. The efficiency of laser
engraving process is highly dependent on the accurate ratio
of pulse length and pulse repetition rate. The highest scribing
efficiency was achieved at 200ns/20kHz, while the scribing
quality was low. In contrast, the lowest scribing efficiency
was achieved at 4ns/500kHz, while the scribing quality was
proper. Fig. 5. demonstrates the test results.

4) IMPACT OF THE FOCAL POINT POSITION
The effect of changing the focal point position was evalu-
ated by varying the level of focal plane ±2mm (by 0.5mm
increments) from its base position at 126 mm. Adjusting the
primary level at 124.0mm caused a very low laser intensity
and inefficient scribing. However, by 0.5mm increments, the
intensity of the process was significantly increasing. The
scribing efficiency reached to its maximum level at 126.5mm.
The intensity started declining afterward, and at 128.0mm the
impact of changing the focal point position resembled the
result of focal point at 124mm. From the results (Fig. 6),
it could be concluded that the spectrometer was highly sensi-
tive to the position of the laser focal point.
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FIGURE 3. Repeatability test results.

FIGURE 4. Effect of the laser power.
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FIGURE 5. Effect of the pulse length.

FIGURE 6. Effect of the focal point position.
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FIGURE 7. Scribing test on the plate made of SS304L and S355 [22].

B. EVALUATION OF CONTROL ALGORITHM IN CASE OF
CHANGE OF WORKPIECE METAL PROPERTIES
The second experiment was performed to evaluate the per-
formance of the developed control algorithm for laser scrib-
ing on two welded plates from stainless steel SS304L and
steel S355 when scribing was passing from one material to
another. The goal was to maintain the engraving process
independent of thematerial to uniform engraving quality even
if the engraved component consists of different materials.
The algorithm was aimed to adjust the laser power based
on the intensity levels. The moving area of the laser beam
was rectangular with the dimensions of 40 × 10mm2 and
hatch distance of 0.8mm in such a way that each half of the
rectangular was on one of the materials (Fig. 7) [22]. Pulse
duration and pulse repetition rate were hold on 200ns and
20kHz, respectively.

Scribing on SS304L emitted more light than scribing on
S355, which meant the intensity level was higher for SS304L.
The spectrometer could recognize the difference between
intensities when scribing moved from SS304L to S355 and
vice versa. Noises can be observed for both S355 and SS304L
due to the nature of the utilized pulsed laser and impurifi-
cations on the surface of both samples. The spectrometer
detected a higher level of intensity in the case of SS304L. The
difference in intensity of S355 and SS304L was remarkable
due to the different chemical compositions of these metals.
The higher amount of chromium and nickel available in
the SS304L caused a wider range of spectra for this metal
compared to S355. The intensity of SS304L was at the high-
est level about 1400AU and instantaneously around 800AU,

FIGURE 8. Spectra of scribing process for SS304L.

FIGURE 9. Spectra of scribing process for S355.

while it was between 750 to 900AU for S355. Fig. 8 and 9
illustrate the acquired spectra for SS304L and S355. Based
on the intensity data acquired from the spectrometer, the
developed algorithm succeeded in adjusting the laser power in
real-time. In other words, the power rose at lower intensities
and decreased at higher intensities. However, as the inten-
sity was momentarily around 800AU for SS304L, real-time
laser power control was challenging for SS304L in the range
around 800 AU, which caused power fluctuation. In general,
the control algorithm was able to instantly adjust the power
based on the set intensity values, which authenticated that the
algorithm acted as intended.

V. CONCLUSION
In this research, an online monitoring and real-time con-
trol of laser engraving process using spectrometer has been
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developed. For this purpose, an algorithm has been designed
using LabVIEW R© software. The spectrometer output was
analyzed by changing laser and process parameters. Results
showed that the spectrometer could sense even very faint laser
power and was totally appropriate to tune the laser param-
eters. Another experiment was performed to evaluate the
developed control algorithm when scribing was performed
on two pieces of metal from different materials of S355
and SS304L.The aim was to stabilize the engraving process
independent of the material when utilizing a spectrometer to
sense different wavelengths and intensity of laser engraving
process. The spectrometer detected the difference between
the intensities of the materials as soon as the scribing was
moved from the first material to the second one and adjusted
the laser power based on the acquired intensity. The results
of the experiment validated that the developed algorithm
performs as intended and could cope with the high intensity
fluctuations and provide a successful real-time control of
laser power.
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