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Abstract 

Laser machining in the nanosecond pulse regime utilises the heat induced by laser irradiation to ablate 

solid material, however the heat-driven ablation is very often accompanied with adverse effects such 

as oxidation, debris recast and burr formation. An effective technique invented to minimise these 

effects was underwater laser machining. In this study, we present a multi-scan machining process on 

a copper sample immersed under flowing water with a secured upper surface. The results show that 

channels with smaller heat affected zone (HAZ), less debris recast and minimal burr can be produced 

by this process. By applying multi-scan machining, channels with up to 275 µm depth, 13 - 22 ° taper 

angle and 1.30 - 6.95 µm roughness Sa were produced. Moreover, empirical models relating the 

processing parameters to channels’ characteristics were derived using polynomial regression (PR) 

analysis and a machine learning algorithm, Gaussian process regression (GPR), after which their 

performance in the prediction of the channels characteristics were validated. 
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1. Introduction  

Laser machining is a technique widely adopted in nowadays manufacturing industry as it is capable of 

machining hard materials [1], provides a high machining precision [2], and utilises no physical tool 

head and hence is free of tool wear and associated machine vibration [3]. However, for laser machining 

using nanosecond pulses, the mechanism of ablation is based on thermal melting [4, 5]. The excessive 

heat often creates a heat affected zone (HAZ) within and also expanding from laser irradiation area, 

accompanied with adverse effects such as cracks and chipping, molten ejecta recast on the workpiece 
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surface, and oxidation if the machining process is conducted in air. Furthermore, due to the temperature 

gradient in the melt pool, Marangoni effect may cause a flow of molten material in a direction from 

the hotter centre to the cooler edge [6], which resolidified into burr when the temperature gradually 

dropped after laser irradiation. Moreover, as the evaporated material condenses rapidly after ejected 

from the substrate, a recoil pressure can be generated and applied back on the melt pool [7], which can 

also push the molten material out of the laser irradiated zone, thus also plays a part in the burr formation. 

To counter this undesirable feature, a few alternative techniques were proposed. Widely studied was 

laser micromachining utilising pico- and femtosecond lasers that are capable of introducing very little 

HAZ attributed to the ultrashort time span of photoionisation associated with minimum thermal 

melting [4].  

To address abovementioned problems with a relatively simple experimental setup, submerged laser 

beam machining was proposed [8, 9]. The liquid used most is water, which introduces a rapid cooling 

effect of substrate and hence reduces the HAZ. Ren [10], Wee [11] and Xu [12] separately reported 

the underwater laser drilling of Si using 355 nm UV laser, which effectively reduced the oxidation and 

redeposition of the ablated debris, improved ablation efficiency and machining quality under low 

repetition frequency. Kang reported the IR laser underwater processing of PMMA [13] and aluminium 

[14] and observed an augmented material removal for both materials. In recent years, Muhammad [15] 

reported the 1080 nm YAG laser underwater cutting of 316L stainless steel thin tube and prevented 

back wall damage with improved performance in HAZ, kerf width, surface roughness and dross 

deposition. Tangwarodomnukun [16] observed a clean and smooth cut surface on Ti-6Al-4V alloy 

using 1064 nm YAG laser and developed a heat transfer model for the process. Similar improvements 

were also observed on 304 stainless steel by Behara [17] and Inconel 718 by Lv [18]. The use of 

flowing water reported by Charee [19, 20] was found to facilitate the ejection of ablated particles 

leading to a reduced amount of debris deposition and also reduced its disturbance to the laser beam. 

The improved machining rate caused by higher flow rate and laser fluence was discussed [21], and the 

optical effects induced by the water film was also characterised by Demir [22] and 

Tangwarodomnukun [23].  

As for the target material, copper (Cu) is known as a ductile metal with a high electrical conductivity, 

and one of its novel applications is to serve as the substrate in the Lithography, Electroplating, and 

Moulding (LIGA) process for the production of precision mould inserts [24]. Laser micromachining 

of Cu at wavelengths from UV to IR and pulse durations from femtoseconds to nanoseconds were 

reported [25, 26, 27, 28, 29] yet mostly focussed on single-line scribing and percussion drilling. 
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Towards the production of deeper and wider channels, laser micromilling of Cu in gaseous 

environment was reported by Zhou [30] however the burr formation was observed. On the other hand, 

underwater laser scribing of thin film Cu [31, 32] was studied, but the micromilling process that 

produced channels with dimensions from tens to hundreds of µms, still requires further investigation 

since the machining time would be longer and the volume of material removal would be larger than 

ever studied.  

In this study, we present the laser underwater machining of channels on copper using a cost-effective 

ns-pulsed fibre laser assisted by the development of a simple processing chamber. To minimise the 

influence of wavy water surface to the laser beam, we designed a sealed chamber to secure a stable 

water surface while pumping water through with a transparent glass window that also allowed laser 

beam to go through. The effects of both static and flowing water as the machining medium on the 

process efficiency and quality were studied and compared to those of N2 flow. Laser milling of Cu 

submerged in a water flow was proven advantageous over machining in protective gas as the method 

led to reduced heat affected zone (HAZ) burr formation, debris recast and oxidation compared to 

machining in air, which were characterised by scanning electron microscope (SEM) imaging, 3D 

optical microscopic profiler, and energy-dispersive X-ray spectroscopy (EDX). Using this technique, 

a series of channels were machined on Cu and the effects of laser average power, scan speed, hatching 

distance and number of repeated scans on channels’ width, depth, taper angle and bottom surface 

roughness Sa were investigated. Finally, polynomial regression (PR) analysis was conducted to reveal 

empirical relationships between the processing parameters and the channels’ dimensions and quality, 

and the Gaussian process regression (GPR) [33] as a machine learning algorithm was also utilised to 

model the underwater laser machining processing for the first time to the authors knowledge. 

2. Experimental methodologies 

2.1 Experimental setup 

The Cu sample used in this study was Schloetter hull cell test panels with no other metal element 

revealed by EDX. Originally developed for electroplating characterisation, a test panel had a thickness 

of 275 µm. Schematic of the underwater laser machining system is illustrated in Figure 1 (a). The laser 

source used for processing is a table-top, turn-key style master oscillator power amplifier (MOPA) 

laser (Multiwave MOPA-DY-20). The MOPA system produced 1064 nm laser emission at a selected 

repetition rate of 200 kHz and had a minimum pulse duration of 10 ns. In order to reduce the beam 

spot size, the 0.6 mm 1/e2 diameter Gaussian beam was expanded to 6 mm through a 10X beam 
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expander, and then focused on the sample surface via a f=100 mm f-theta lens mounted on a 2-axis 

galvanometer setup (ScanLab ST-SCANcube 10). The diameter of the focal spot in air is given by [34]:  

2𝑤𝑓 =
2𝜆𝑓𝑀2

𝜋𝑤0
 (1) 

where 𝑤0 is the radius of the beam at the lens, 𝑓 the focal length of the lens, and 𝑀2 the Gaussian 

beam’s quality factor which equals to 1.3 for the MOPA laser used in the experiment. The spot size 

was then 29.4 µm by calculation, however it could expand due to the existence of extra layers of glass 

and water in the beam path. As introduced by [22], the spot diameter after expansion can be written as  

2𝑤𝑓 =
2𝜆(ℎ0 + ℎ1 + ℎ2)𝑀

2

𝜋𝑤0
 (2) 

where ℎ0 is the distance between the lens and glass window surface, ℎ1 the thickness of glass and ℎ2 

the thickness of water. We measured a sum of the three a 102.53 mm, and the focal spot diameter by 

calculation was hence 30.09 µm. In addition, an in-line camera was embedded into the system to 

provide a real-time view of the focal plane for quick focus finding and laser aiming. 

We utilised an underwater processing chamber (Figure 1 (b)) initially designed for underwater drilling 

of silicon wafer [11], which consisted of a bottom plate with inlet and outlet, and a top plate with 

embedded fused silica glass window with a transmission efficiency of 94 % at 1064 nm laser 

wavelength. The fused silica glass window had a thickness of 2.8 mm, and the distance between its 

lower surface to the bottom of the chamber was 7.2 mm. The water tightness was guaranteed by a 

rubber seal along the edge of the bottom plate and four M4 screws firmly fixed the two plates together. 

With this setup, water (20 °C), dry compressed air (DCA) or N2 gas (99.9 % purity) could be pumped 

through the chamber via a 4 mm inner diameter tube at a constant flow rate; specifically for water flow, 

the water surface disturbance was eliminated given the fact that water pressure ascertained the stability 

of the water-glass interface.  
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(a) 

 

(b) 

 

Figure 1 (a) Schematic of the underwater laser machining configuration (not to scale). (b) 

Configuration of the underwater processing chamber. 

2.2 Experimental procedure 

A flattened Cu coupon was attached to the bottom of the chamber prior to the machining process. After 

the chamber was sealed, tap water was pumped into the chamber, and the 275 µm-thick sample was 

submerged in water of 7.2 mm depth (defined by the distance between the glass window and the sample 

surface) so that the water thickness above the sample was 6.925 mm. The attenuation of laser intensity 

by absorption of water at the laser wavelength can be calculated according to Beer-Lambert Law: 

𝐼 = 𝐼0exp(−𝛼𝑡) (3) 

where 𝐼 is the attenuated intensity, 𝐼0 the intensity of incident laser, 𝛼 the absorption coefficient of 

water and 𝑡 the thickness of water film. For the 1064 nm laser wavelength, 𝛼=0.135 cm-1 [19], hence 

in this study the loss of intensity due to water’s absorption was a 9.3 % for 𝑡=6.925 mm. In total, the 

glass window and water would cause a 15 % loss to the laser power. 

We defined a 5 mm-long, 165 μm-wide laser processing area on Cu. A bi-directional raster hatching 

sequence (Figure 2) consisted of a series of parallel scan lines connected by jump paths on which the 

laser was turned off. This raster sequence was repeated to produce deeper channels. 
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Figure 2 Schematic of the raster sequence of the bi-directional hatching path (top-view). The 

parallel lines added up to a rectangular laser affected zone that resulted in the formation of a 

channel. 

With the channel deepening over time, the laser spot size on the bottom of the channel would increase 

as the beam spot was gradually off-focus. At a distance 𝑧  away from the focus along the beam 

propagation direction, the off-focus beam spot diameter is given by [34]: 

2𝑤(𝑧) = 2𝑤𝑓√1 + (
𝑧𝜆𝑀2

𝜋𝑤𝑓
2 )

2 (4) 

As the kerf depth would not exceed much more than 250 µm in this set of experiment, the maximum 

2𝑤(𝑧)  in water was 33.5 µm when the beam reached the bottom surface of the channels. The 

enlargement of focal spot size due to defocusing was hence a mere 3.6 µm so that no focal height 

adjustment was conducted. 

The laser repetition rate was fixed at 200 kHz which provided the highest pulse energy as limited by 

the MOPA laser, and the pulse duration at the shortest 10 ns to maximise the peak power of each pulse. 

The 4 key laser processing parameters and their ranges are listed in Table 1.  

Table 1 The ranges of laser processing parameters 

Parameter Range 

Average power (W) 6.3-16.3 

Scan speed (mm/s) 480-1600 

Scan pattern hatching distance (µm) 2.5-15 

Number of repeated scan 100-900 

Upon the completion of laser processing, the channels’ morphology was characterised by scanning 

electron microscope (SEM) (JEOL JSM-IT300), and the elemental composition was characterised by 

its embedded energy-dispersive X-ray spectroscopy (EDS). Dimensions of the channels were 

measured using an optical form measurement system (Alicona InfiniteFocus), which employed a Z-
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scan to acquire a series of coloured microscopic images at interval layers and then had them compiled 

into a 3D form. At an objective magnification of 10X, the area of the field-of-view was 1.43 by 

0.95 mm, and the system could provide a horizontal resolution of 3.91 µm and a vertical resolution of 

200 nm. 

3. Results and discussions 

3.1 Effects of machining conditions: a general comparison  

To illustrate the effects of machining conditions, 7 channels were machined in air, N2 gas and water. 

The details of the processing conditions are listed in  

Table 2. Their microscope images, depths, widths, taper angles and bottom surface roughness were 

characterised to demonstrate the effect of machining conditions, followed by EDX analysis on the 

bottom surface to evaluate the extent of oxidation.  

Table 2 The processing conditions 

Test 

No. 
Processing condition Flow rate 

1 Air, free flow 250 l/min 

2 N2, free flow 250 l/min 

3 Air flow in chamber 250 l/min 

4 N2 flow in chamber 250 l/min 

5 Water, static 0 

6 Water, static in chamber 0 

7 Water flow in chamber 20 ml/s 

 

For the processing assisted by gas (test Nos. 1 to 4), two types of configuration were set up. The first 

was to machine the Cu sample in air with a nozzle of 4 mm inner diameter providing an air or N2 gas 

flow at a flow rate of 250 l/min to the machining area, and the second was to place the sample in the 

sealed chamber and had the laser beam going through the glass window while pumping the gas through 

the chamber at the same flow rate. As for the process under water (test Nos. 5 to 7), the experiments 

were also conducted under two conditions. For the test in static water, the Cu sample was placed in 

6.925 mm-deep water, with and without the top plate, respectively; for the test in water flow, the 

sample was machined in the sealed chamber with the water running at a relatively low rate of 20 ml/s. 

For all 7 tests, the laser processing parameters were kept identical as 200 kHz, 11.8 W (measured 

above the glass window), 960 mm/s, 11 µm hatching distance, 500 repeats with the gases and water 

kept at room temperature. After processing, the sample was cleaned with water in ultrasonic bath for 

3 min in attempt to remove any ablation debris attached to the Cu surface. 
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The microscope and SEM images of the 7 channels are illustrated in Figure 3 (a) and (b). Limited by 

their poor reflection of light, some regions that were too dark or too steep could not be acquired by the 

microscope, yet the colour of the channels and nearby sample surface can tell the extent of HAZ and 

oxidation. For the channels machined in gas, it appeared that rather large HAZs expanded from the 

machined area characterised as a colour change, whereas the channels machined underwater were less 

influenced as the width of HAZ was reduced. This could be attributed to the extra cooling effect 

provided by water due to its higher heat capacity. A higher magnification of the kerf regions acquired 

by SEM (Figure 3 (b)) also revealed the existence of remaining debris that was firmly attached to the 

surface whereas the channels machined under water was again less influenced. The mechanism of 

reduced contamination could be explained as the ablation debris became afloat in water rather than 

redeposited to the sample surface. As for a comparison of the surface roughness (Sa) of the bottom 

surface, SEM images (Figure 3 (c)) revealed more significant bumps and dents on the order of tens of 

µms for the underwater machined channel than the one machined in N2. We believe this effect was 

mostly caused by the continuous formation and transportation of bubbles during the ablation process 

which was chaotic in nature, that disturbed the laser beam. The machining in gas, however, was not 

accompanied with bubbles so that laser beam was less disturbed. 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 3 (a) Microscope and (b) SEM images of the 7 channels machined in different media. (b) 

SEM images of the kerf regions and (c) bottom surfaces of channels machined in N2 and water flow. 

The EDX spectra of the 7 channels’ bottom surfaces are illustrated in Figure 4. All channels were 

characterised by the existence of carbon due to the reaction with the CO2 in air under room temperature 

[35]. The major difference was the peak heights of oxygen. Apparently, the two channels machined in 

air had the highest weight percentages of oxygen, whereas the channel least affected by oxidation was 

the one machined in N2 flow in the chamber as it was provided the best protection from O2. The rest 

of the channels machined in free N2 flow and water were also affected by oxidation. It can be seen that 

the N2 gas flow might not fully shield the sample as it created an eddy flow that continuously delivered 

air to the machining area; the water also contained dissolved O2 that induced similar extent of oxidation 

compared to N2 gas flow. The weight percentages of C and O are listed in Table 3. 
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Figure 4 The EDX spectra of the 7 channels’ bottom surfaces. 

The channels’ cross-section profiles were measured using Alicona optical form measurement system. 

The user interface (Figure 5(a)) allowed the measurement of channels dimensions, including the kerf 

width, the depth defined as the vertical distance between the centre point of the channels’ bottom to 

the top surface, and the wall taper angle as the sharp angle between the wall and the normal direction 

of the top surface. The 7 channels’ cross-section profiles, averaged in a horizontal distance along the 

channel of 485 μm, are shown in Figure 5 (b). Burrs can be clearly seen on the edges of the channels 

machined in gas (Nos. 1-4), whereas the formation of burr was minimised if the machining was 

conducted in water (Nos. 5-7). We suspect this advantageous feature of underwater laser machining 

was due to a reduced temperature in water that suppressed the Marangoni effect; the amount of molten 

material was also reduced so the melt repulsion induced by recoil pressure would be less significant. 

The application of glass window in the beam path caused a 6 % drop in the laser power so that depth 

of channels was reduced compared to the condition where it was not presented. The spot size was not 

very much influenced by the divergence the glass window induced, as can be seen from the almost 

identical widths of the channels machined in static water with and without it. In terms of channel depth, 

air was a more efficient medium than N2 and flowing water as it oxidised the Cu during the process 

and caused a higher temperature in the chemical reaction [36]. Meanwhile, the process efficiency of 

flow underwater machining, characterised as the ratio of depth to an identical machining time, was 

quite comparable to N2 even with a lower machining temperature. This could be attributed to the fact 

that bubble cavitation and plasma confined in liquid could deliver a stronger shock wave to the sample, 

which was beneficial for the material removal [13, 37]. The channel machined in water flow, however, 

had a bottom surface with a slightly bumped profile. The widths of channels machined in gas were 

affected by the burr as if the molten material solidifies on the edges of the channels before being 

ablated. Lastly, for underwater laser machining, the channels were wider and shallower if the water 

was in static condition. This was likely to be caused by the disturbance to the laser beam induced by 
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the formation and collapse of bubbles as illustrated in Figure 5 (c). The formation of suspending debris 

in water might also contribute to a loss of effective laser power when the water became turbid (Figure 

5 (d)). The problem was addressed by applying flowing water as the bubble and debris were rapidly 

cleared from the beam path. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5 (a) The user interface of the optical form measurement system with its angle measurement 

displayed as an example. (b) Cross-section profiles of the 7 channels machined in different media. 

(c) Bubbles produced and surfaced during the ablation process in static water. Red arrow points to 
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a region where no plasma was visible as the laser beam was blocked. (d) Turbid water after laser 

machining due to the existence of suspending debris. 

To summarise, the dimensions characteristics of the 7 channels are listed in Table 3.  

Table 3 Processing condition and characteristics of channels  

Test 

No. 
Processing condition 

Depth 

(μm) 

Width 

(μm) 

Taper 

angle (°) 

Bottom 

Sa (μm) 

C atomic 

weight % 

O atomic 

weight % 

1 Air, free flow 121.4 158.2 12 0.54 3.95 9.36 

2 N2, free flow 74.3 132.6 17 0.23 4.10 2.17 

3 Air flow in chamber 106.9 170 18 1.06 3.85 5.91 

4 N2 flow in chamber 67.1 148.1 29 0.53 4.08 0.00 

5 Water, static 46.2 280.4 44 1.05 4.26 1.70 

6 Water, static in chamber 24.3 264.8 55 2.18 4.70 2.67 

7 Water flow in chamber 80.0 208 30 1.47 3.50 3.67 

 

3.2 Empirical modelling of the process 

In this study, we utilised two algorithms namely polynomial regression (PR) and Gaussian process 

regression (GPR) to reveal the underlying relationship between the experimental parameters and the 

channel characteristics from a limited number of trials other than running a time-consuming trial-and-

error experiment. The modelling and the validation processes are described in this section.  

A set of experimental data denoted as the training set (Table 4) was obtained in the first place. It 

consisted of an orthogonal array designed based on the Taguchi method, in which the laser power, 

scan speed, hatching distance and number of repeated scans were selected as the 4 input variables 

denoted as 𝑥1 to 𝑥4. Each variable had 5 input levels and the orthogonal array was designed so that the 

number of appearance for each level in a column was identical. In this way, we avoided a full test 

consisted of 54=625 trials. As for the output, the channels’ depth, width, wall taper angle and surface 

roughness were measured and named as 𝑦1 to 𝑦4. Among the 35 trials, there were 4 that led to a through 

cut of the 275 µm thick sample, hence the values of depth, wall taper angle and bottom surface Sa 

could not be measured and must be excluded from modelling process.  
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Table 4 The training dataset 

 Input  Output 

 𝑥1 𝑥2 𝑥3 𝑥4  𝑦1 𝑦2 𝑦3 𝑦4 

Test 

No. 

Power 

(W) 

Scan 

speed  

(mm/s) 

Hatching 

distance 

(µm) 

No. of 

repeats 
 

Depth 

(µm) 

Width 

(µm) 

Wall taper 

angle (°) 

Surface 

roughness 

(μm) 

1 6.3 480 2.5 100  62.9 198.6 26 1.48 

2 6.3 640 5 300  80.6 201.2 24 1.36 

3 6.3 960 7.5 500  67.3 193.8 23 1.27 

4 6.3 1280 11 700  52.2 182.4 27 0.87 

5 6.3 1600 15 900  39.8 174.2 31 0.96 

6 6.3 480 15 700  86.4 185.5 23 1.5 

7 6.3 480 2.5 300  216.4 204 17 1.3 

8 8.8 480 5 500  211.9 210.6 13 1.13 

9 8.8 640 7.5 700  169.4 201.4 20 1.67 

10 8.8 960 11 900  118.5 190.3 20 1.44 

11 8.8 1280 15 100  4.3 191.3 74 0.62 

12 8.8 1600 2.5 300  110.7 202.9 20 2.19 

13 8.8 1280 7.5 100  14.8 180.6 43 0.77 

14 8.8 1600 7.5 500  73.3 208 25 1.95 

15 11.3 480 7.5 900  / 215.7 / / 

16 11.3 640 11 100  22.6 201 48 1.11 

17 11.3 960 15 300  40.2 196.2 44 1.04 

18 11.3 1280 2.5 500  226.4 221.4 17 7.1 

19 11.3 1600 5 700  152 216 22 4.14 

20 11.3 640 11 300  64.8 203 29 1.79 

21 11.3 1280 5 100  28.1 203 40 1.38 

22 13.8 480 11 300  80.9 210.5 29 1.12 

23 13.8 640 15 500  82.1 202.9 24 1.59 

24 13.8 960 2.5 700  / 226.6 / / 

25 13.8 1280 5 900  184.4 217.3 16 6.95 

26 13.8 1600 7.5 100  22.1 201.8 50 1.16 

27 13.8 960 2.5 500  / 217.7 / / 

28 13.8 640 11 700  148.8 215 22 2.35 

29 16.3 480 15 700  137.5 219.4 22 2.33 

30 16.3 640 2.5 900  / 240 / / 

31 16.3 960 5 100  47.5 218.6 34 3.4 

32 16.3 1280 7.5 300  70.3 204.5 28 2.03 

33 16.3 1600 11 500  70.4 208.2 30 1.58 

34 16.3 1600 5 900  226.5 227.2 20 9.0 

35 16.3 960 15 900  123 206 21 3.5 

 

For the modelling using PR method, the input and output data in Table 4 was imported into R software 

environment (Rgui x64, ver 3.5.0) with the nlme package installed. The computation utilised the least 

squares fitting technique to generate the polynomials that related individual channel characteristics to 

the 4 input variables. We tested 1st-, 2nd- and 3rd- order polynomials and it was found that the 2nd-

order was least affected by under- or over-fitting, which is expressed as: 
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𝑦 = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑛

𝑖=1

+∑𝛽𝑖𝑖𝑥𝑖
2

𝑛

𝑖=1

+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑛

𝑖,𝑗=1

+ 휀 (5) 

where 𝑦 is a selected output, 𝑥𝑖 the i-th laser process parameter, 𝑥𝑖𝑥𝑗  the interaction terms, then all the 

𝛽 regression coefficients and ε residual error terms are to be determined by computation. The resultant 

𝛽 coefficients of the 2nd order polynomials along with their standard errors and p-values are provided 

in Table 5. The p-values described the significance of a term’s influence to the output characteristics: 

for a p-value smaller than a common significance level of 0.05, this term was regarded as against the 

null hypothesis (i.e. no relationship between the output and input) hence should be considered 

significant. Note that self-interaction has no meaning in the significance discussion. The findings are 

summarised as follows: 

 For the depth, it was considered that 𝑥4  (no. of repeats) was the most influential variable 

followed by 𝑥3 (hatching distance), while the 𝑥2 (scan speed) and its interaction with 𝑥3 and 

𝑥4 were also significant. We suspect that the depth of a channel was determined by three factors: 

the depth of ablation during a line scan (subject to power and scan speed), the depth of ablated 

layer during a round of raster scanning (subject to hatching distance), and also the number of 

repeated raster scanning. The first was proportional to the natural logarithm of the ratio of laser 

fluence to threshold fluence, so that the depth of a line did not respond proportionally to the 

deposited laser energy, yet the second and third factors contributed more as their accumulated 

contribution was more significant to the milling process.  

 The kerf width was mostly influenced by the intercept value of 193.98 μm, roughly the sum of 

the 165 μm wide scan pattern and the 33.5 μm spot diameter.  

 The wall taper angle was significantly influenced by the interaction of 𝑥3 and 𝑥4, followed by 

𝑥4, the intercept, 𝑥2𝑥4,𝑥3 and𝑥1𝑥3. The trend had some similarity to that of depth, and by 

comparing the two characteristics, it could be seen that most of the wall taper angles reduced 

with increasing depth. 

 The bottom surface roughness was not significantly influenced by any 1st order term. The 

interaction terms 𝑥1𝑥3 , 𝑥2𝑥4  and 𝑥1𝑥4  had the strongest influence however there is no 

theoretical explanation but only empirical relationship revealed by regression. 
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Table 5 The 2nd order polynomial regression coefficients, their standard errors and p-values 

 Depth, 𝒚𝟏 Width, 𝒚𝟐 

𝛽 coefficient SE p-value 𝛽 coefficient SE p-value 

Intercept 81.9729 68.3075 0.2476 193.9777 13.4858 5.20E-12 

𝑥1 23.4328 13.3793 0.0990 3.0628 2.6527 0.2619 

𝑥1
2 -0.7455 0.5602 0.2019 -0.0154 0.1124 0.8923 

𝑥2 -0.1927 0.0780 0.0252 -0.0281 0.0166 0.1059 

𝑥1𝑥2 -0.0004 0.0035 0.9177 -0.0008 0.0006 0.2552 

𝑥2
2 6.17E-05 3.53E-05 0.0996 1.49E-05 6.91E-06 0.0429 

𝑥3 -30.9415 7.5527 0.0008 -2.1848 1.6550 0.2017 

𝑥1𝑥3 -0.3476 0.5875 0.5623 0.0479 0.1034 0.6482 

𝑥2𝑥3 0.0071 0.0032 0.0428 -0.0003 0.0006 0.5706 

𝑥3
2 1.2421 0.3033 0.0008 0.0876 0.0645 0.1897 

𝑥4 0.5005 0.1116 0.0004 0.0390 0.0239 0.1189 

𝑥1𝑥4 0.0049 0.0085 0.5678 0.0003 0.0017 0.872 

𝑥2𝑥4 -1.08E-04 4.76E-05 0.0370 2.59E-06 7.82E-06 0.7442 

𝑥3𝑥4 -0.0121 0.0065 0.0806 -0.0026 0.0013 0.0585 

𝑥4
2 -1.47E-04 9.80E-05 0.1520 -1.31E-05 1.76E-05 0.4658 

 

Residual std. error: 21.81 

R2: 0.9417 

R2 adjusted: 0.8908 

Residual std. error: 4.871 

R2: 0.9293 

R2 adjusted: 0.8799 

 Wall taper angle, 𝒚𝟑 Surface roughness, 𝒚𝟒 

𝛽 coefficient SE p-value 𝛽 coefficient SE p-value 

Intercept 27.5844 9.4196 0.0098 -2.1170 2.0289 0.3123 

𝑥1 -1.0402 1.8450 0.5807 0.4691 0.3974 0.2550 

𝑥1
2 0.0601 0.0773 0.4477 -0.0032 0.0166 0.8477 

𝑥2 0.0044 0.0108 0.6912 0.0043 0.0023 0.0815 

𝑥1𝑥2 -0.0004 0.0005 0.3935 7.60E-06 1.05E-04 0.9430 

𝑥2
2 4.09E-06 4.87E-06 0.4131 -2.13E-06 1.05E-06 0.0592 

𝑥3 2.2680 1.0415 0.0447 -0.0068 0.2243 0.9763 

𝑥1𝑥3 -0.0378 0.0810 0.6472 -0.0530 0.0174 0.0078 

𝑥2𝑥3 0.0010 0.0004 0.0470 -0.0002 0.0001 0.0772 

𝑥3
2 0.0282 0.0418 0.5094 0.0316 0.0090 0.0029 

𝑥4 -0.0510 0.0154 0.0044 -0.0052 0.0033 0.1399 

𝑥1𝑥4 0.0002 0.0012 0.8345 0.0006 0.0003 0.0213 

𝑥2𝑥4 -1.85E-05 6.57E-06 0.0124 3.25E-06 1.41E-06 0.0354 

𝑥3𝑥4 -0.0037 0.0009 0.0008 -9.55E-05 1.93E-04 0.6274 

𝑥4
2 6.89E-05 1.35E-05 0.0001 -1.68E-06 2.91E-06 0.5723 

 

Residual std. error: 3.007 

R2: 0.9698 

R2 adjusted: 0.9433 

Residual std. error: 0.6478 

R2: 0.9437 

R2 adjusted: 0.8945 

 

To benchmark against the PR analysis, we employed a machine learning method known as the 

Gaussian process regression (GPR) which was recommended in many works for the process modelling 

and prediction across a wide spectrum such as welding [38] or catalyst optimisation [39]. A GPR is 

defined as regression function under zero-mean Gaussian distribution with covariance matrix, 

described as: 
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𝒚 = (𝑦1, … , 𝑦𝑛)
T~𝐺(0, 𝐂) (5) 

where 𝐂  is the covariance matrix, and its ij-th element is parameterised by a function 𝐶(𝐱𝑖, 𝐱𝑗) 

expressed as the sum of 4 terms: constant bias, linear correlation, non-linear correlation and random 

noise [33]: 

𝐶(𝐱𝑖, 𝐱𝑗) = 𝑎0 + 𝑎1∑𝑥𝑖𝑘𝑥𝑗𝑘

𝑁

𝑘=1

+ 𝜈0 exp(−∑𝑤𝑘(𝑥𝑖𝑘 − 𝑥𝑗𝑘)
2

𝑁

𝑘=1

) + 𝜎2𝛿𝑖𝑗 (6) 

where 𝑥𝑖𝑘 is the k-th variable of 𝒙𝑖 and 𝛿𝑖𝑗 = 1 if 𝑖 = 𝑗, otherwise  𝛿𝑖𝑗 = 0. The rest of its parameters 

can be estimated using the conjugate gradient optimisation method. In this study, GPR was 

implemented in Matlab based on the Monte Carlo method. The code was configured so that the 4 

models of depth, width, taper angle and surface roughness were trained using the data in training set. 

By minimising the hyperparameters using a maximum of 100 iterations, the underlying numerical 

relationship was discovered by the algorithm. 

For the purpose of validating the performance of the algorithms and models, 10 extra random sets of 

data as listed in Table 6 were obtained. With the computational models built using the PR and GPR 

methods, the predicted values of depth, width, taper angle and bottom surface roughness were 

generated using the input parameters in the validation dataset.  

Table 6 The validation dataset 

 Input  Output 

 𝑥1 𝑥2 𝑥3 𝑥4  𝑦1 𝑦2 𝑦3 𝑦4 

Test No. 
Power 

(W) 

Scan 

speed  

(mm/s) 

Hatching 

distance 

(µm) 

No. of 

repeats 
 Depth(µm) Width(µm) 

Wall 

taper 

angle (°) 

Surface 

roughness 

(μm) 

1 6.3 960 2.5 900  / 208.1  /  / 

2 8.8 480 11 300  61.9 192.6 28 0.91 

3 11.3 1600 7.5 100  17.6 192.6 54 0.77 

4 13.8 1280 15 500  55.3 204.1 37 1.22 

5 16.3 640 5 700  265.4 224.4 15 7.01 

6 6.3 480 2.5 700  / 199  /  / 

7 8.8 960 5 100  29.5 194.5 33 0.91 

8 11.3 640 7.5 900  257.6 205.9 17 4.54 

9 13.8 1600 11 500  70.2 190.9 25 1.97 

10 16.3 1280 15 300  38.6 191.6 37 2.26 

 

The predicted values via the two methods, denoted as PR_pred and GPR_pred respectively, were then 

compared against the actual experimental results as illustrated in Figure 6 (a)-(d). Both models were 
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to an extent able to predict the characteristics of the channels subject to input parameters, yet the error 

was somehow large for a few datasets. For the PR analysis, the confidence interval (PR_CI) and 

prediction interval (PR_PI) of the PR analysis are provided as error bars: the former represents the 

uncertainty around the expected value of predictions while the latter represents the uncertainty around 

a single prediction, which by right exceeds the former in value. The standard deviations of the GPR 

predictions (GPR_SD) are also illustrated. In this case, most of the standard deviations of prediction 

points were similar, since the validation datasets were randomly selected thus uniformly distributed. 

They are generally smaller than those produced by PR for the prediction of depth, width and taper 

angle, but larger for the surface roughness. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6 Comparison of experimental and predicted results by PR and GPR models. (a) Depth, (b) 

width, (c) wall taper angle and (d) Sa roughness. 

To quantitatively illustrate the performance of the prediction, the values of coefficients of 

determination (R2) values and the relative root mean square error (rRMSE) of the prediction results 

given by the PR and GPR models were calculated, expressed as 
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𝑅2 = 1 −
∑ (𝑦𝑖 − �̅�)2𝑁
𝑖=1

∑ (𝑦𝑖 − 𝑦�̂�)2
𝑁
𝑖=1

 (7) 

𝑟𝑅𝑀𝑆𝐸 =
√
∑ (

𝑦𝑖 − 𝑦�̂�
𝑦𝑖

)2𝑁
𝑖=1

𝑁 − 1
 

(8) 

where 𝑦𝑖  is the measurement value, �̅�  the average of all 𝑦𝑖  and 𝑦�̂�  the predicted value. It can be 

concluded from the comparison of RMSE and rRMSE values provided in Table 7 that both models 

faced difficulties in predicting the Sa roughness; we speculated the reason was that the bubble and 

debris formation during the ablation process induced significant uncertainty to the morphology of the 

channels bottom surface. For the prediction of the rest 3 characteristics, the PR and GPR performed 

differently: for the prediction of channel depth, PR modelling provided a better result, whereas the 

GPR model was slightly more advantageous in the prediction of channel kerf width and wall taper 

angle. In other words, there was not a universal modelling method performing equally great for the 

prediction of all the channel characteristics. It is also worth noticing that, the models developed in this 

study were only valid within the tested range.  

Table 7 Prediction errors of the PR and GPR models  

Method 
Error 

type 
Depth Width 

Wall taper 

angle 

Surface 

roughness 

PR 
RMSE 15.2 µm 9.3 µm 5.6 ° 1.30 µm 

rRMSE 18.9 % 4.72 % 20.4 % 71.5 % 

GPR 
RMSE 29.2  µm 8.4  µm 4.5 ° 0.84  µm 

rRMSE 61.4 % 4.89 % 15.5 % 40.6 % 

 

4. Conclusions 

In this research, we developed a multi-scan underwater laser machining process for deep channels on 

copper using a high power, high repetition rate, pulsed fibre laser in ns regime and studied the channels’ 

characteristics using SEM, EDX and optical form measurement system, and utilised computation 

algorithms to build the empirical models of the channel characteristics. The major findings of this 

study can be concluded as follows: 

1. The underwater laser machining technique was proven capable of producing channels on 

copper substrate that were much less affected by heat affected zone (HAZ), debris recast and 
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burr formation compared to machining in protective gas; the copper oxidation was reduced 

compared to machining in air, yet comparable to machining in a free N2 flow in air. 

2. A steady water flow enabled by the processing chamber performed better than static water as 

it effectively took away the excessive heat and resulted in a higher machining efficiency as it 

washed away the debris and bubbles without introducing disruption to the water surface. 

Moreover, a slightly improved machining efficiency was observed in water compared to N2 

gas over an identical processing parameter. 

3. Produced by a multi-scan process at different laser processing parameters, the dimensions of 

channels were measured. Typical depth of the channels can be up to 275 µm and width around 

200 µm. At a designated depth of 150 - 200 µm, the taper angle was in a range of 13 - 22°, with 

a bottom surface roughness in a range of 1.30 - 6.95 µm subject to the bubble and debris 

formation during the process that disturbed the laser beam in a random manner.  

4. Empirical modelling based on the Taguchi orthogonal array design and two regression methods, 

namely polynomial regression (PR) and Gaussian process regression (GPR), were employed. 

The former provided better prediction results for depth whereas the latter was more 

advantageous for the prediction of kerf width and wall taper angle. However due to the chaotic 

behaviour of the process induced by bubbles, there were discrepancies between prediction and 

experimental results for the prediction of channel bottom surface roughness. 

In summary, assisted by the modelling techniques, the underwater laser machining method is 

envisaged to serve as a pre-process of precision mechanical milling of copper used as the substrate for 

the LIGA process. As the underwater laser machining was capable of rapidly and cleanly producing a 

channel slightly smaller in width and depth than the targeted dimensions, a post-process mechanical 

micromilling procedure can be induced to solve the roughness issue, meanwhile the tool life is 

expected to be extended as it removes much less material compared to conventional micromilling. In 

addition, the GPR machine learning algorithm has also demonstrated its potential in empirical 

modelling that may benefit the process development in the future. 
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