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Abstract—The many tunable parameters involved in laser pro-
cessing, such as wavelength, pulse duration, pulse energy, and scan
speed, not to mention various other complicating factors on the
material side, makes it practically impossible to reliably find an
optimized parameter set to realize a specific processing target.
Currently, an acceptable parameter set is mainly found by tapping
the experience and intuition of skilled people within the present
production system. However, such methods do not scale to the mass-
customization needs of the coming super-smart society, and it has
become critical to develop ways to transfer such human experience
and intuition to a more scalable setting: namely, the cyber-space.
A major challenge in developing a cyber-space solution has been
augmenting the limited experimental and theoretical insights of
the laser processing phenomenon to the specific problems at hand.
Here, we focus on automated data acquisition systems coupled with
artificial intelligence (AI) methods to overcome this technological
gap. We propose ways to realize cyber-physical systems specializing
in specific facets of laser production by showing experimental
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results from four kinds of automated data acquisition systems. We
lastly discuss such methods in context as an important first step to
creating an AI based cyber-physical simulator.

Index Terms—Cyber-physical systems, Fiber lasers, Laser
ablation, Machine learning.

I. INTRODUCTION

THE WORLDWIDE market for laser manufacturing is
growing at approximately twice the rate of the conven-

tional machining market. Such growth reflects how the laser
is a promising candidate to realize multi-functional processing,
including cutting, drilling, welding, and polishing, all through
the proper selection of laser parameters. Moreover, laser pro-
duction systems have a high affinity to digital production since
laser processing systems are almost universally compatible with
external electrical control. Laser manufacturing is thus poised
to become a key tool to realize the mass-customized production
outlined in prominent high-tech future-society strategies, such
as Industry 4.0 or Society 5.0 [1], [2].

Our concept for a cyber-physical system of the laser produc-
tion workflow is depicted in Fig. 1. In the coming super-smart
society (or Society 5.0), personalized manufacturing is believed
to be a key element to realizing an inclusive society. Such mass
customization can only be realized through a highly digitalized
industrialization scheme, such as the Industry 4.0 scheme. Per-
sonalized orders are sent to a main server in cyber space, which
then chooses which machines, and what processes/parameters
should be applied for each step in the production chain.

While a cyber-physical laser processing system is certainly at-
tractive, there are some notable obstacles to its implementation.
Most critically, it is still difficult to reliably predict and control
laser processing across a wide range of systems. There are too
many combinations of processing parameters, such as wave-
length, pulse duration, repetition rate, average power, fluence,
intensity, scanning speed, and scanning pattern, to allow for an
exhaustive study of all their effects. This is further complicated
by the fact that an appropriate parameter set is also dependent on
the specifics of the material. Consequently, processing param-
eters are instead often selected by the experience and intuition
of capable craftsmen in a factory setting. While this may be
a viable solution for standardized and streamlined production
processes, it is quickly overwhelmed when one tries to up-scale
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Fig. 1. Laser-based fabrication chain assisted by cyber-physical system.
MDG, Meister Data Generator; TGV, Through glass via.

Fig. 2. Physics involved in a laser drilling or cutting process. Spatial scale is
from angstrom to mm, and time scale is from femtosecond to millisecond.

to mass-customized production, as manual finding of correct pa-
rameters is too time and labor intensive to address individually.
More related to the current discussion, such intuition is hard to
engrain into a cyber-physical system as envisioned in Fig. 1.

A promising approach to overcome this hurdle and allow for
the effective scaling of laser manufacturing to mass-customized
production is to transfer the experience and intuition of such
craftsmen to cyber space. Here, personal experience would
correspond to information in a database, while intuition would
be modeled by a simulator. An ordering party could then simply
request some item via 3-D CAD data, and the database and/or
simulator could then work to find the optimum parameters to
realize this order. The scalability of this system would depend
on digital storage space and computation power, both of which
have continued their decades-long trend of consistent increase.

The most straightforward approach to realize the above is to
create a physics theory-based simulator. In fact, first-principles
calculations and databases of the results of these calculations
have become powerful tools in the field of materials synthesis,
where such methods have been utilized to develop thermoelec-
tric materials and lithium-ion battery materials. Unfortunately,
this remains a difficult approach for laser processing as many of
the underlying physical processes are still under debate. As an
example, we illustrate the various complex processes involved
in laser drilling or cutting. Fig. 2 shows a schematic of the
pulsed-laser drilling process in time and space.

At first, a laser pulse hits the surface, and electrons are
excited in the material; a semiconducting or dielectric material is
shown in the figure. While this process is relatively well known
in the perturbative regime as the light-matter interaction and

electron excitation process have been studied intensively, non-
perturbative interactions are not as well-known. For example,
high-intensity optical light-matter interaction are still debated
in the context of solid-state high-harmonic generation [3]. Ad-
ditionally, there remains big differences in electron excitation
probabilities predicted by relatively well-established theories,
e.g., Keldysh equation, and experiment [4]. In the case of metals,
energy transfer from light to electrons is treated as an inverse
bremsstrahlung process; however, even here it remains that this
is a simplified treatment ignoring the complicated feature of co-
herence of electrons in materials. Real-time first-principles com-
putation [5]–[9] such as the time-dependent density-functional
theory and the time-dependent density-matrix method is a pow-
erful approach to accurately simulate highly nonlinear, non-
equilibrium electron dynamics and evaluate the energy transfer
from laser to the electronic system. It still remains, however, a
challenge to take proper account of electron correlation.

Next, the general picture is that scattering processes redis-
tributes energy within the various material subsystems. Electron-
electron scattering redistributes the electron energy distribution
to a thermal distribution in 10 to 100 femtoseconds, while
electron-phonon scattering makes optical and acoustic phonons
in a time scale of 100 femtoseconds to 100 picoseconds. Phonon-
phonon scattering makes heat within nanoseconds, which then
diffuses in accordance with classical heat-diffusion equations.
In these processes, the scattering strength or the lifetime of each
step are studied by experiments such as time-resolved reflectivity
measurement, time-resolved photoemission spectroscopy, and
ultra-short pulse x-ray diffractions [10]–[21]. The obtained time
constants of these energy transfers still have large deviations in
reported values.

At more macroscopic scales, the consequences of the afore-
mentioned energy influx occur. First, phase explosion might
occur, followed by more gradual melting, evaporation, or other
modification of the material surface. For these processes, a
molecular dynamics calculation is often used to investigate
dynamics. The simulation range is often limited however, as the
number of atoms for the calculation is typically limited to 108

by computational resources [22]–[24], which is much smaller
than ablated atom numbers by one pulse (1013). First principles
calculation is another approach to understand laser processing,
and it has been successful in explaining, for example, the fluence
threshold for gentle ablation of copper [25]. However, the typical
numbers of atoms in first principles calculation are much smaller
than that of molecular dynamics calculations, and thus suffers
from the same scale limitations.

Lastly, we must note that laser processing is most often
conducted with multiple pulses. After the morphology change
from previous pulses, subsequent pulses propagate through the
complex shape of the hole, altering their spatial profiles. The
scattering effects of laser-generated plasma and debris also may
play a role.

Altogether, it is apparent that the laser processing contains
multi-scale and complex physics with characteristic timescales
ranging in the femtosecond to millisecond and in space from
angstrom to mm scale. There is still much research required to
realize a laser processing simulation only relying on physical
theories to find optimized parameters.
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Fig. 3. Schematic of the progress in how to find an optimized parameter set
for some laser processing goal. The vertical axis shows the parameter finding
speed or quality.

In lieu of a purely theoretical approach, an artificial intelli-
gence (AI) approach, such as deep learning, could be effective
in realizing a near-term practical simulator. A high-quality and
large dataset could allow for the effective use of neural net-
works to simulate important trends in laser processing. Fig. 3
shows how the effectiveness of parameter finding methods may
progress in ten or twenty years. A “physical” AI solution would
play an important role in bridging the divide between a stagnat-
ing “experience and intuition” approach and a not-yet-mature
purely theoretical approach. In fact, this kind of computer-based
optimization approach has recently been the subject of intense
research and development in a wide range of fields, including
chemical and material synthesis [26]–[28]. By linking it with
robotic automation, a shift to full automation of tasks that used
to require manual labor has received much attention [29]–[31].

The success of such an AI-based approach is highly dependent
on the quality and quantity of data available. An AI can only learn
from dependencies which are present in the data. Furthermore,
a sufficient number of data points, typically in the range of a
few thousand to a few tens of thousands, are required to allow
for AI approaches to derive non-data-specific conclusions. We
note that such dataset characteristics have traditionally been
difficult to realize with laser processing. The highly non-linear
nature of the processing has made its control difficult, while
its irreversible nature has made it difficult to gather a large
amount of data. Moreover, the destructive nature of most laser
processing methods has restricted both data quantity and quality.
Nonetheless, while perhaps not reasonable before, developments
in light source quality and automation technologies have made
such large-scale data acquisition more feasible in recent years.

Fig. 4 shows our conceived generalized data acquisition loop.
Here, needs or demands are shown coming in from the left. Laser
parameters such as wavelength, pulse duration, fluence are cho-
sen at first. The machining parameters, such as scanning speed
pattern, are selected next. After processing, the obtained shape
and quality are observed through some measurement equipment,
like a 3-D microscopy or a scanning electron microscope (SEM).
Measured data are extracted to a database, after which the next
round of processing and measurement starts with a different set
of parameters. After many round trips, the best parameter set is
output. Assuming that one iteration takes a few tens of minutes

Fig. 4. Schematic of the data acquisition circulation for processing recipe
finding. Automated circulation could enable the acquisition of enough data for
DNN construction in order to realize an effective simulator.

under manual operation, one to ten circulation per day would be
a realistic number of loops for human operation. It can easily be
seen that for deep learning approaches, all automated circulation
is critical to achieve the 1,000 to 10,000 circulations required.

Once a desired deep neural network (DNN) for some spe-
cific processing is constructed, the DNN functions as a sim-
ulator without any additional physical processing circulation.
The DNN can give inferences for different parameters within
seconds, and one could obtain promising processing parame-
ters in realistic time. We note that this is also advantageous
for theoretical studies. Although a DNN does not tell us di-
rectly the correct physics, numerous “right solutions” work as
a high-quality cyber-experimental tool for theorists. Such AI
knowledge could serve as a backbone for the cyber-physical
feedback required in true cyber-physical systems, as envisioned
in Fig. 1. The major obstacle here becomes the development of
the automated, high-quality data acquisition systems required to
drive this approach.

In this paper, we demonstrate automated, high-quality data
acquisition systems for laser processing, where we show four
kinds of different monitoring methods focusing on different
aspects of laser processing. An automated compressor system
coupled with plasma monitoring via photodiode allowed for the
precise measurement of the pulse-duration dependent damage
threshold with thousands of data points. An automated SEM
measurement system was demonstrated to acquire high-quality
and high-quantity SEM data, where we utilize this system to
study percussion drilling at different laser parameters. An au-
tomated 3-D interferometric microscope measurement system
was constructed to observe pulse-to-pulse surface morphology
change during laser grooving. An in situ detection system of
shot-by-shot surface scattering pattern from a processed surface
by using a high-speed camera was coupled with a DNN to allow
for in-line prediction of ablated hole depths. Finally, we discuss
how such systems will be critical for creating a cyber-physical
system for laser manufacturing.
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Fig. 5. Schematic of the experimental setup to find the pulse-duration depen-
dent damage threshold precisely.

II. EXPERIMENTS

In this section, four kinds of automated data acquisition sys-
tems, each using a photo diode, a scanning electron microscope,
a 3-D microscope, and a high-speed camera, respectively, are
described.

A. High-Precision and Automated Damage Threshold
Measurement System

The laser induced damage threshold is an important parameter
to characterize how easily materials are machined by the laser.
Furthermore, the pulse-duration dependent threshold should
also yield information about how the laser energy couples and
dissipates within the material. However, the damage threshold is
often difficult to measure precisely, as it is sensitive to changes
in laser or material parameters. This is related to the fact that the
energy transfer from light to electrons contains highly nonlin-
ear processes. Correspondingly, small changes in experimental
conditions are easily amplified, and the damage threshold may
differ even for the “same” experiment. To increase the precision
of the most likelihood value of the damage threshold, the number
of measurements becomes critical.

To measure the damage threshold of materials precisely over
a large range of pulse-durations, we constructed an automated
threshold detection setup complete with mechanical pulse en-
ergy and pulse duration control. The setup is shown in Fig. 5. A
home-made, 1-MHz repetition rate, Yb-doped fiber laser system
was utilized as the light source. The pulse duration could be
varied from 0.5 ps to 30 ps by an external compressor, and the
fluence could be changed through an automated half waveplate
and polarized beam splitter. More details of the experimental
setup can be found in reference [32].

Laser pulses from this setup were illuminated onto a Cu plate.
In order to detect if the material was damaged or not under
a certain illumination pulse-duration/fluence combination, a
photodiode was utilized to detect the plasma emission from the
material surface. Fig. 6 shows the image of the damaged spots
taken by a microscope (a) and the corresponding photodiode
signal at each spot (b). When the material is damaged, it can
be seen that a photoemission signal is observed with exact
one-by-one correspondence. By using this photodiode obser-
vation, this system could be programmed to adaptively explore

Fig. 6. (a) Damage photo of Cu surface observed by optical microscope. Black
dots correspond to the damaged points. (b) Plasma emission measured by a
photodiode. Plasma emission are observed only when the material is damaged.

fluence ranges only near the damage threshold, thus obtaining
numerous useful data around the threshold. The automated and
adaptive nature of our setup allowed us to evaluate the threshold
with a precision of around 1%. Note that this value should be
distinguished from absolute accuracy, as this value could change
in accordance with the surface roughness, purity, focus area, and
pulse shape. With the help of this technique, 10,000 data could
be acquired in 8 hours.

B. Automated SEM Measurements

To optimize processing parameters in a cyber-physical system
with a machine learning approach, high-quality data is essential.
Here, quantitative data with high reproducibility and traceability
is referred to as “high-quality”. While a scanning-electron mi-
croscope (SEM) plays a major role in qualitative evaluation of
ablation features, the obtained data are undoubtedly high-quality
in the above sense as well. SEM images are particularly useful in
evaluating the qualities of laser processing not readily observed
by optical microscopes, for example, evidencing the presence
(or not) of thermal damage by observing melt-like features.
Hence, quantitative evaluation of electron microscope images
may become key to optimizing such qualities. Thanks to the
recent advances in deep-learning technology, images can be
routinely quantified into feature vectors, which can then be used
for more specific tasks, such as image recognition, segmentation,
and feature extraction. In exchange for such powerful analysis
capabilities, deep learning requires a large amount of data. How-
ever, with a few exceptions in semiconductor fabrication plants,
data acquisition using SEMs has relied on manual operation,
and even skilled operators typically collect only a few hundred
images per day.

Here, we have modified an electron microscope and developed
a measurement system that can automatically acquire data at
a maximum of 300 images per hour. We created a structured
data format for describing the procedures of processing and
measurement, thereby linking the operation of a laser pro-
cessing machines to the electron microscope. In this way, the
electron microscope automatically measures a laser-processed
area. The measured image is tied to the processing parameters
and automatically uploaded to a central database. An example
of measurement for laser-drilling parameter search using this
system is shown in Fig. 7. The pulse energy, repetition rate,
focal position, and number of irradiation pulses are each varied
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Fig. 7. A SEM picture for 10,000 processing. Automated laser processing and
SEM system acquires this data in 5 hours.

in 10 conditions for a total of 10,000 different combinations
of parameters. Conventionally, the measurement of electron
microscopy images of such a large number of processing points
has been limited to acquiring only a small portion of typical data.
By using a fully automated electron microscopy measurement
system, we are able to acquire all 10,000 data points in a form
that is linked to the processing parameters, and that can be easily
analyzed using deep learning.

C. Automated 3-D Microscope Measurement

The pulse-to-pulse morphology change is not only of great
interest to the design of processing strategies, but also to fun-
damental studies on how intermediate states affect the final
processing outcome. A 3-D microscope is a powerful tool to
evaluate laser processed surfaces. The vertical resolution can be
as good as 10 nm, which is comparable to the one-pulse gentle
ablation rate using an ultrashort pulse. Here, again, the small
working distances of microscopy systems make in situ process-
ing impractical, while manual sample transfer takes non-trivial
time in mounting/unmounting and alignment.

To overcome these difficulties, we have constructed an auto-
mated transfer system between a laser shooting stage and a 3-D
microscope [33]. Lateral repeatability of the position here was
as well as 0.1µm, which was well below the spatial resolution of
the microscope. Fig. 8 shows how the spatial shape of a Cu target
changes with successive pulse irradiation. In this condition, the
first pulse can be seen to not make a hole, but a bump. Only with
subsequent pulses is a hole formed. Such differing actions of the
first and second pulse were only visible due to the pulse-by-pulse
nature of our measurement scheme. Here, roughly one data is
obtained in one minute; correspondingly, a total of 1,000 data
could be obtained in a day. We have demonstrated the fabrication
of a deep-learning-based 3-D morphology simulator using such
data [34].

D. High-Speed Camera Observation for In-Situ Monitoring
With Help of DNN

Real-time monitoring of the laser manufacturing process is
highly demanded in industry. Information regarding how deep a
hole or groove is during processing could be used for feedback
to realize a desired shape. A light scattering pattern from the

Fig. 8. A 3-D data of shot-to-shot morphology. This data could be used to
investigate physics of the laser processing as well as the 3D simulator.

Fig. 9. In situ monitoring setup and typical result. (a) A schematic of the
experimental setup. A scattered light is detected by a high-speed camera, and
the scattered light patterns are used to make a DNN to learn how deep the hole
or groove is. (b) Measured groove depth vs estimated depth by DNN. .

processed surface, while without phase information and hence
incomplete for complete surface reconstruction, contains plenty
of information about the current state of the processing. By
observing this pattern, it may be possible to predict features
of the current processing.

Fig. 9(a) shows the schematic of the experimental setup. A
1-kHz femtosecond Ti:sapphire laser was used for the laser
grooving, while a 1-kHz high-speed camera was used to monitor
the scattered pattern from the material surface. Groove depths
were studied through a supervised learning technique. Three
successive patterns of the scattered light were utilized for the
deep learning. In Fig. 9 (b), it can be seen that the DNN works
to successfully predict ablated depths from scattered patterns.
Provided with correct training data, similar DNNs could be con-
structed to work to predict the ablated volume and illuminated
laser fluence at the same time [35].
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In this application, one thousand data points could be obtained
in one second with use of the high-speed camera. Hence, the data
acquisition time with regards to different laser parameter was
negligible compared to the learning time. Once implemented,
the inference time of the constructed DNN is at the millisecond
level, which is fast enough to make real-time feedback control
realistic in future implementations. This technique could be
deployed to a wide range of laser manufacturing machines for in
situ monitoring. The framerates of low-cost and simple CCD or
CMOS cameras have improved significantly in recent years, and
such devices may suffice in some cases to provide an even more
simplified implementation of our high-speed camera monitoring
concept.

III. CYBER PHYSICAL SYSTEM

We lastly discuss our visions of how such automated cyber-
physical systems could be incorporated into a future laser pro-
cessing infrastructure.

As shown in Fig. 1, a smart laser-based fabrication chain has
to calculate the optimal processing machines and processing
parameters for each personalized order. Such decisions may
be done by sifting through databases, or by relying on DNN
simulators. Most importantly, if the main server has difficulty to
find an appropriate parameter, advanced automation allows for
the possibility of the AI to conduct its own experiments.

We have developed just such a fully automated laser pro-
cessing, measurement, and evaluation system by combining
the various instruments and measurement methods described
in Section II. We name this device the Meister Data Generator
(MDG). This conglomerate of highly automated processing-
and-measurement equipment can perform AI-based parameter
optimization. Such optimization AIs, which we call “Agents”,
can operate the MDG to find optimized laser processing pa-
rameters on a trial-and-error basis, using various measurement
instruments as guides. An AI Agent can each have its own
strategy, for example, Bayes’ optimization, to find an appropriate
solution to its task at hand. The Agents can be considered as a
cyber-analogue to the human craftsman. As individual craftsmen
have their strengths and specialties, so do agents with different
algorithmic strategies and approaches. Moreover, their access
to both cyber and physical resources allow for various unique
uses of both. Some agents may revert to simply studying past
data, which, while faster than conducting actual experiments,
may result in parameters with large ambiguities. Others may
choose to conduct physical experiments with the MDG, which
while accurate, will also be more costly. Such Agents’ flex-
ibility between cyber and physical spaces is realized by the
agent operating environment, which works as a middle layer, in
addition to a powerful data management system, which oversees
the accumulation and remote analysis of experimental data with
a single command.

Such MDGs could also be utilized to augment the function-
ality of local laser processing machines. It is of course cost-
prohibitive to install advanced measuring equipment to each
and every laser processing machine in the field. However, just as
smartphones serve as gateways to vast amounts of information

Fig. 10. Upper: Concept of the Meister data generator MDG and smart laser
machine. Lower: picture of MDG.

on the internet without locally storing or deriving it, such a
“smart” laser machine may be developed to tap the expertise
of centralized MDGs and databases to its advantage. This rela-
tionship is outlined in Fig. 10. Equipped with edge processing
functionality, ideally a smart laser machine would be able to
interpret a user’s request, communicate its goals or parameters
required for optimization to an MDG, and execute the returned
solution. The user could then access the information from the
MDG to infer quantitative and qualitative features of their results
without possessing advanced measuring facilities. Additionally,
the equipment of rudimentary sensors may allow for applications
of seemingly advanced functionality, such as real-time feedback,
utilizing know-how developed through MDGs. The utilization
of two or more monitoring and measurement data would help to
make a better simulator or feedback system, leading to a more
reliable cyber-physical system.

IV. CONCLUSION

We have demonstrated automated data acquisition systems
related to various problems in laser processing in order to
obtain high-quality big datasets appropriate for deep learning
analysis. Such strategies allow for the effective establishment of
high-quality databases and simulators, important to advancing
practical and theoretical aspects of laser processing. These pro-
cessing data are important building blocks for the construction
of a cyber-physical system of the laser processing. Additionally,
the solutions provided by this system should play important roles
in advancing our fundamental understanding of strong-field
light-matter interaction.
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