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As the laser processing industry grows bigger every year, the need for process monitoring grows
with it. To this extent, in this paper, we will present a new and innovative way to monitor the spatial
accuracy of laser processing based on acoustic monitoring and multilateration of the soundwave
emitted during the laser-material interaction. During laser surface processing, the interaction of the
laser with the material’s surface emits a soundwave. By placing an array of various acoustic sensors
surrounding the processing area, one can measure the difference in Time-of-Flight of the shockwave
that is emitted by the laser ablation. Once this time difference is measured, it becomes possible to
locate the origin of the sound with sub-millimeter accuracy. The marking of a QR code by a ns
pulsed laser will be used to showcase the viability of this method. The real location of the surface
marking process will be compared with the location obtained in-line with the acoustic trilateration
monitoring. After demonstrating this new method, we will discuss its potential applications for the
laser processing industry, the limitations it suffers, and how those issues could be mitigated or over-

come.
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1. Introduction

As laser surface processing becomes easily accessible
[1], it becomes increasingly used by industrials for various
applications such as surface texturing or selective abla-
tion/laser cleaning [2]. Numerous processing machines can
be found on the market, and every year, the quality of the
laser processes increases, thanks to better laser systems
hardware, better monitoring, control, and inspection sys-
tems

Monitoring the process has become a vital element for
first-time-right and zero-defect manufacturing, and in-line,
real-time in-situ monitoring methods are paramount for
high yield high throughput systems [3][4].

To this extent, a new monitoring setup was created at
AIMEN within the BILASURF European project, allowing
us to validate our system output in-line. This project aims
at developing and integrating a process for high-rate laser
functionalization of complex 3D surfaces using tailored
designed riblets to reduce friction. Metallic surfaces are
texturized by means of a galvanometric scanner directing a
1064nm ps laser toward the sample mounted onto a robotic
arm.

Previous work on acoustic monitoring in pulsed laser
material processing focused on the study of characteristic
signals to determine process focal position or to monitor
certain operating conditions. [5-8] In this work, in order to
ensure that the laser interact with the sample at the pre-
determined location in space, an innovative setup based on
an array of free space microphones is used to calculate the
position of the sound emitted by the interaction laser-
material based on pseudo-range multilateration algorithms.

This paper will present this new technique along with
its advantages and limitations. To measure and demonstrate
the adequacy of said technique, a more traditional textur-
ization routine will be used, where a QR code is marked on
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an anodized aluminum surface by a laser scanner system,
and the obtained results will be presented. The location
calculated by the multilateration algorithm will be com-
pared with the known location of the laser pulse, and we
will demonstrate that a sub-millimeter accuracy is obtained
in real time with this new method.

This acoustic monitoring setup is fully independent
from the laser-scanner system. This means that no infor-
mation whatsoever is gathered at system laser (no laser
trigger, no known position of the scanner...), and we will
present new means of obtaining those values independently.
We chose this approach as it is the hardest, and from there
is much easier to improve accuracy by gathering infor-
mation from the system (especially the laser trigger). This
also allows our system to be easily implemented in any
laser system, regardless of its connectivity.

To understand this new method of measuring the posi-
tion in space of the interaction between the laser and the
sample, one can look at Figure 1, where the schematic of
the experiment is described. As we can see, when the laser
pulse hits the sample, a soundwave is produced and is
propagated in free space around the sample in a spherical
shockwave. The array of microphones located around the
sample will capture this soundwave at different moments in
time based on their relative distance from the sound origine.
This difference of arrival of the sound wave is called Time
Difference of Arrival, or TDoA, and since the microphones
are fixed, only changes when the origine of the sound
moves in space.
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Fig. 1 Multilateration principle based on soundwave prop-
agation in free space.

2. Experimental setup

To test our new approach to monitor the laser texturing,
a known setup was used, as this allows us to easily com-
pare the results obtained with known coordinates.

Therefore, a Coherent-Rofin industrial marking system
CombiLine was used. The main wavelength of 1064nm
was used, with laser pulses of 10ns. Each pulse carries
0.6mJ of energy, with a repetition rate of 20kHz. The sys-
tem is equipped with a galvanometric scanner with a f-theta
lens of 255mm focal, and a motorized gantry system for
sample positioning. The system can be seen in Figure 3.

A sample of anodized aluminum is placed under the la-
ser scanner system, and an array of 4 free-field micro-
phones are placed around the area to be texturized. The
microphones are models 146AE '%” free field from GRAS,
and are rated for a frequency of up to 20kHz. The setup can
be visible on the Figure 2.

(==

rofin

Fig. 2 Laser system used for the experimental setup: com-
bi-line from Rofin, with laser scanner and gantry system.
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Fig. 3 Experimental setup placed inside the combiline: an
array of free-filed microphones are placed below the scan-
ner around the sample.

The four microphones are connected to a data acquisi-
tion device (DAQ) type Picoscope, that captures the volt-
ages produced by the piezoelectric microphones at a fre-
quency of 2Mhz. The DAQ is connected to a dedicated
computer, that capture the data in real time, clean them
with different algorithms and process them. A low pass
filter with very high frequency (between 40kHz and
200kHz depending on the application) is used to smooth
the data and remove the electrical noise, and a high pass
filter is applied (400Hz) to remove the background noise.
Additionally, a dedicated filter can be used to remove the
specific frequency due to the extraction system (system
dependent).

3. Principle, soundwave and TDoA

In the case of a single pulse, the soundwave that reach-
es the microphone is very easily understandable as we can
see in Figure 4. The laser pulse produces a single peak of
acoustic energy (AE) that can easily be identified. Various
algorithms can then be used to measure the difference in
the time of arrival based on peak detection or on correlation.

Sound of a laser puse capture by array of 4 microphones
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Fig. 4 Sound (acoustic energy) of a single laser pulse as

captured by an array of 4 microphones.
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However, things get more complicated when the laser is
no longer used in single pulse mode but in burst mode or
continuous mode. In both cases, a train of pulses will be
applied to the sample, and due to the very high frequency
of the laser and the slow speed of sound, it is very likely
that the sound of the pulse n reaches the further micro-
phone after the sound of the pulse n+1 reached the closest
microphone. To solve this problem, it becomes necessary to
index all registered pulses within the pulse train to compare
their respective time of arrival. This interlacing of time of
arrival of the sound wave and the pulse indexation can be

visible in Figure 5.
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Fig. 5 Sound emission of a train of laser pulse, and indexa-
tion of each laser pulse along the train.

0

Another approach consists of considering the whole
train at once, and perform a swiping correlation calculus, to
match the signals and therefore calculated their TDoA.

TDoA are calculated based on a “master” channel, in
our case channel A. This means that for 4 microphones, 3
TDoA are obtained. Once the TDoAs between the micro-
phones are obtained, it becomes possible to calculate the
position and the timing of the origin of the sound by apply-
ing a pseudo-range multilateration algorithm. Figure 6 il-
lustrates this notion for a better understanding of the prob-
lem.

Additionally, it is possible when a train of pulses is
used to perform the correlation between the 4 channels
over the entire train. For example, to print a pixel of our
application, 21 parallel lines with each 5 laser pulses are
used. To accelerate the calculation, we can correlate the
measurement over each line.

4. Multilateration

The problem we try to solve is a pseudo-range multilat-
eration problem. This means that we try to do a lateration
(find the position of the emitter in space based on the
length between the emitter and the receptors; not to be con-
fused with triangulation that based the calculus on angle
measurement) on more than 3 receptors (so multi instead of
trilateration, although the term trilateration is also com-
monly used). It is pseudo-range which means we do not
know the time of emission, although this time is the time of
the laser and could be gathered by monitoring the laser
trigger, in this work the choice was made to not get this
information to make the setup fully independent of the sys-

tem, allowing us for better retrofitting on any laser machine.

Numerous algorithms exist for pseudo-range multilat-
eration [9-12]. But for all pseudo-range multilateration
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algorithms, the concept is that the Times of Arrival (TOA)
are measures (and their differences computed to obtain the
TDoA), but the Time of Transmission (TOT) is unknown.
Notice that this TOT could be obtained by measuring the
electrical trigger of the laser, but chose not to as we want
this new metrology setup to be fully independent of the
machine. By applying the trilateration algorithm, we will
be able to determine both the position of the sound source
(laser interaction with sample) along with the TOT (time
when the laser hits the sample).

In this study, we decided to use the pseudo-range multi-
lateration algorithm based on the intersection of 4 spheres.
The overall idea is to draw around each microphone a
sphere with a radius equal to the Time of Flight (TOF, un-
known) multiplied by the speed of sound. This TOF is
equal to TOA — TOT. Since TOAs are measured, all 4
spheres only posse one unknown variable, TOT. The algo-
rithm will therefore optimize TOT to discover the value for
which all 4 spheres intersect in space. Figure 6 illustrates
the concept of TOT, TOF, TOA, and TDoA for a master
microphone and two additional ones.

TDOA minort

TOFMastar (Time Difference of Arrival TDOAminorZ
(Time of Flight on Master on microphone 1) (Time Difference of Arrival @
microphone) on microphone 2) g 2
SE
TOFminDr‘I &
TOFm\an
f f f f t
TOT
TOAMaster TOAmmu,‘\ TOAmleZ

(Time of Transmission,
aka laser/material
soundwave emission
time, unknown)

Fig. 6 Illustration of TOT (time of transmission), TOA

(time of arrival), TOF (time of flight) and TDoA (time

difference of arrival) for a master microphone and two
secondary microphone.

times

(Time of Reception on
Master microphone)

(Time of Reception on
Secondary microphone 1)

Absolute

To calculate this interaction point, first the intersection
point of 3 spheres is calculated based on the close-form
mathematical solution as presented by Fang [13]. This in-
tersection point is a function of the positions of each mi-
crophone, which are fixed in space, and of the radius of
each sphere. Since the difference in radius of each sphere is
proportional to the TOF of each laser pulse, which is the
sum of TOF of the master microphone and the TDoA of the
current microphone and the speed of sound, the intersection
for a given pulse is only a function of the TOF of the “mas-
ter” microphone. The function describing the field of pos-
sible results for this interaction as a function of TOF can be
represented by the interaction between two intersecting
hyperboloids [14]. It becomes therefore possible to opti-
mize this TOF in such way that the interaction point be-
tween those 3 spheres present a minimized distance with
respect to the 4™ sphere, aka that the distance between the
interaction of the 3 spheres and center of the 4" sphere is
equal to the diameter of the 4" sphere, which is equal to
TOF of the master microphone plus TDoA of said 4% mi-
crophone - multiplied by the speed of sound. This way, the
intersection point between the 4 spheres is calculated. The
TOF of the master microphone can then be used to deter-
minate the TOT directly as it’s directly TOA of said micro-
phone minus his TOF, and the position is space is calculat-
ed as it is the mathematical solution of the intersection of
the 3 spheres for this TOF. Such result can be observed in
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Figure 7, where the interaction point between the 4 spheres
is shown.

Fig. 7 lllustration of the multilateration algorithm based on
the calculus of the intersection of 4 spheres of radius
(TOFMaster + TDOAMaster»mic) * Vspeed sound

This multilateration algorithm can be used on every
single laser pulse or on the TDoAs times calculated for
laser pulse trains as recorded during the process in an in-
line process. We only need to wait for the current train to
finish to be able to correctly index the pulses so the algo-
rithm can only real-time on single pulse processes, so the
algorithm is not fully real-time.

5. Application: laser printing of QR code

To validate our new monitoring setup, and before mov-
ing to an unknown machine, we used the previously pre-
sented CombiLine to process the surface of an adonized
aluminum sample to mark a QR code. Each pixel of the QR
code is composed of 21 lines produced by the scanner, dur-
ing which 5 pulses are captured by the microphones. The
QR code contain 311 pixels of 0.5x0.5 mm? placed along a
25x25 pixels matrix, creating a QR code of 12.5x12.5 mm?.
To print the QR code properly a double path is performed,
so we register the QR processing twice.

Two approaches are used to apply the algorithm. The
first approach considers each individual line of 5 pulses,
that we call train of pulses, and we correlate the signal re-
ceived during the line processing (so 5 pulses) to obtain the
TDoAs. This way, we obtain 311*21*2 = 6.531 individual
measurements per path, which each their set of TDoA. The
trilateration algorithm is applied in every measurement, and
the obtained position in space can be displays in a color
map, where X and Y are represented and the colorscale
correspond to the measured Z. The actual printed QR code
can be seen in Figure 8, while the results of the multilatera-
tion algorithm are visible on Figure 9.

As one can see, the multilateration algorithm allows us
to locate each train of pulses with a very good accuracy. In
the zoomed-in illustration (Figure 10), the distance between
the actual point and the location as obtained by the multi-
lateration algorithm is drawn with red lines.

Fig. 8 Laser-processed sample: QR code printed onto ano-
dized aluminum with pulsed IR laser via galvanometric
scanner.

Multilateration results for pulse-to-pulse calculation
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Fig. 9 Calculated location in X-Y-Z space for each train of
laser pulse based on their TDoAs and pseud-range multilat-
eration algorithm. The calculated height in Z is shown with

the colorbar.
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Fig. 10 Zoomed-in results of the location of the pulse as
calculated by the multilateration algorithm. The difference
with the actual train center location is displayed with the

224

red lines.
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It is possible to quantify this error, by plotting the dis-
tribution of this difference, and statistics such as fitting a
skew gaussian can be performed. This exercise can be re-
peated for unidirectional distances such as vertical dis-
placement, along the X and Y axis, and horizontal dis-
placement (using both X & Y at once). Figure 11 shows the
distribution of the position difference, and we can clearly
say that our multilateration algorithm gives us results with
a sub-millimeter accuracy. The Figure 12 shows the error
distribution along the horizontal axis, X axis and Y axis
where an error >350um is obtained, and vertical axis where
most of the error is located.
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Fig. 11 Distribution of the error between the calculated
position with multilateration and the actual laser position
given by the laser scanning system for pulse train data.
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Fig. 12 Error distribution for individual dimension: the
position difference between the actual and calculated posi-
tion is shown as an histogram with a skew gaussian fit for
horizontal (with both X & Y combined), individual X and

Y error, and Z vertical error.

To finalize, we can draw a table with the different sig-
ma value of skew gaussian fit, and the corresponding per-
centiles as given by the data. Those values are visible in
Table 1.

Table 1 Table 1: Percentiles evolution of the position
error for pulse train data and their corresponding skew
normal fit sigma’s.
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Pulse train -3¢ -2 -G mean c 20 30
data 0.1per 0.2p 15.9p SOper 84.1p 97.8p 99.9p
Total error 0.03 004 018 033 059 101 1.5
measurement

Total error 0.02 004 017 034 0.6 087 136
skew fit

Vertical error 3E-04 001 007 025 056 098 148
raw data

Horizontal 001 001 008 016 025 035 047
error raw data

X error raw 1E-04 3E-04 003 011 021 032 04l
data

za;rmr aw 1E-04 3E-04 003 008 016 028 041

The second approach consists of looking at each indi-
vidual laser pulses. Each of the 311 pixels contains 21 lines
with each 5 laser pulses, over two paths, leading to
311*21*5*%2 = 65.310 measurements point. The position of
the sound origine is calculated for each one of those meas-
urements point, and in a similar manner, we can draw the
map of the XY position with colorscale to represent the 3™
dimension. The overall results are displayed in Figure 13
where the calculated position of each laser pulse success-
fully reproduces the QR code as it is printed.

Position calculated with multilateration algorithm for each individual laser pulse

mm

-2 0 2 4 6

Fig. 13 Results of the multilateration algorithm position
calculation for each individual pulses.

Additionally, the position error distribution can be
studied in a similar way, and the results are displayed in
Figure 14, and the statistical results can be compared in
Table 2.
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Difference between multilateration results and laser position
for pulse to pulse data
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Fig. 14 Distribution of the error for pulse-to-pulse data.
Compared to the pulse-train data (shown in Figure 11), the
error is bigger, due to each pulse measurement having an
intrinsic error in it’s TDoA measurement that is not aver-
aged as in the pulse-train TDoA calculation.

As we can observe, the pulse-to-pulse error is signifi-
cantly bigger than when a pulse train is considered. This is
due to the calculation of the TDoA with the pulse-to-pulse
data, as each pulse measurement carries an intrinsic error.
In comparison, when measuring the TDoA of a pulse train,
the errors are averaged over the various pulses within the
train, causing the error to diminish.

Table 2 Percentile evolution of the position error for pulse-
to-pulse data and their corresponding skew normal fit sig-

ma's.

Pulse train -3 -20 -G mean c 26 36
data O.lper 02p 159p SOper 84.1p 978p 99.9p
Total error 0.03 004 018 033 059 1.0l 1.5
measurement
Total error 002 004 017 034 06 092 129
skew fit
Vertical error 3E-04 001 007 025 056 098 148
raw data
Horizontal

0.0l 001 008 016 025 035 047
error raw data
X error raw 3E-
atn IE04 "7 003 001 021 032 041
Y error raw 3E-
data IE04  “% 003 008 016 028 04l

6. Other applications

Once the technique is developed, and as the monitoring
module is completely independent from the laser system,
we can envision various applications, such as the calibra-
tion of the scanner system. Indeed, scanners are known for
presenting a non-linear response to their input due to the
non-linearity of the f-theta lens and need to be calibrated. If
the system is not calibrated, when requesting a position on
the edge of the processing area, an offset might appear.

With our new monitoring setup, it has become possible
to mark a calibration map with the scanner and to automat-
ically obtain the actual laser position without the step with
machine vision that is normally used for system calibration.
Our test, however, was not done to calibrate our system,
but to verify that the calibration that we already had was
accurate. To do so, the calibration grid is performed with
21x21 steps of 2.5mm, and we only validate that it is accu-
rate. The map as measured with the multilateration moni-
toring setup can be seen in Figure 15. With this experiment,
we can validate that our setup is correctly calibrated, and
that the error measured is within the specification of our
monitoring setup.

Another application was done to study the capacity of
the system to follow complex 3D structures. To do so, we
surface texturized a sport medal with a 2mm heigh drawing
of a cup surrounded by a leave crown. A picture of the
medal and its height profile as calibrated by an optical pro-
filometer can be visible on Figure 16.

The material of the medal is unknown, which allow us
to demonstrate that the system is independent from the pro-
cess, and we use the same pulse laser system as before to
treat the medal surface. A scanning routine was implement-
ed similar to the ones used to remove oxide from metallic
samples. In a similar manner, the sound of the interaction
between laser and material was recorded by the micro-
phone, and each pulse identified, and the multilateration
position calculated. The results obtained are visible on the
Figure 17.

—20 -10 0 10 20
mm

Fig. 15 Results of the calibration verification for our scan-
ner system: each point successfully lands on the grid that
we define, and no systematic error is observed on the edges.

Fig. 16 Sport medal to be surface texturized. Left: picture
of the medal. Right: Height of the medal as calibrated with
an optical profilometer.
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Trilateration laser process medal
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Fig. 17 Results of the multilateration algorithm based on
sound capture during the surface cleaning of the medal.
Some features are visible, but the results are too noisy to be

exploitable.

As we can easily observe, some features appear to be
visible, such as the cup or the base of the cup. The leaves
also can be visible in some areas. Work is ongoing to im-
prove the accuracy and reliability of the system and to
make it more robust.

7. Conclusion and discussion

This study successfully demonstrates the development
of a disruptive approach for monitoring laser processes.
This innovative method utilizes an array of free-field mi-
crophones to pinpoint the spatial position where the laser
interacts with the sample through precise Time Difference
of Arrival (TDoA) measurements and multilateration algo-
rithms. We have shown that this approach achieves sub-
millimeter accuracy in determining the location of the la-
ser-material interaction. One of the significant advantages
of this technique is its complete independence from the
laser machine, requiring no input from the setup. Moreover,
it is unaffected by process parameters such as laser dura-
tion, wavelength, or frequency. As long as the process
emits sound, it can be measured and located.

However, this setup does have limitations. Many pro-
cesses do not produce sufficient acoustic intensity to be
captured and analyzed, or they operate at frequencies be-
yond the capabilities of the microphones used. Higher-
performance microphones, such as commercially available
free-field piezo microphones that can reach up to hundreds
of kHz, or optical microphones capable of reaching the
MHz range, could enhance performance.

Additionally, because the sound wave is air-coupled, it
is significantly influenced by air blowing and/or suction
streams in the process area. Extraction systems can gener-
ate winds of up to dozens of meters per second, nearly 10%
of the speed of sound, which greatly affects the Time of
Flight (TOF) and, consequently, the results of the multilat-
eration algorithm. Potential solutions to these issues in-
clude creating a dedicated calibration map and utilizing Al
training for position location based on a large number of
known acquisitions.

Overall, this study demonstrates the successful imple-
mentation of a novel metrology technique for laser surface
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texturing. Considerable work remains to make this tech-
nique robust and mature enough for industrial applications
or to adapt the technology for other processes, such as ul-
trashort lasers, and other applications, including laser weld-
ing, cutting, drilling, and other laser-based technologies.

This work was performed within the Bilasurf project,
call Horizon-CL4-2022-TwinTransition-01-02, 101091623,
and the authors would like to thank the European commis-
sion for giving us the opportunity to push research in Eu-
rope further.
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