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Abstract  

High-throughput laser micro-drilling is a highly demanded technology for several applications, including making filters, 
creating surfaces with better aerodynamic performance, etc. However, it is usually found that the sensitivity of the laser 
process to small deviations is quite high. That is why, while parameterizing, it is convenient to have techniques that allow 
us to monitor and control the process to ensure reproducible results. For this, we have developed several methods that 
combine monitoring and control in real-time and offline. For real-time control and monitoring, we have used optical 
coherence tomography and captured the scattered laser radiation during the process by means of photodiodes. Regarding 
offline monitoring, a procedure using a high-speed camera and an algorithm for measuring the dimensions of the micro-
holes provides us the quality characteristics and statistical information of complete micro-perforated Ti sheets. Both 
methods work as fast as the laser process, i.e., 300 holes per second. 
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1. Introduction 

In recent years it has been established that the most suitable manufacturing techniques to meet the 
manufacturing requirements of large micro-perforated sheets are based on laser processes. Applications that 
require large micro-perforated surfaces include Hybrid Laminar Flow Control (HLFC) technology in the 
aerospace industry, filter and battery electrode manufacturing, etc. All these applications require control over  
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the diameter of the holes, repeatability and low dispersion. Hence, either a very stable laser process against  
small disturbances can be found or monitoring and control techniques to mitigate deviations from non-optimal 
process conditions are applied. Usually, the last situation is the one that most frequently has to be faced. In 
addition, the small deviations that one could find developing a micro-drilling laser process in the laboratory, 
often become difficult barriers to overcome when transferring the results to productive environments. This is 
the reason why the large-scale development of the laser process using monitoring and control techniques not 
only helps us to obtain results adapted to the particular application but also provides us with a better 
understanding of the physical phenomena that take place in the micro-perforation process. 

Nowadays there are two laser techniques that achieve high production rates (drilling rates larger than 100 
Hz) for micro-drilling metal sheets relativity thick (> 0.4 mm up to 2 mm): the percussion micro-drilling (PMD) 
(Stephen 2014) and the single pulse micro-drilling (SPMD) techniques (Stephen 2018, Ocaña 2019). For thinner 
metal sheets, several techniques involving ultra-short laser pulses can achieve production rates in the order 
of 104 microholes per second (Barthels, 2019). Note that the production rate drops dramatically as the 
thickness of the material increases. This is because laser beams have a limited depth of focus (Rayleigh 
distance) when focused through a focusing lens. The most remarkable characteristic of the process with ultra-
short pulses is that the quality of the micro-holes is higher because they exploit ablation phenomena. However, 
since more energy is required to ablate material than to melt, its application in thicknesses greater than 0.4 
mm is very limited due to the dramatic loss of effectiveness. This, however, will change as femtosecond lasers 
with powers greater than 1 KW become available.  

Taking all this into account, we have developed a prototype to micro-drill sheets at high performance rates 
that not only can accommodate different laser-based micro-perforation technologies but also provides various 
features for control and monitoring. These characteristics have not only been decisive when producing large 
panels (up to 2 x 5 m) with millions of micro-holes, but also providing a feedback about the critical parameters 
of the process. 

2. Methodology and prototype 

A layout of the micro-drilling station is shown in Fig 1. This prototype is not only prepared to accommodate 
different micro-drilling technologies, but it has also been equipped with different features for monitoring, 
control and measurement of micro-holes. In the lower part of Fig 1, a process flow diagram has also been 
included for the case of micro-drilling of Ti sheets for the HLFC application. 
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Fig. 1. (Top left) Main machine structure for laser micro-drilling of large panels and quality inspection. (Top right) Internal structure of 
the machine. The location of the main components is indicated (Bottom)Process flow diagram and role of offline and real-time 

monitoring and control for laser micro-drilling of large Ti sheets 

In Fig 2 the capacities of the machine in terms of production rate are shown in the case of the SPMD 
technique for Ti sheets of 0.8 mm. In this case, as it is an "on the fly" process, at production rates above 300 
holes per second there is a progressive loss of circularity. 

Fig. 2. Measurements of micro-holes produced at rates of 300, 500 and 700 holes/s. Pictures at the top row: Exit side. Pictures at the 
central row: Entrance side. Pictures at the bottom row: detailed view of a hole at the entrance side. Capital letters denote the diameters 

at the beam entrance while lowercase letters denote the diameters at the beam exit. Since above 300 holes / s the holes are no longer 
circular, in these cases the diameters of the major and minor axis of the equivalent ellipse are provided. 
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Fig. 3. Diameter of the micro-holes at the beam entrance and exit as function of the lens position. Position 0 mm of the lens means that 

the focus point of the lens is placed on the surface of the sample. 

 
In addition, as previously mentioned, this pair of diameters at the beam entrance and exit are found for 

certain conditions of position of the focusing lens with respect to the surface of the plate, flow of inert gas, 
separation between the nozzle and the sample, laser power, etc. Usually, a small deviation from these 
conditions will lead to a variation in the diameter of the micro-holes at the beam entrance and exit. In Fig 3 
we show the case of a variation of the position of the focus lens with respect to the sample. The pitch used 
was 650 µm and the production rate 300 holes/s. This graph, on the one hand, gives us an idea of the diameters 
accessible by the technology by simply varying the position of the focusing lens. On the other hand, it informs 
us that if the position of the lens (and therefore that of the laser head) varies around 100 µm, the micro-holes 
obtained will be different. Therefore, if the sheet to be micro-perforated is not perfectly flat (the most 
common situation), a sensing and control system of the distance from the laser head to the sample is strictly 
necessary. Furthermore, since our production rate is 300 holes/s, both the sensing and the control strategy 
should ideally have a faster response. 

3. Monitoring and control methods 

3.1. Optical coherence tomography 

In order to have the distance between the sample and the nozzle of the laser head fully monitored, we have 
adapted Optical Coherence Tomography (OCT) technology to the needs of micro-drilling. In particular, the 
spectral domain configuration has been used. The developed system is capable of taking 3000 samples per 
second, which is ten times faster than our production rate. However, data collection and processing is done 
on a PC. The distance measurement is then transferred to the CNC of the machine through an analog output 
from a data acquisition card. The actual sample rate that is transferred to the CNC is significantly reduced and 
remains around 800 Hz. Afterwards, the CNC reads this data at a rate of approximately 500 Hz. This rate is 
somewhat higher than our working frequency, however it should be sufficient. to demonstrate the viability of 
the technology within the framework of a closed-loop control strategy as well as to provide data on the 
properties and real needs of micro-drilling in large-size sheets.  
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Fig. 4. (Black line) Distance between the sample and the nozzle for a sheet in which two deformations have been artificially caused to 
see the performance obtained with the developed control. (Red line) Distance obtained between the sample and the laser head nozzle 

when the control is turned on. The speed of the head in the both situations is 11.7 m/min. 

In Fig 4 we show the profile (black line) of a Ti sheet that has been deformed at two points in order to 
simulate deformations larger than the typical ones that commercial sheets may have. These data have been 
taken with the laser head describing a linear trajectory at the speed necessary to obtain 300 holes/s with a 
pitch of 650 µm (11.7 m/min). The red line shows the profile obtained when the control is turned on. The 
reference distance between the nozzle and the sample is 1 mm. As shown in the figure, the developed control 
manages to significantly reduce the deformation seen by the head. However, for such large deformations we 
obtain a deviation of approximately 100 µm in the area close to the site where the centers of the deformations 
are found. As mentioned in the previous section, deformations seen by the laser head of 100 µm are sufficient 
to change the diameter of the holes obtained. That is why, for the conditions of the developed control, we 
must work with sheets that have smaller deformations than those shown in Fig 4. 

3.2. Photodiodes 

Fig. 5. Left: Diameter of a line of micro-holes carried out without control (black line) and with control (blue line). Center: Derivative of 
the photodiode signal without controlling the working distance of the laser head. Right: Derivative of the photodiode signal obtained by 

controlling the working distance of the laser head. 
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The scattered light of the laser when hitting the sample, not only contains information about the laser 
process but can also offer other data such as loss of laser power at the point of the process (for example, 
because the nozzle is clogged or because some surface optics degrade). Regarding process information, the 
signal of the photodiodes might show a correlation with respect to the process variables. Regarding a loss of 
power at the focus point for any reason, the correlation is obviously clearer. In Fig 5 the first case is shown. 
Two lines with micro-holes close to a small deformation in a sample that is not perfectly perpendicular to the 
head have been made. As shown in the figure, the diameters obtained vary depending on whether the control 
is on or off. Around the hole 450 there is a local deformation that the control does not manage to compensate 
at all, although it reduces it. The analysis obtained with photodiode monitoring in the area of the beam 
entrance is shown in the middle and right graphs. They demonstrate that there is a clear correlation between 
the diameters obtained and the signal captured by the photodiodes. Hence, they are sensitive to the distance 
between the head and the sample. In addition, while OCT technology is sensitive only to the distance between 
the laser head nozzle and the sample, photodiodes monitoring is sensitive to other effects that would go 
unnoticed by exclusive monitoring with OCT. This is the reason why this monitoring technique not only 
complements OCT monitoring but is also necessary in the manufacture of large micro-perforated sheets in 
order to detect faults as well as non-optimal performance and provide feedback to the process in real time. 

3.3. Offline monitoring 

Offline monitoring is done in our machine prototype by using high speed cameras with large field of view 
and resolution. The camera works once the holes have been drilled in a separate area in which the sparks, 
removed material and scattered laser light do not affect the capture of the images. The images contain several 
holes that can be measured at the same time using computer vision algorithms. We use two algorithms to 
measure the micro-holes. The first adjustment type is the maximum Feret ́s diameter. This is the module of 
the line segment between the two perimeter points that are the furthest apart. The second type of adjustment 
corresponds to the diameter of a disk with the same area as the detected micro-hole; i.e. Waddel’s diameter. 
The reason for averaging these two types of measurements of the micro-hole diameter is for taking into 
account the circular symmetry of the micro-holes but at the same time to allow a degree of freedom to 
deviations from the circular symmetry that might appear. The formed system offers us measurements of all 
the micro-holes made in the sheet at a speed greater than 300 Hz. Therefore, the system is capable of making 
the holes and measuring them all without the need for a separate metrology process. 

Fig. 6. (Left) A picture at the side of the beam entrance of the micro-holes (Right) Detection of the micro-holes and conversion of the 

picture to a binary image for analysis with the defined algorithms for measuring diameters. 
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3.4. Performance 

In Fig 7 we show a small area of a microperforated Ti sheet in which all the monitoring and control methods 
detailed in this work have been applied. The micro-drilled area is 520 x 520 mm and contains 640,000 micro-
holes. Although our nominal production rate is 300 holes per second, at the end and at the beginning of each 
row of holes there is an area that has been reserved for acceleration and deceleration of the laser head. This 
reduces the effective rate of production. Consequently, the time taken to micro-perforate this sheet has been 
about 45 minutes. The mean value of the diameter in the whole sheet at the beam entrance is 108.91 µm and 
the standard deviation only 11.26 µm 

Fig. 7. Pictures taken from the side of the beam entrance of a Ti sheet in which all the monitoring and controlling methods described in 
this work have been applied. The mean value of the diameter in the whole sheet at the beam entrance is 108.91 µm and the standard 

deviation only 11. 26 µm. 

4. Conclusions 

We have built a prototype not only capable of accommodating different micro-drilling technologies for 
large-sized sheets, but also of monitoring and controlling the process. Small variations in process conditions 
can lead to non-optimal results and that is why controlling and monitoring the laser micro-drilling process are 
essential. In this work we have shown three monitoring methods: using optical coherence tomography, 
monitoring the scattered laser light at the beam entrance and measuring offline all the micro-holes. The 
sensing through optical coherence tomography is also used in a closed loop to establish a control of the 
distance from the optical system to the sample. The limiting factor currently in our prototype for the control 
is the hardware used in the machine but not the sensing developed. However, the performance obtained is 
excellent as long as the sheets do not have large local deformations. Future lines of work will consist of 
improving the performance of the control hardware as well as increasing the sample rate in the three used 
monitoring techniques in order to be able to sense higher production rates with future developments of 
advanced micro-drilling laser processes. 
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