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1. Introduction

The emergence of reliable ultrashort-pulse laser systems
has opened a big market for high-precision micromachining.
Individually micro-machined components have been highly
demanded in different industrial sectors, ranging from
medical over electronics to automotive and aerospace
industry [1].

Laser ablation of metals is, however, a complex process
that needs to be developed individually for specific
requirements and materials. High quality results imply the
minimization of the degree of melting and the simultaneous
maximization of the ablation rate. Different workpiece
features such as thermal conductivity, reflectivity, melting
and vaporization temperature define important boundary
conditions for the adjustment of the processing parameters
leading to time-consuming trial-and-error parameter studies.
Additionally, internal chemical or structural irregularities as
well as the surface unevenness or uncleanness of the
workpiece may deteriorate the processing result.
Furthermore, stochastically occurring disturbances during
the processing, e.g. plasma or particle shielding, can also
negatively affect the quality of the resulting structure [2].

For these reasons, online process monitoring is of great
importance for the quality assurance of the ultra-short-pulse
laser micromachining. Closed-loop control or feedback to
the machine operator would accelerate parameter studies
and increase the process stability in production. On the other
hand, real-time monitoring of the USP-micromachining
represents a great challenge, due to the high spatial
resolutions of the resulting structures as well as the growing
processing speeds: Achievable repetition rates have reached
over 50 MHz and beam deflection speeds more
than 10 m/s [3]. With high-speed scanning systems based on
polygon scanners, speeds of even up to 1000 m/s have been
realized [4]. In order to meet this challenge, Fraunhofer ILT
develops a multi-sensor system for real-time high-speed
process and machine condition monitoring. Simultaneous
monitoring of both the process and its surroundings enables
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any environmental sources of errors to be identified and
excluded before analyzing the machining process itself.

2. State of The Art

Process monitoring of laser-based manufacturing has
been a subject of research for many decades. In case of
traditional laser applications, such as laser welding, many
approaches have been reported. They are based on various
types of detectors, including monitoring of process
emissions, i.e. acoustic, IR-, VIS-emissions as well as the
back reflection of the machining laser. For example, a
thorough investigation on collection of the laser back
reflection by means of axially and laterally integrated
photodiodes is given in [5]. An exhaustive overview of
process monitoring techniques for laser welding is presented
in [6]. This comprehensive review references various pre-,
post- and in-situ monitoring approaches as well as sensor
combinations for laser welding applications. More recent
publications describe detection of high frequency airborne-
as well as structure-borne acoustic emissions [7] and
employment of machine learning algorithms on welding
seam images collected by multiple cameras [8]. Recording
of process emissions and laser back reflection, including
multi-sensor system approaches have also been abundantly
described for cutting [9,10], as well as for cladding and
additive manufacturing [11-13].

In contrast to other laser-based processes, literature of
monitoring of USP-laser micromachining is still scarce. This
is not surprising, as it is a more recent technology, which
brings additional challenges to real-time monitoring, i.e.
much smaller structure sizes and high processing speeds. In
case of USP-laser drilling, publications include detection of
the breakthrough by coaxial and lateral observations of
various process emissions for different drilling
techniques [14,15]. Beside breakthrough, online hole depth
measurement has been thoroughly investigated. Reported
approaches are based on different techniques, such as self-
mixing interferometry [16] and shock wave detection by
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piezoelectric transducers [17]. An investigation on plasma
generated by laser drilling was presented in [ 18] and has also
shown potential for online hole depth monitoring. Multi-
sensor approaches by means of simultaneous acoustic and
optical sensing through laser-beam deflection probing and a
video camera, have also been reported [19]. Compared to the
USP-laser drilling, online result control of USP-laser
ablation represents a greater challenge, due to much lower
aspect ratios and the absence of a breakthrough.
Nevertheless, different concepts for monitoring of the USP-
laser structuring have been reported. They range from the
indirect stability assurance, by observing the process
emissions, to the direct monitoring of the structure depth for
predicting the ablation rate and the resulting surface
roughness. Here, a summary of these approaches with an
analysis of their advantages and disadvantages is given.

Monitoring of acoustic emissions can enable tracking of
changes in the focus position and laser power, by analyzing
the signal amplitude at the pulse repetition rate, as described
in [20]. However, the process investigated in this work
occurred at a low pulse frequency of 1 kHz, making the
detection of the acoustic signal at this pulse repetition rate
and its multiples utilizing a standard microphone possible.
Investigation of audible acoustic emissions has also been
employed for theoretical studies of laser ablation and
described in [21] and [22]. Furthermore, microphone-based
process monitoring of laser micro-structuring was
patented [23], however the patent has since expired.

In order to monitor laser ablation processes with higher
repetition rates in a similar manner, microphones with
dynamic ranges of a few hundred kHz need to be used. This
can be achieved with optical microphones, as described
in [24] and [25]. However, monitoring of high-frequency
airborne acoustic emission has a vast disadvantage: The
signal amplitude in air is greatly attenuated with increasing
frequencies. Detection of acoustic signals at few
hundred kHz requires the microphone to be positioned only
few millimeters near the processing zone, making a machine
integration impossible. Another possibility of high-
frequency acoustic signal monitoring is directly on the
workpiece surface, as described in [26]. In comparison to
monitoring the airborne sound, this approach entails a more
complex analysis due to scattering and reflection effects at
material and grain boundaries. Nevertheless, the authors
report a successful detection of the focus position through
pattern recognition. An unsolvable disadvantage is here,
however, the necessity for mounting the sensor directly on
the workpiece, making it unsuitable for production
environment.

Optical emission is another type of process emission that
can be monitored with a relatively cost effective equipment.
This approach, integrating a photodiode in the beam path,
has been investigated in [27]. The authors have shown a
correlation between the VIS process emission and the focus
position, laser power and the amount of ablated volume.
Furthermore, they assume a possible correlation between the
signal waveform and the resulting surface roughness.
However, an automated detection system based on these
results has not been implemented yet. Moreover, this work
was based on a simplified case of structuring of points and
has not been transferred to a more complicated case of 2D-
structuring.
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Another example for recording of VIS-emissions is
given in [28], with the application in labeling of silicon
wafers. Simple lines were structured for varied laser power
while keeping the other parameters constant. The authors
propose different statistical regression models for detecting
the line width based on the recorded optical emissions.
However, the successful results of this investigation are
restricted to the detection of simple characteristics in
structured lines and their sole dependency of laser power.

The idea to monitor visible process emissions is in fact
much older, even for short and ultra-short pulse laser
micromachining. Earliest reports already employed optical
detectors in combination with further sensors for
fundamental research of pulse duration influence on
resulting thermophysical effects [29].

Another monitoring approach also used for fundamental
investigations is detection of the reflected laser light on the
machining surface. One example is a study of change in the
material reflectance during the femtosecond ablation of
metals in vacuum [30]. For this, both specular and diffuse
components of the reflected laser beam were collected and
focused on a joulemeter by means of a hemiellipsoidal
reflector placed around the probe. The authors report a
significant reduction of the reflectance for increasing laser
fluence. Similar investigation was performed in the air with
nanosecond pulses, also showing decrease in the surface
reflectivity at higher fluencies, explained by the plasma
shielding effect [31].

Real-time temperature monitoring for laser-based
surface treatment has inspired developments of special
pyrometers [32], focusing mainly on laser cladding.
Pyrometery for various laser processes has been a research
topic of this group for over a decade [33,34], however with
no thorough investigations in the field of USP-laser
micromachining. On the other hand, pyrometery-based
fundamental research of USP-laser machining has been
reported. An example of this is a study on heat absorption in
a sample exposed to USP-laser radiation with a pyrometer
used for the detection of the specimen temperature on its rear
side while focusing the laser on its front side [35].

In a special case of multi-material laser structuring,
different approaches of detecting or predicting the transition
to a new material have been reported. An example of a
closed-loop control, presented in [36], employs a camera and
a cellular neural network (CNN) for the data analysis. The
task was to detect the completion of machining a
predetermined form by removing the right amount of the top
material. Another possibility for an online detection of a
change in the ablated material is by means of the laser
induced breakdown spectroscopy (LIBS). This approach has
been investigated by different research groups and described
in [37] and [38].

A further example of Al- and camera-based quality
control was presented in [39]. The goal was to create a
database of parameters and corresponding quality results in
order to realize a decision support system for process
developers. An automated camera-based measurement
system was developed in order to accelerate the
investigation of the resulting quality and more rapidly fill the
database with the processing results. A somewhat similar
approach, described in [40], used artificial neural networks
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for finding correlations between processing parameters and
the ablation depth.

An example of a direct distance measurement integrated
in the beam path was shown in [41]. This method combines
the UHR-SD-OCT (ultrahigh resolution spectral domain
optical coherence tomography) and a galvanometer scanner.
It is able to measure topographies of small surface areas (up
to 300 um x 300 um) with an axial resolution of almost
120 nm and lateral resolution of less than 2.5 pum. It is,
however, unsuitable for a real-time detection of the material
roughness, as its maximum scanning rate reaches 1.4 kHz.

Another principle based on direct distance measurement
for the analysis of 2D laser micro-machined structures has
been described in [42]. It is based on a principle of frequency
domain low coherence interferometry (FD-OCT) integrated
in the beam path. The authors report a sub-um axial accuracy
at a scanning rate of 2 kHz. The lateral resolution of an
online measurement is therefore low, when performed at
typical scan speeds of up to 10 m/s. This method is therefore
suitable for two special cases: offline surface roughness
detection either before or after the structuring and online
depth detection of structures with a sufficient surface area,
e.g. cavities or sample structures described in [43].

Though different approaches of process monitoring in
USP-laser micromachining have been reported, none of
them has yet been able to predict the quality of the resulting
structure reliably and without restrictions. A tradeoff is
present between directly collecting 3D-topography
information with low sampling rates resulting in low spatial
resolution and faster but more challenging to analyze
recording of process emissions. We believe that the latter
approach holds a great potential when combined with
appropriate analysis techniques. By monitoring diverse
process emissions simultaneously, we expect to gain a
higher amount of valuable information on the process.
Additionally, we observe and analyze machine, laser and
environment errors or drifts to ensure constant processing
conditions and eliminate environmental disturbances.

3. Data Acquisition System

The developed multi-sensor system includes different
detectors for machine condition and process monitoring,
which are thoroughly described in section 3.1.

In order to collect and synchronize the information from
different sources with various data types and data rates, a
digital data acquisition system consisting of real-time
capable subsystems and a personal computer featuring
analysis algorithms and a human-machine interface was
developed. The detailed description of the system is given in
section 3.2.

3.1 Sensors

The microstructuring machine used in this contribution
is a LASER L 1000 U from AgieCharmilles with two laser
sources, an ns-laser LP-V2-1-100-100-100 and a ps-laser
Edgewave PX100-1-GF. In the frame of this contribution,
the machine was equipped with various detectors, divided
into two groups: sensors for process and for machine
condition monitoring.

For the former, different signals emitted during the
micromachining are observed simultaneously. One sensor
for each of the following emission types is employed: VIS-,
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IR-, acoustic emission and the laser reflection. The sensors
are arranged around the f-Theta lens, monitoring the
specified emissions laterally, as shown in Fig. 1.
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Fig. 1 Photo of the process monitoring detectors.

For the detection of the acoustic emissions, a free-field
array microphone 40PH from GRAS is used. It is an airborne
sound detector for audible acoustic emissions with a
frequency range of 10 kHz to 20 kHz. The collection of
visible process emissions occurs by a Si pin photodiode from
Hamamatsu with a spectral response range of 350 nm to
1100 nm. The photodiode is protected from the laser
reflection by a short pass filter with cutoff wavelength
750 nm. For the laser reflection and the infrared emissions
two photodiodes of the same type are used: InGaAs pin
photodiode from Hamamatsu with a spectral response range
between 950 nm and 1850 nm. For detecting the laser
reflection, this photodiode was installed behind a bandpass
filter for the laser wavelength (1064 nm). For the detection
of the IR-emission, a longpass filter with cutoff wavelength
of 1100 nm is used. Each photodiode is placed behind a
corresponding focusing lens. The setups ensure that the
measurement spots are slightly larger than the scanning field.
This way, the emissions from the whole workpiece surface
are collected at all times.

Another group of sensors is employed for monitoring of
the machine itself. For this purpose, the temperatures and
vibrations in the following crucial points are collected:
environment, machine bed, scanner and workpiece.
Furthermore, a stability verification of the laser power and
spot geometry is carried out using a system schematically
depicted in Fig. 2.
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Fig. 2 Schematic depiction of hardware arrangement for
laser spot geometry and power monitoring.

laser power detector

This system is integrated in the machine beside the
workpiece mount. It comprises a UP19K-110F-H9 power
detector from Gentec and a CMOS camera acA3800-10gm
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from Basler The camera has a pixel size
of 1.67 pm x 1.67 pm, making it possible to sufficiently
resolve the laser beam in its focus position with radius of
approximately 35 um and 45 pm for the ps- and ns-laser
respectively. A beam splitter is used to deflect a small
portion of the beam towards the camera and guide the rest of
the beam in the direction of the power meter. Further optical
elements ensure correct measurement results without
damaging the detectors.

3.2 Signal Acquisition and Synchronization

For acquisition and processing of the sensor data, a
system represented schematically in Fig. 3 was developed.
Three different data collection and preprocessing systems
are used: an FPGA (field-programmable gate array), a PLC
(programmable logic controller) and a PC (personal
computer). This arrangement offers a great scalability and
enables a direct and easy integration of sensors with different
standard hardware interfaces. It additionally allows for
synchronizing data from different sources with varying
sample rates and data types.

The PC represents the central unit that receives and
stores the data from the both real-time subsystems and
enables standardized connections to further data storage and
data analysis systems. Furthermore, it allows the utilization
of standard data acquisition hardware for the non-real time
sensor data in the system - laser power and laser spot images.

PC with HMI

real-time

non real-time

Fig. 3 Schematic depiction of the data acquisition system
and its interfaces to the machine.

The spot measurement procedure is carried out before
introducing changes to the machining process in terms of
processing parameters, used laser, structure geometry and
workpiece. This is controlled by the machine operator by
accordingly programming the machine cycle. The beginning
of this procedure is automatically detected by the PLC
through analyzing the machine axes movement toward the
measurement hardware. The PLC triggers the PC application
responsible for the camera and power meter data acquisition
and analysis. Fig. 4 summarizes the spot measurement
routine.

As soon as the images of the laser beam are acquired, the
PC application begins their analysis. The spot size and
position are extracted, timestamped and saved to the hard
drive and forwarded to the PLC together with the
simultaneously measured laser power from the power
detector. The analysis routine is normally finished by the
time new laser processing starts. However, since the analysis
occurs on a non-real time system, the PLC ensures the spot
measurement values are not assigned to the new process
monitoring data until new measurement results are received.
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Fig. 4 Laser spot monitoring measurement procedure.

The PLC from Beckhoff has a direct access to the
machine control. Beside the axis positions, it can extract
information such as the beginning and end of a new
processing layer. Furthermore, through the corresponding
PLC terminals, temperature and vibrations signals are
sampled in real time with 1 Hz and 10 kHz, respectively. The
PLC features a web-based human machine interface
enabling the user to monitor the measurements and control
the data logging. All the communication between the PLC
and the PC is carried out by the means of the ADS protocol.

For the acquisition of the high speed signals, a
commercially available SoC (System-on-a-Chip) board
from Xilinx is used: the MicroZed Evaluation Board with
the MicroZed FMC Carrier Card. The collection of the
analog data is carried out over PmodAD1 A/D converters
from Digilent connected to the corresponding interfaces on
the carrier card. In this manner the data from the four process
monitoring sensors are sampled at a rate of 100 kHz with 12
bit resolution. The communication between the SCANLAB
scanner and its control, RTCS, is guided through the FPGA
board over PMOD (Peripheral Module) based interfaces.
This way, the FPGA has direct real-time access to raw
position data sent to the galvanometers from the scanner
controller. In order to correctly map the sensor information
to the positions on the workpiece surface, an optical system
dependent back coordinate transformation must be taken
into account. The polynomials for correcting the XY-
coordinates were determined experimentally and the
correction is done in the PC. The synchronization of the
FPGA with the other subsystems is achieved through a
modulated digital signal from the PLC. For the optimal
synchronization with the scanner, the 100 kHz clock in the
FPGA is directly derived from the scanner control signal.
The procedure of the process monitoring data collection is
shown in Fig. 5.
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Fig. 5 Schematic depiction of the process monitoring system
and procedure.

The beginning and the end of a machining layer are
detected by the PLC and the information is forwarded
through digital output terminals to the MicroZed over
PMOD interfaces on the carrier card. Synchronously to this



JLMN-Journal of Laser Micro/Nanoengineering Vol. 14, No. 3, 2019

information, the FPGA part of the MicroZed SoC receives
the sensor data, laser modulation and scanner positions. This
data is therefore recorded in real time, completely
synchronously with each other at a rate of 100 kHz. The
FPGA provides the data with timestamps and saves it in the
RAM memory present on the board. From this point
onwards, the data processing occurs in non-real-time. The
processor part of the SoC takes over the FEthernet
communication with the PC through which it forwards the
data from the RAM. The PC application controlling the data
reception organizes the data layerwise in hdf5 containers.
Beside the process monitoring data from the MicroZed,
these containers receive further information extracted from
the PLC: axes positions, machine condition- and spot
monitoring results, as well as the information input from the
user in the HMI.

4. System Examination Methods
In this section, the evaluation methodology of the data
acquisition system is described. A brief description of

experiments that have been carried out is given in section 4.1.

A qualitative analysis of the recorded data is presented in
section 4.2 and 4.3 for machine condition and process
monitoring, respectively.

4.1 Experiments Description

For the system evaluation, two separate series of
experiments were carried out: one for machine condition and
one for process monitoring.

For the former, the data was collected on a practically
oriented process development case, were three different
complex geometry shapes were structured on 1.2738 tool
steel (40CrMnNiMo8-6-4). The average laser power was
held constant and the processing type was varied between
ns-laser, ps-laser and combined structuring. The
temperatures and vibrations were recorded continuously to
ensure that these conditions remain constant. Furthermore,
the laser spot geometry and power were measured after
every change of the laser and structure type, immediately
before starting a new structure.

For the latter, specially designed microstructuring
experiments were carried out using the same workpiece type
as in the former experiments. Here, only the ps-laser was
used and the structured geometries were held simple: equally
spaced cavities with dimensions 4 mm by 4 mm were
machined with constant number of 50 layers. The scanning
occurred in an alternating manner in X- and Y-direction with
a constant speed of 4 m/s. In order to assure a constant
position relative to the process monitoring sensors, the
position of the cavities was controlled by the machine axes
movement, so that their center always remained at the center
of the scanning field. At the same time, the Z-axis position
was held constant, i.e. the focus position was not readjusted
during the machining. Each cavity was structured with a
different laser fluence, by varying the average laser power
linearly between its minimum and maximum in 28 steps.
Other parameters were held constant. The whole experiment
was repeated for different amount of pulses per burst,
between 1 and 8. All variations were additionally done for
two different pulse overlaps, by switching the repetition
rates between 250 kHz and 900 kHz, yielding a total amount
of 448 structured cavities.
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4.2 Machine Condition Monitoring

During the machining, temperatures and vibrations were
logged to be analyzed and checked for abnormalities in order
to exclude any fluctuations of the process influenced by its
environment. This way, constant conditions for the
processing were ensured at all time.

The laser spot monitoring was performed periodically at
every change of the laser and the structured geometry. The
analysis of the acquired images of the laser spot was
integrated in the measurement cycle. The analysis procedure
is graphically explained in Fig. 6.

X [pm]

W @
1/€? [um]

position
[m]

X [um] 118 36.2

Y [um] 952 352

Fig. 6 Depiction of the laser spot geometry analysis.

For the spot geometry analysis, the 2D-Gaussian
function is firstly fitted to the grayscale image of the laser
spot. In Fig. 6 this is illustrated by the color map image. The
spot radius in both X- and Y-direction as well as the position
of the center point are subsequently extracted. In order to
filter out any fluctuations that can originate from the
machine or measurement equipment, the process is done on
ten sequentially acquired images. The average parameters
are timestamped, saved and assigned to the rest of the
monitoring data.

4.3 Process Monitoring

The fully synchronized acquisition of the scanner
position and the sensor data allows for the exact assignment
of the process emissions to the corresponding machining
position. The sensor data can therefore be visualized in a
2D plane and qualitatively compared to an offline
topography measurement, as shown in Fig. 7.
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Fig. 7 Comparison of topography and IR-emission
measurement before and after structuring of 50 layers. Top:
surface before structuring and the IR-emission of the first
layer; Bottom: surface after structuring and IR-emission of
the last layer.
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The four images show color map plots of surface
topographies (left) and the corresponding 2D-maps of the
IR-emissions (right). The topography measurement
originate from a 3D optical surface profiler NewView 7300
from Zygo. The depicted measurements were performed
before and after structuring and are shown in the image
above and below, respectively. For the IR-emission plots,
shown on the right hand side, the average intensities at each
coordinate pair were taken. The upper plot shows the IR-
emissions recorded while structuring the first layer, whereas
the lower plot originates from the signals of the last
structured layer.

Both color maps of the IR-emission show remarkable
similarity to the topography images acquired offline using
the surface profiler: The horizontal grooves of the surface
before structuring can be recognized in the IR-emission
images as areas with high average amplitude depicted in red.
The vertical irregularities are on the other hand visible as
areas with lower average amplitudes of the recorded signal
and are represented in blue. Similar observation emerges for
the graphs of the structured surfaces. Here, different point-
shaped surface irregularities emerged during processing are
visible as red areas in the IR-emission image. Particularly
the top-right quadrant of the IR-emission image shows three
larger red areas that can be assigned to the clusters of holes
or CLP (cone like protrusion structures) visible in the
topography image. This leads to a conclusion that a detection
of the surface roughness and the presence of the CLPs by
observing the IR- process emission is plausible. Both other
optical emissions, the laser reflection and the VIS-emission,
show similar behavior. This is expected, as the light
scattering is influenced by the surface roughness, i.e. a
rougher surface causes a more diffuse light reflection. On the
other hand, a two-dimensional plot of acoustic emissions
shows no similarity to the surface topography. This is also
expected, as the raw acoustic signals predominantly include
the environmental sounds. Therefore, the analysis needs to
be conducted on frequencies characteristic for the process
itself.

The synchronous acquisition of the laser modulation
signal additionally makes the separated extraction of the data
of lines along the scanning axis easier. Fig. 8 graphically
explains these ratios.
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Fig. 8 Schematic depiction of the relation of the raw data
and the 2D-layer representation: exemplary graphs of raw
IR-emission data in the direction of scanning.
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Each graph of the raw signal data originates from the
recordings belonging to one scanned line. The scanning
occurred in alternating directions.

For the statistical analysis of the data, given in
section 5.2, only the signal waveforms within the time the
laser signal was on were considered. Different waveform
characteristics were extracted per scanned line, per layer and
per structure. Due to the constant scanning speed and
structure geometries, one layer consists of 500 lines. One
structure equals one parameter variation and consists
of 50 layers.

5. Results and Discussion

In this section, the first results of the data collection
system are presented and discussed. Once more, they are
divided into two subsections for machine condition and for
process monitoring results.

5.1 Machine Condition Monitoring

Fig. 9 shows the laser spot characteristics extracted from
the measurements for one complete microstructuring
experiment according to the detailed description given in
section 4.1.

In this experiment, two lasers were used and switched
between in an alternating manner. For the clarity, the two
lasers are represented in different colors with two shades
indicating the X- and Y-position. The measurements are
depicted chronologically. Depending on the structure
geometry, they lie between 10 and 30 minutes apart. For
each of the measurements an average value and standard
deviation resulting from 10 sequential measurements are
shown.
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Fig. 9 Example of the beam measurement.

The distortions of the center positions are in the range of
less than 10 pm for both lasers. The exact origin of this
behavior needs yet to be investigated. Possible causes are the
beam pointing instability in the laser, but also in other
components in the beam path, i.e. scanner. Due to the
measurement method, an additional influence of the
machine axis kinematics cannot be excluded. A further
argument supporting this claim is the low standard deviation
of the sequential measurements between which no axis
movement occurred. The laser spot size, however, shows
stronger relative deviation in sequential measurements,
which in some cases reaches over 5 um. The cause for these
deviations lies in an interplay between the machine axis
inaccuracies, pointing stability of the lasers and the
measurement system.

Though the presented experiments did not show any
significant trend or drift of the spot position and size, the
system can be employed to ensure this behavior in the long
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run. By tracking these parameters during the processing, any
errors resulting from the laser, mirrors, scanner and machine
axes causing fluctuations in the linear component of the
beam pointing can be traced back. The parallelly acquired
laser power from the power meter is analyzed analogously
to the spot geometry. Similarly to the spot size and position,
the power measurement results showed no unusual
deviations or drifts, which is why no separate graphs are
explicitly shown at this point.

5.2 Process Monitoring

The following figures show analysis results of the real-
time data collected in experiments described in sections 4.1
and 4.3.

Fig. 10-13 show average or maximum process emission
values of the raw data of one structured layer. These
characteristics are depicted for each of the 50 layers and for
different amounts of pulses per burst (ppb). The figures
compare the data collected at two repetition rates, 250 kHz
(left) and 900 kHz (right).
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Fig. 10 Average IR-emission for each structured layer:
Left: frep=250 kHz, Pavg=0.8 W, Qp:314 l,lJ.

Right: frep=900 kHz, Pav6=2.75 W, Qp=3.0 pJ.
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Fig. 11 Average laser reflection for each layer:
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Fig. 12 Maximum acoustic emission for each layer:
Left: frep=250 kHz, PAvc=8.8 W, Qp=34.6 uJ.
Right: frep=900 kHz, PAvc=31.99 W, Qp=34.93 pnJ.
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Fig. 13 Average VIS-emission for each structured layer:
Left: fREp=250 kHZ, PAVG=16.6 W, Qp=66.6 P—J

Right: frep=900 kHz, PAovc=58.6 W, Qp=65.1 pJ.

The plots at different frequencies are here directly
compared to the corresponding data with the most similar
pulse energy. For each process emission, examples taken
from different of in total 28 varied laser powers are shown.

The alternating average amplitudes originate from the
alternating scanning directions and different relative
distance to the sensor. The signal characteristics all show
different behavior regarding the order of the structured layer.
For both pulse frequencies, the IR-emissions fluctuate
significantly for the first structured layers, whereas they take
a more evened course from around the fifth structured layer.
An additional factor influencing the signal characteristics is
the defocusing, since the z-axis position was held constant
during the machining.

While correlations to the order of the structured layer
seem to exist, they are also different for different repetition
rates and number of pulses in one burst. A similar conclusion
can be drawn for the characteristics of the laser reflection
and VIS-emission: The experiments revealed rather
complicated dependencies of the recorded signals on the
varied parameters, repetition rate and burst size, as well as
the layer sequence. Additionally, these signals are not solely
dependent on the varied parameters. Furthermore, the values
of both optical and acoustic emissions almost constantly, but
not necessarily, grow for growing number of pulses per burst.
The higher IR-emission intensities are expected, due to the
growing heat accumulation for the growing burst size [44].
The same explanation applies for the higher recorded
thermal emissions at the higher repetition rate [45]. The
growing intensity of the VIS-emissions for the growing
number of pulses in one burst also correlates with the results
of previous investigations [46]. The increasing amplitude of
the recorded laser reflection with the increase in number of
pulses in a burst can be explained by the emission signal
being an integration of the reflections of more pulses. Same
explanation applies to the increase in amplitude of the laser
reflection with the increasing repetition rate. For the acoustic
emissions, however, it has yet to be investigated if this is
influenced by the process itself or by the machine. Fourier
analysis has not shown any characteristic frequencies
belonging solely to the process yet.

For a complete overview over the entire range of the
varied parameters, average values calculated from the data
in previous figures are depicted in Fig. 14-17. This
representation allows for analyzing the signal dependencies
on the varied laser power. Again, the data is depicted for all
the varied burst sizes and a comparison is given between the
two repetition rates: 250 kHz (left) and 900 kHz (right).

In general, correlations between the amplitudes of all
process emissions and the varied laser power are given.
While the three types of optical emissions show strong
dependency on the used laser power, the acoustic emissions
show a rather low rise in amplitude with the rising laser
power. This is expected, since the recorded acoustic signal
contains additional noises from the environment. Simple
maximum amplitudes are not sufficient for describing the
change in the process itself. Further analysis is needed to
extract the information from this signal belonging only to the
process. Correspondingly to Fig. 10-13, all the emissions
show dependency on the burst size. The increasing
amplitude of the process emissions for the increasing laser
power is apparent and expected. The decrease in the
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amplitude of the IR-emission with the increase in laser
power is at first glance opposite to the expectation. The exact
reason for this behavior is still to be examined. Possible
explanations include the influence of different external
effects on the measurement, other that the preset process
parameters. A comparison of Fig. 14 and 17 reveals that the
rapid drop of the IR-emission intensities for both repetition
rates occurs simultaneously to the rapid rise of VIS-
emissions amplitudes. Similar observation applies for the
laser reflection: For the linearly increased laser power, the
back reflection increases rather slowly in the areas of the
rapid VIS-emission growth. This behavior correlates to the
existing investigations and is explained by different effects
that emerge at the increasing laser fluence [30,31]. On one
hand, the laser induced surface structures can cause the
diffuse reflection to outweigh the specular one [30] which
would lead to less light reflected towards the sensor. Another
possible cause is the plasma shielding effect [31]. In order to
identify the exact explanation for this behavior in the
described process, further investigations are needed.
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Fig. 14 Average amplitude of the IR-emissions over the
varied laser power at constant frep of 250 kHz (left) and

900 kHz (right).

Though the previous figures show interdependences
between each of the emissions from the process zone and the
processing parameters, the correlations are quite complex to
characterize. In addition to the signals dependency on the
varying processing parameters, an interplay of different
physical effects plays a role on the measurement results.
Complex analysis methods that take all these effects into
account are needed to adequately analyze the data.
Especially for predicting the quality of the result, the
analysis must take into account the varying signal
characteristics regarding the processing parameters.

To conclusively support this claim, signal characteristics
decoupled from the amplitude influenced by the structuring
parameters were inspected. Fig. 18 shows the relative
standard deviation of each of the emission signals over the
measured resulting surface roughness. The surface
roughness measurements depicted on the X-axis originate
from offline measurements using a laser scanning
microscope VK 9700 from Keyence. The depicted data
represent relative standard deviations of averaged process
emissions at each coordinate pair in one layer. They were
extracted for every last layer of the respective structure. This
way, the data from the following graphs correspond the color
map depiction from Fig. 7.
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Contrary to the assumption made based on the 2D data
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depiction, no dependency between the relative standard
deviations of recorded process emissions and the surface
texture is given. Until now, no correlation between the
surface roughness and process emissions could be derived.

6. Conclusion and Outlook

In this contribution, a system for real-time process- and
machine condition monitoring of laser micromachining is
presented. The challenge solved is the acquisition,
synchronization, analysis and adequate storing of the
varying data types from different sources collecting
information all around the process and its environment.
Depending on the needed physical signal interfaces, sample
rates and data types, different signal preprocessing systems
are employed and the timestamped data is merged together
for a centralized analysis. The most challenging part of the
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data collection is the process monitoring subsystem that
records and stores various process emissions completely
synchronously to the machining position and laser
modulation with a high sample rate of 100 kHz.

The system was validated in experiments and the first
results are presented. The machine stability monitoring
adequately supports the process result quality monitoring.
The preliminary results of the latter show great potential for
determining diverse information on the process.
Correlations between the process parameters and the
recorded process emissions were presented and analyzed.
These need to be filtered out in order to derive quality
information from the collected signals. However, this has
proven to be a no easy task. Additionally, process parameters
are not the only characteristics that influence the recorded
signals, as complex physical phenomena and interferences
affect the emergence and propagation of process emissions.
The collected data dependences on the resulting surface
roughness were furthermore investigated and indications of
possible surface roughness detection were found. However,
further investigations are needed to fully examine the
complex correlations between the differing processing
conditions and the recorded signals and develop a fully
automated system for quality monitoring of the laser
micromachining.

The system was evaluated for a simplified case of
structured cavities. Nevertheless, machining of more
complex 2.5D structures, exemplary shown in Fig. 19, can
be monitored with the same system with no additional effort
on the data acquisition side. However, these structures might
yield more complex data analyses.

Laser
reflection
[a.u.]

| 2234

Fig. 19 Left: a 2.5D structure Right: corresponding VIS-
emission of one structured layer.

Beside USP-laser micro structuring, the data collection
and synchronization approach presented in this contribution
is transferrable to other laser- and scanner-based
applications. The flexibility of the data acquisition system
allows for integration additional detectors, e.g. profilers for
beam pointing monitoring. Depending on the objectives of
the monitoring, new machines and applications yield
adapted or newly developed analysis techniques.
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