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In-line monitoring of focus shift by kerf width detection with coaxial thermal
imaging during laser cutting

Abstract

Nowadays industrial laser cutting systems employ a fixed set of process parameters throughout the cut
of the same workpiece, which results in a good compromise between maximum productivity and surface
quality. The process parameters are commonly set by trial-and-error experiments carried out on different
materials and thicknesses or less frequently by physical modelling. However, the final cut quality is not
constant even though the process parameters are kept fixed due to degradation of the initial status of the
laser cutting system. One of the common issues in the laser cutting process is the local heating of the
optical components due to contamination and/or high powers commonly employed, which cause shifting
of the focus position. This can worsen the cutting-edge quality, and even result with loss of cut.
Therefore, the online measurement of the position of focus is a requirement for a consistent process. An
empirical method used in the industrial practice for initially setting and successively examining and
adjusting the focus position is to measure the kerf width of a straight-line cut performed with constant
process parameters. This paper proposes an algorithm to monitor the kerf width and yield the estimated
focus position in real-time during the cutting process. The kerf width is observed during the process with
a coaxial camera module mounted on the laser head which monitors the thermal interaction between the
laser beam and the material. An image processing algorithm was developed for extracting the kerf width
from the acquired images, and the algorithm parameters were experimentally calibrated such that the
extracted value of the kerf width matches with its physical measure. To understand the influence of the
focus position on the cutting kerf, an experimental campaign was conducted and subsequently a
regression model was fitted. The real-time monitoring and computation of the kerf width and its
correlation to the focus position give the opportunity for a closed-loop control of the focus shift, that
would eventually lead to a gain of process stability and repeatability.

Keywords: laser cutting, thermal lensing, focus shifting, coaxial process monitoring, cutting kerf
monitoring

1 Introduction

1.1 Motivation

Created from the words “Light Amplification by Stimulated Emission of Radiation”, lasers have been an
embodiment of efficiency and quality in materials processing since their advent in the sixties. They
offered an entirely new form of energy which in turn enabled many previously unfeasible applications,
often replacing mechanical methods. Able to heat, melt and even vaporize material, lasers represent the
ideal medium for channeling intense but controllable energy.

So far, the most popular use of lasers is for cutting in both macro and micro applications [1][2]. The
process works by directing the laser beam through an optical chain, ending with a focusing lens and
protective window, to the workpiece. The combination of the energy beam concentrated by the focusing
lens and pressure of the assist gas ejected by the nozzle creates the cutting action. The material melts,
burns, vaporizes, or is blown away by the jet of gas, generating a removed volume of material defined as
the kerf, and leaving an edge with a high-quality surface finish. The laser optics and CNC (Computer
Numerical Control) are used to direct and then to move the laser beam generated onto the material,
resulting with a continuous cut. Cut quality depends upon the proper selection of process parameters,
since all cutting parameters have a significant influence on the resulting surface quality [3][4]. In general,
cutting parameters are adjusted and tuned based on trial-and-error experiments or more rarely on



empirical and physical models to provide the desired quality of the cut and maximized productivity
[5][6][7]. Among others, the focus position regulates the spot diameter and consequently the release of
the energy onto the workpiece and co-operates with the nozzle diameter and stand-off distance to
properly direct the gas jet into the cutting kerf.

Maintaining the focus position at the optimal value results in delivering correct power and energy density
at the focal plane, which is crucial for the repeatability of laser-cut parameters and producing consistent
edge quality [3]. However, a fraction of the laser emission is absorbed in optical elements, leading to
thermal loading on the optics, particularly when high-brilliance and high-power laser beams are used.
Contaminations on the optical surfaces further enhance their absorption. The local heating of the optical
components due to thermal load generated on the lens and its coating can distort the optical elements
resulting with a phenomenon known as thermal lensing [8]. The consequence of the phenomenon is a
shift of the focus position value from the optimal conditions, altering the power density input on the
workpiece. Resultantly, the edge quality of the workpiece is highly affected leading to cutting edge
defects or even un-cuts if it is abundantly eminent, degrading the process stability and repeatability
[91[10].

1.2 State of art

To minimize and/or compensate the problem of heating and consequent thermal deformation of the lens,
different approaches have been presented in the literature. Firstly, to avoid heating, lenses are optimized
to not absorb or totally reflect the laser radiation; furthermore, they can be cooled with internal refrigerant
circuits. Secondly, to monitor the degradation over time, sensors are mounted on the lens or in its vicinity,
such as thermopiles, thermocouples or ultrasound probes [11][12][13]. Thirdly, different strategies for
compensation of the degradation have been studied. Active compensation of the thermally induced lenses
(like adaptive mirrors based on piezoelectric actuators) can be adopted [14][15]. The drawback is the
increase of the devices incorporated in the optical chain and consequent complexity. Passive
compensation using optical lens materials with negative temperature coefficient of the refractive index
is a satisfactory solution that is being studied and implemented [16][17][18].

In those cases, where the lens holders and optical chain of the machine cannot host sensors that directly
measure the contamination and thermal heating, sensing the focus shift as a consequence of the thermal
lensing is a necessity for avoiding or attenuating its effects. Moreover, sensing the focus shift allows to
monitor the state of the overall optics as well as the occurrence of unpredictable events that might worsen
the beam quality.

The focus position must be measured or estimated to control performance and provide consistent process
conditions over time. In the literature direct and indirect methods for quantifying the focus position are
presented.

The direct methods comprise of adopting measuring tools for monitoring the beam properties, such as
beam waist diameter, focus position, BPP, complete caustics over up to four Rayleigh lengths [19]. The
reference technique for directly observing the phenomenon is measuring the caustic beam with the
principal of serial scanning, as the scanning tool like PRIMES HP-MSM-HB [PRIMES GmbH,
Pfungstadt, Germany]. This measurement setup is adopted in a research conducted by Hemmerich et al.
studying ways to compensate focus shift effects in industrial laser welding [20]. The same tool is used
by Abt et al. to measure with high temporal resolution the step function response of the laser induced
focus shift of beam forming optics [21]. In the experiment performed by K. R. Mann et al. different F-
theta lenses are thermally loaded by laser irradiation, and the thermal beam waist displacement is
determined by caustic measurement according to ISO 11146 [16]. The serial scanning method is very
useful because it measures the focused beam properties in correspondence of the workpiece position and
with the laser beam at the process power. However, due to the measurement method and time as well as



the apparatus size, this direct approach cannot be used in-line during cutting but only during ad hoc
campaigns of beam qualification.

Conversely, other in-line methods for direct measurements of the focus shift make use of auxiliary
reference laser beam that passes through all the optical elements in the process laser beam path.
Therefore, focus shift of the laser beam also affects the reference beam. The focus of the reference beam
can be measured online during processing, thus making accessible also the focus of the laser beam. These
methods were already under investigation by the late 1970s, when Stamper et al. performs one of the first
experiments for accurately monitoring small laser focus shift [22]. Negel et al. proposed the use of a
bundle of astigmatic measurement beams following the same optical path as the processing welding
beam; the focal position depends on the measurement beams projected ellipses over the workpiece [23].
Reitemeyer et al. investigated the focus shifting in laser welding, proposing a novel method for measuring
the focus shift by determining the focus position with CCD camera of a second beam uncoupled from
the laser beam without additional optical elements in the beam path [24].

On the other side, indirect methods present opportunity for monitoring the focus displacement while
cutting by means of monitoring process quantities linked to the focal position. The signal detection is
used either to document the quality characteristics or to regulate the machining process. Quantifying the
focus position by monitoring a correlated quantity gives opportunity for an indirect in-process
measurement of the quality of cut, since if compared with a set point, it allows to monitor the degradation
of the performance in time and therefore determine control actions for avoiding defects.

By measuring the temperature distribution of the process zone with a coaxial high-temperature camera,
Haferkamp et al. correlated the shape of the observed cutting kerf with the focus position, concluding
that an effective control of the focal position is possible by controlling the shape of the temperature field
[25]. Moreover, by irradiating the observed sheet surface and acquiring images of the cutting kerf with a
coaxial high-speed camera, Thombansen et al. proved that the shift in the focus position imposes
variation of the width of the cutting kerf [26]. Weingartner analyzed the radiation spectrum from the laser
— material interaction zone with a spectrometer and correlated the observed phenomenon to distance
between the molten zone and the focusing lens [27]. Bordatchev et al. analyzed the acoustic emissions
generated by the laser-material interaction and studied the effect of the focus position on the properties
of the measured signals, providing statistical classification of actual focus position which can be used for
process diagnostics and control [28].

Already adopted industrial solution for focus shift avoidance in real systems is presented by Messer
Cutting Systems (Rodermark, Germany). The scattered laser light coming from the cutting process is
analyzed using a telecentric lens assembly on a CCD camera. Each individual pixel in a single line of the
CCD camera detects the scattered light as a measuring point of intensity in the beam profile. From these
measurements, the beam and beam-quality parameters can be calculated according to ISO-13694 and
ISO-11146 standards.

1.3 Aims

One possibility to process stability is to evaluate in real-time the focus position with a monitoring module
and later compensate possible errors with a feedback control system. This study presents a method for
monitoring the laser cutting process estimating in real-time the focus position and indicating when focus
shift takes place. With a low cost Near-Infrared (NIR) camera mounted coaxially on the laser head, the
geometry of the thermal interaction between the laser beam and the material, thus the cutting kerf, can
be monitored. As aforementioned, the width of the cutting kerf is significantly influenced by the focus
position. With an appropriate image processing algorithm, the kerf width can be extracted from the
camera frames and then correlated to the position of the focus through a process model elaborated in this
study. The process model is calibrated by an ad hoc experimentation, whose data has been partially used
to calibrate the image algorithm and partially used as confirmation runs of the proposed regression model.



2 Proposed method for in-line monitoring of focus shift

2.1 Theoretical model
The lumped capacity thermal model developed by Steen [33] proves the proportionality of the kerf width
Wiop to several process parameters:

P

Weop = v-T - Ahy

Eq. 1
where P is the laser power, v is the cutting speed, 7 is the cutting plate thickness, and 4hyv is the necessary
increase in volumetric enthalpy as the characteristic thermodynamic function of state. The volumetric
need of energy Ahv,n2 when nitrogen is used as assisting gas for cutting can be estimated with the caloric

equation of state:

Ahynz = p-[Cps- (ﬁm.p. - 190) + Ahg), + m' - Ahy )y |

Eq. 2
where p is the material density, Cpys is the average of the specific heat capacity of the solid material in
the range between the melting point temperature .. and the ambient temperature 9o, 4hsy is the specific
enthalpy of the phase transition from solid to liquid state (fusion), m’ is the fraction of melt vaporized
and Ahyv 1s the specific enthalpy of the phase transition from liquid to vapor state (vaporization).
From Eq. 1 it is evident that the kerf width is depending on the P, v and 4hy. When the material properties
and the workpiece thickness as well as the process parameters do not change along the cutting operation,
the kerf width is expected to be constant, unless the focus position and consequently the spot diameter
on the material surface dy vary. In fact, the main hypothesis behind the simplified model in Eq. 1 is the
constancy of the beam properties and relative position to the workpiece, i.e., the spot diameter ds and
focus position f. The spot diameter dy and kerf width W,,, are proportional, with W, being slightly larger
than d; due to thermal effects of the laser energy input on the material, as depicted on Fig. 1. Given these
hypotheses, the proportionality between Wi, and d; is introduced with a purely geometrical caustic model
which neglects the material-laser interaction:

Wiop * ds = ’dg + 02 - f?
Eq. 3

where @1is the divergence angle, do is the waist diameter and fis the focus position. The focus position f
is defined as the distance from the top surface of the plate to the beam focal plane. As can be seen in Fig.
1, the focus position f is calculated as the difference between the stand-off distance (SOD) and the
distance from the nozzle tip to the focal point (denoted with prin this study):

Eq. 4
where the SOD is defined as the distance between the tip of the nozzle and the material plate.

Consequently, negative value of focus position corresponds to a focal point found below the top plate
surface, while positive if it is above. Moreover, the divergence angle 6 is derived from the following
relation:

4-2

- M?
T['do

9 =

Eq. 5
where M? is the beam quality factor, / is the laser emission wavelength and doy the waist diameter [32].
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Fig. 1: Cross section view of the laser beam profile defining the used distances.

From Eq. 3 and Eq. 4 it is determined that the W, relates to the beam caustic quantities which are fixed
parameters and varies only as a function of the focus point pr. Therefore, when the focus shifting occurs,
the focus position f'is differing, which directly influences the width of the generated kerf.

The proposed new method assumes Wi, as indirect quantity revealing drift in the focus position due to
thermal lensing or any other event that could change the laser beam position during the laser cutting
operation. The relationship of Wi, with respect to all the other process parameters is assumed to be
known a-priori before cutting. In this way variations of W;,, due to events different than focus shifting,
such as transitory in speed during intricate path, are already embedded in the a-priori correlation between
speed and power.

2.2 Image analyses algorithm

The new method makes use of a commercial coaxial camera setup to acquire in-line thermal images of
the advancing kerf that is analyzed and processed to estimate the actual W, 1n case of laser fusion cutting
with nitrogen. The setup is connected directly onto the machine working head, thus looking through the
cutting head to directly observe the zone of interaction of laser beam and material. The reference frame
of the setup is moving together with the process zone such that it follows the on-going process, allowing
the sensor to always monitor the direct laser-material interaction.

For estimating the value of the kerf width, the image analysis algorithm consisted of binarizing the
images of the molten pool, extracting the kerf, and calculating the kerf width.

Considering the original grayscale image as a matrix I € Ryxm, with m, n € N being the number of rows
and columns respectively, each element of the matrix is a pixel with grey level value gi; € [0,255], where
value of O represents a black pixel and value of 255 is a white pixel. Each pixel can be represented as a
vector px € N3, k € [1, m - n] defined as:

i
br = (j >
i j
Eq. 6

where [ € [1, m], j € [1, n] are the rows and columns indexes of matrix [ identifying the pixel and gi; is
its grey level. Therefore, each image can be considered as a dataset composed by points pk that represents
the two spatial coordinates of a pixel and its intensity value.

Firstly, a 2-D Gaussian smoothing filter with standard deviation set to 2 was used due to the white noise
which was perceived in the images, which followed the Gaussian distribution. Next, segmenting the
image to consider only the reduced area of the image where the cutting operation is preserved is of great



computational interest. Finally, the image is binarized by applying a hard thresholding algorithm for
separating the solid metal and the cutting region. To correctly distinguish between solid heated zone and
actual molten material, a proper threshold value needs to be chosen. Hard thresholding principle is
defined as [29]:

- 1 gi,j > C
gi'j o { 0 gi,j < C

Eq. 7
where gijis the grey level of the original image I, gi; is pixel value of the binary image, Ivin, resulting
from the operation and C is the value of the threshold. After this procedure, all the light contributions
coming from heated solid are set to 0, while all the light coming from the kerf itself is set to 1, and it
results with the kerf appearing as a white blob on a black background. The calibration procedure of the
threshold value is thoroughly explained in Subchapter 2.3.
The last phase of the image processing algorithm is extracting the parameter of interest looking for certain
geometries and removing the noise in order to identify the kerf indicators. After the thresholding, all the
connected regions are established in the binary image, and the kerf is identified as the region with the
maximum area and minimum blob centroid (the blob with the minimum distance from the image center).
Following the kerf recognition, it is rotated as a function of the angle between the machine axis and the
camera, such that the estimated width of the kerf is found as the maximum sum of white pixels along
horizontal direction multiplied by the spatial resolution [mm]. The kerf is extracted, and the kerf width
value is calculated from every frame acquired from the NIR camera during the cutting process. The value
of the estimated kerf width from the process images is denoted with W.y. An example of the kerf width
extraction for a single frame is shown on Fig. 2, where the kerf width is denoted with Wey.

a) b) c) d)

Fig. 2: Steps in image processing algorithm: a) Filtered image I; b) Area of segmentation; c) Binarized image |pin; d) Final cropped and
rotated image for extracting the width Wes: (C = 10; workpiece thickness = 3 mm)

2.3 Threshold calibration

For an accurate calculation of the kerf width from the process emission images, the image processing
algorithm in Eq. 7 was calibrated by choosing the optimal value of the threshold C for binarizing the NIR
images. The optimal threshold is defined by comparing the measured W, with the W, found with the
certain threshold value and calculating the total error eror between them. The calculation of eror is
defined with the following equation:
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N
1 E 1 \2
eror = M Nzl (Wtop (k) — West(k»]))
]=

k=1
Eq. 8

where k indicates the number of the cut and varies from 1 to M (M is number of total cuts) and j is the
image index (from 1 to N for each cut number k). The single measured W;,, value of cut k is compared
with the W, extracted by each image belonging to the same cut k, whose value depends on the threshold
C. Dividing for N and M a single error value is computed which considers the effect of all images and
samples in the same way. The value of the error depends on the threshold C. By repeating the analysis
with different C values, the optimal threshold is found as the one that gives the lowest error value. A
schematic representation of the procedure for threshold calibration is shown on Fig. 3.
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Feature Extraction
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Threshold
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Fig. 3: Schematic representation of the optimization procedure for finding the optimal threshold (C) value
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3 Material, equipment, and experimentation

3.1 Material

Material considered for all the experimental campaign was stainless steel AISI 304 in the form of metal
sheet. Different thicknesses were examined in the range of 3 - 8 mm. Influence of material type is not
covered in this study.

3.2 Equipment

3.2.1 Laser cutting system

The machine employed in the experimental campaign was a customized version of the LCS5 cutting
machine (Adige-SYS S.p.A. BLMGroup, Levico Terme, Italy) which can cut both metal sheets and
tubes. It has a maximum working area of 3000 mm x 1500 mm for sheet cutting and can cut tubes with
external diameter up to 125 mm. The cutting is performed in open air environment in the enclosed
machine chamber.

The laser source is a high-power fiber laser source, with maximum deliverable power of up to 6 kW
(YLS-6000-CUT, IPG Photonics Coorp., Oxford, Massachussets). The transport fiber is a graded-index
optical fiber with a core diameter of 100 um. The cutting head (HPSSL, Precitec GmbH & Co.,
Gaggenau, Germany) provides customization for monitoring purposes. The focal lengths of the
processing and collimation lenses are equal to 200 mm and 100 mm, respectively.



Table 1: Main characteristics of the laser cutting system

Parameter Value
Laser emission wavelength, 4 1070 nm
Max. laser power, Puax 6 kW
Beam quality factor, M” 11.7
Beam diameter on focal plane, do 210 um
Divergence angle, 6 0.08 rad

3.2.2 Monitoring setup

The monitoring optical chain implemented on the machine head is demonstrated in Fig. 4. The chosen
camera sensor is an industrial CMOS camera based on Si photodetectors with a sensitivity between 350-
1000 nm. To observe the variations of the kerf geometry with sufficient accuracy in different cutting
conditions and different thicknesses, the camera lens was selected such that Field of View (FOV) of 2
mm X 2 mm and spatial resolution equal to 9.6 pm/px is obtained [30].

. Camera
g Camera lens

1 Band-pass filter

p
I Collimation . . .

lens

Focusing lens

Process emission

Fig. 4: Image of the monitoring module installed on the machine (left) and scheme of the optical chain (right).

As the laser interacts with the material and creates the melting point, the process thermal emission along
with the laser light back-reflection are transmitted back to the sensor, and the radiation of interest which
provides direct and reliable information about the on-going process is the NIR radiation compatible with
the observable spectrum of the camera.

33 Experimental design, execution, and measurements

The cutting process employs a set of parameters delivering best quality cut with maximized productivity.
The optimal parameters combination is selected according to the cutting thickness, such that the nominal
speed depends on the maximum power achievable for time and cost efficiency. The parameters used in
the experiment are presented on Table 2.



Table 2: Fixed cutting parameters employed in the experiment (abbreviations according to Fig. 1)

. . Stand-off . Nominal
Thickness | Power | Velocity | Pressure . Nozzle diameter | nozzle tip-focal point
distance .
distance
T P v p SOD - pr
[mm] [kW] | [mm/min] [bar] [mm] [mm] [mm]
3 6 7500 16 0,5 1,8 3,50
4 6 5500 19 0,7 2,3 4,70
5 6 4500 16 0,7 2,3 5,70
8 6 3500 18 0,5 2,5 7,00

The employed assist gas was N2, where the gas pressure depends on the cutting thickness. The laser
power was maintained constant for all the conditions at the highest value aiming to maximize the
manufacturing productivity, therefore the delivered beam power was not a variable parameter. The
nominal cutting speed based on the material thickness was confirmed in a preliminary experiment to
result in a dross-free cut.

The impact of the thermal properties of the material and the process parameters on the generated kerf
width is eliminated by keeping them constant throughout the cut, and therefore only the py will be
influencing factor to the kerf width as shown on Eq. 3 and Eq. 4. When using an inert gas, the focal point
as the point with maximum energy density should be positioned closer to the lower plate surface. In this
way the focused laser beam brings the base metal quickly to a molten state and creates a proper cut
channel, allowing the inert gas to expel the liquefied material and form a cut surface with no dross
adherence [3]. Having defined nominal sets of process parameters, in the preliminary experiment a
nominal pydistance was found per thickness which results with optimal part quality. The range in which
the focus position will shift provided the employed optical chain and process parameters was estimated
with the equation for steady-state focus shift developed by Miyamoto et al. [31]:

A (2 ‘AP -ffocz> dn
4 n-K-D,? ar

Eq. 9

where A is the beam absorptance of lens, K is the thermal conductivity, D, is the diameter of the incident

beam, fi. is the focus length, n is the refractive index and dn/dT is the refractive index change with

temperature. The parameters were selected based on the lens material ZnS and its properties for the lens

[32], and a focus shift in the order of approximately 1.6 mm was derived. Therefore £ 1 mm was

experimented for obtaining the theoretically computed range of the overall focus position variation.

Table 3: Values used for calculation of focus shift range in Eq. 9, considering ZnS lens material

Abbreviations Units Value
Laser Power P [W] 6000
Focus length Jioc [mm] 200
Lens Absorptivity A [m'] 0.04
Thermal conductivity of the lens K [W/cm/ °C] 0.272
Diameter of incident beam Dy [mm)] 20
Temperature change of refractive index dn/dT [/°C] 4.20E-05

Two experiments were performed. The data from the first experiment were elaborated to calibrate the
threshold value C for binarization in the image analyses algorithm (see Eq. 7). Additionally, the measured
kerf width of the specimens provided confirmation of the focus position significance for the kerf width
variation and statistical rejection of the material thickness as a variable parameter. The latter experiment



was performed to estimate and later validate a regression model between the nozzle tip — focal point
distance prand the generated kerf width W,;.

The experiment aiming to empirically assess the relationship between W,y and the focus position py
consists of a sequence of straight-line cuts, each equal to 70 mm, each one performed with a certain
combination of parameters depending on the thickness. For modelling the influence of the focal position
and plate thickness on the kerf width, four different thicknesses were considered: 3, 4, 5 and 8 mm.
Densely distributed thicknesses were cut (3, 4, 5 mm) as well as plate of 8 mm for a more distributed
data set and a general solution. The only variable parameter per thickness was the nozzle — focal point
distance py which was manually changed before every cut to resemble the focus shift phenomenon, in a
range of variation proper of the expected focus shift. Per each thickness, 9 different values of pr were
investigated, such that each cut was realized with one value of prand then replicated 3 times. Based on
nominal py (highlighted with grey color in Table 4), different cut conditions were realized in a range of
+/- 1 mm with respect to the nominal one with a step of 0.25 mm. Therefore, a total of 27 cuts per
thickness were performed, thus 108 cuts in total, run in a random order to obtain a dataset which is robust
to non-controllable effects that can be time-variant or depend on the order of the measurement. The cuts
were then collected in 3 rectangular samples containing 9 straight-line cuts each per every thickness as
shown on Fig. 5, resulting with 12 rectangular samples in total (108 straight-line cuts).

Table 4: Varied cutting parameters employed in the experiment for model estimation

Thickness [T] [mm] 3 4 5 8
4,50 5,70 6,70 8,00
4,25 545 6,45 7,75
4,00 5,20 6,20 7,50
Nozzle — focal plane 3.75 4,95 2.95 7,25
) [mm] | 3,50 4,70 5,70 7,00
distance [py]
3,25 4,45 545 6,75
3,00 4,20 5,20 6,50
2,75 3,95 4,95 6,25
2,50 3,70 4,70 6,00

Fig. 5: Rectangular sample collecting 9 straight-line cuts

In the experiment for threshold calibration, additional 162 cuts were performed, where three different
thicknesses were considered: 3, 5 and 8mm, and three different nozzle — focal point distances py were
studied per thickness summarized on Table 5. Each condition was replicated 18 times, resulting with 54



cuts per thickness, and 162 cuts in total. Cuts were then collected in rectangular samples for simpler later
analysis; each sample contained 9 cuts where one cut equals 70 mm.

In both experiments and in all experimented cutting conditions, the material was cut through the whole
thickness with just a single pass.

Table 5: Varied cutting parameters employed in the experiment for threshold calibration

Thickness [T] [mm] 3 5 8
2,40 3,60 5,00
Nozzle — focal plane [mm] | 3.00 4.50 6.25
distance [py]
3,60 5,40 7,50

The coaxial monitoring setup was continually employed in the experimental campaign for acquiring
thermal images from the processing zone in order to have information related to the generated kerf.

3.3.1 Measurement apparatus

The Mitutoyo Quick Vision QV-ELF202 (Mitutoyo Corporation, Kanagawa, Japan) optical microscope
is a non-contact dimension measurement system. Equipped with a CCD camera, it is used to acquire and
measure the generated kerf width.

Varying kerf widths were created depending on the focus position employed for performing the
corresponding cut, which was clearly observable also by eye. To quantify the value of the generated kerf
width, a measurement procedure was conducted employing a measurement software tool implemented
into Mitutoyo microscope; a line in the contrast region is created and the distance to opposite contrast
point is the dimension of interest.

Three measures were acquired of each cut at three different positions (denoted with a, b and ¢ on Fig. 6).
These measures are appointed as Wip.

1 2 3 a4 s 6 7 8 9 )

a

-

b T ) ‘\: ’):" A- 23 ~;— P ¥
- e o e 1 -+ - %
IAREERER

s M SRR B A
g A
W, \"‘A. NSOTE

Fig. 6: Measurement of Wh.p: three measures (a, b, c) of one cut are acquired with optical microscope

4 Results and discussion

4.1 Measured experimental Wiop

The kerf width corresponding to different nozzle tip — focal point distance pyis demonstrated on Table 6,
where microscopic images of the top surface of the specimens cut with constant process parameters but
varying py are presented. The values of the measured Wy, data as a function of prcollected from the
experiment for threshold calibration is depicted on Fig. 7. It can be appreciated how the replicates of



each focus position have a Wi, value contained in a small range showing the consistency of the

measurement phase.

Table 6: Microscopic images of top surface of specimens cut with different py, displaying the kerf width
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Fig. 7: Measured kerf width Wiop as a function of the nozzle - focal point distance py considering all thicknesses

The statistical analysis of variance ANOVA (see Table 7: ANOVA table for Wy, data) proves that the
focal displacement py presents a significant factor influencing the kerf width value, rejecting the null
hypothesis with a high significance of p-value equal to 0. Instead, the thickness of the material 7 exhibits
p-value higher than the significance level of 0.05, thus retains the null hypothesis and is considered not
statistically significant factor. Therefore, solely the nozzle tip — focal point distance py is considered
hereafter as predictor in fitting the regression model for the kerf width estimation. The outliers were
removed in the analysis.

Table 7: ANOVA table for W, data

Source | DF | AdjSS | AdjMS | F-Value | P-Value
Dy 1| 0.69407 0.69407 | 3826.54 0.000
T 1| 0.00054 0.00054 2.97 0.087
Error 155 | 0.02811 0.00018
Total 157 | 2.74131

4.2 Image analyses algorithm calibration

In the Subchapter 2.2., the procedure for analyzing the image data was thoroughly explained and the need
for a proper threshold value to correctly distinguish between solid heated zone and actual molten material
was justified. In Subchapter 2.3., the procedure for calibrating the threshold value was presented.

The results of the threshold value calibration are displayed on the plots on Fig. 8, where the error trend
is described as a function of the threshold C. The variation of the square error of the measured W, and
the estimated kerf width Wy, for different threshold values is calculated based on the relation Eq. 8, where
M is the total number of cuts (M = 162) and N is the total number of image frames considered per cut (N
=40). The cut number is shown on the x-axis of the plots, which is set in a sequential order.

As defined, eroris calculated as the sum of all square errors per cut divided by the total number of cuts.
On Fig. 8 can be visualized that the lowest error value is achieved with a threshold of C =7 (eror =
0.002), implying that when using this threshold value for estimating the kerf width of a single frame, the
correspondence of the kerf width W, is most accurately correlated to the measured kerf width W;,,. Even
though threshold C = 8 results in a reduced error for low thicknesses (case 3 mm and 5 mm), in the 8 mm
case the error greatly increases. On the other hand, threshold C =7 spreads the error more evenly along
all thicknesses, maintaining a low standard deviation of the error. As demonstrated, the optimal value of
the threshold was found to be C =7, and this value was employed for image analyses in the experimental
campaign in order to have the closest estimation of W. with respect to the measured Wi,.
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Fig. 8: Variation of the estimated kerf width Wes with respect to the measured kerf width Wio,, (left plots) and variation of the square
error (right plots) for different threshold values



4.3 Process modelling

In previous paragraph, the statistical analysis of variance ANOV A showed that the kerf width variation
is indubitably affected by the focal displacement, since the focus position rejected the null hypothesis
with a high significance of p-value equal to 0. For this reason, a model which correlates the nozzle —
focal point distance pr and the estimated W.y from the acquired images can be fitted, with the aim of
assessing the focus position variation. On Fig. 9, the averaged W, from each cut of the experiment is
plotted with respect to the corresponding py value used for that cutting condition. Only the data acquired
during the stable region of the cut is used for analyses, therefore the data from the piercing and lead-on
phase is not considered for process modelling. The standard deviation of the Wy is kept in small range
confirming the stable cutting process. Furthermore, a linear regression model was developed, where the
nozzle — focal point distance pr was used as regressor and the estimated kerf width W, as dependent
variable. The linear fit is plotted on Fig. 9 where comparison between the experimental data and the fitted
model is demonstrated. The model was found to fit the experimental data well with an accuracy of Ru’
~ 99.22 % and P-value of lack-of-fit test equal to 0.24, while normality and homogeneity of the residuals
were verified:

Wese = a+b-py

Eq. 10
where a = 0.1927 is the constant coefficient and b = 0,07091 is the coefficient multiplying pr in the
regression equation.
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Fig. 9: Estimated kerf width Wes as a function of the nozzle - focal plane distance pf with a comparison between experimental data and
the fitted model. 95% confidence and prediction intervals are plotted.

To validate the regression curve and the data extraction algorithm, the measured kerf width data Wi,
gathered from the experimentation are plotted on Fig. 10, where it is visualized that most of the data
points belong within the prediction interval, thus confirming the fitting of the regression model.

Furthermore, an estimation of the focus position is performed on a validation data subset by inserting the
corresponding W.y values into the model equation on Eq. 10. The validation dataset consisted of five
straight-line cuts on four different thicknesses (3, 4, 5 and 8mm), each cut performed with different py
found within the range of the nozzle — focal plane distance per thickness listed on Table 4. The employed



fixed process parameters for each thickness are equal to the ones listed on Table 2. The model accurately
estimated the focus position with a Mean Squared Error (MSE) of 0.016 mm?.
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Fig. 10: Validation of the fitted regression model by plotting the measured kerf width data.

5 Conclusions

Measuring the kerf width of a straight-line cut with a microscope is a practical way to examine and adjust
the focus position. With the aim of having a real-time observation of the kerf during the cutting process,
a monitoring setup was mounted coaxially on the laser head, observing the thermal emission of the laser
beam-material interaction. An image processing algorithm was developed to extract the kerf and derive
its width from the acquired process images, providing an indirect method for estimating the generated
kerf width. Results showed that by comparing the microscopically measured and the image-extracted
kerf width, a proper threshold value can be found for binarizing the acquired image, such that an accurate
estimation of the sensing signal is achieved. During stable cutting condition, the estimated kerf width
remained constant. Furthermore, the capacitive sensor present on the laser head measures the SOD, thus
any possible deformation of the sheet surface is compensated with a feedback loop maintaining a constant
nominal SOD.

With the presented optical chain and process parameters, a theoretical range of £1 mm shift of the focus
position from the nominal value was computed for a constant laser power. To simulate the focus shifting
phenomenon, straight lines were cut each one performed with specific focus position within the evaluated
range. Employing statistical analyses on the kerf width estimates, a regression model was fit on the
experimental data, linearly relating the focus position and the kerf width with an 99.22% correspondence
between the experimental data and the fitted model. The model is aimed to obtain a continuous real-time
estimation of the focus position, by correlating the machine software with an external controller which
will contain the image processing algorithms and the experimental model fit. Having the ability to
quantify the focus shift while cutting gives the opportunity for open-loop control, when an alarm notifies
excessive degradation of the optics, and for close-loop control, to mitigate small focus drift for defect
avoidance. The real-time control will be a topic of further study.

The feasibility and practicality demonstrated by the solution presents one step closer to the “Intelligent
machine” target of Industry 4.0. Furthermore, the discussed approach offers the advantage of aggregating



the influence of each optical element and providing the shift in focus position of the entire optical chain.
Hence the resultant energy input on the laser-material interaction can be assessed, without the necessity
to investigate and implement sensors on each optical element separately.

The present limitation of the solution is that simple cutting geometry was used where constant process
parameters were employed. Cutting corners impose a change in the cutting speed. The superimposed
influence of the cutting speed and focus position on the kerf width is a topic of future study. The presented
work is addressed to point out a method, here experimentally tested on a common stainless steel and on
the relative feasibility window of the process parameters when nitrogen inert laser cutting is used. This
method may be extended to other materials and process conditions. However, when the material or the
cutting method changes, a calibration of the value of the image threshold and the parameters of the
regression model correlating prand W, might be needed.
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