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Abstract 

Laser machining is commonly used for fabrication of medical devices with microscale features, including 

vascular stents, drug delivery devices, scaffolds for tissue engineering with controlled pore size and 

porosity. The process can also be used to produce structured scaffolds for controlling cell growth, 

orientation and location. Moreover, lasers may be used to fabricate complex channel nets in which cells are 

subsequently seeded or to pattern channels for microfluidic devices. Traditionally these micro devices were 

fabricated using silicon substrates, but recently the use of titanium allowed to produce more robust devices 

at a reasonable cost. In particular, the high quality surfaces that can be obtained with laser machining reduce 

the liquid flow turbulence and avoid micro cavities formation, critical for bacteria proliferation.  

The present research reports the results of an investigation on the process capability of laser ablation to 

produce micro pockets fabricated on titanium sheet (0.5 mm thick). A first experimental campaign was 

designed for identifying a set of laser ablation cycles able to realize the micro pockets by changing the 

process parameters as scanning speed, laser power, q-switch frequency, loop number and duty cycle. 

Moreover, a process optimization was executed in order to produce the pockets with a highly flat surface. 

The results were acquired by a confocal laser scanning microscope (CLSM) to obtain high-resolution 

images with depth selectivity and were analyzed with statistic methods for the identification of the best 

parameters configuration. 
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Introduction  

Surfaces act as interfaces governing the functional behavior of a product. Often, the behavior controlling 

mechanisms involve surface details on a micrometer or nanometer scale. Many emerging products are based 

on achieving these small scales, as the case of precision engineering, micro engineering, and 

nanotechnology [1]. This assumption finds broad consensus in medical device industry where surfaces are 

the primary place of contact between biomaterial and organism; in this environment the need for designing 

and manufacturing materials to make them highly compatible with living tissue (including bio fluids such as 

blood) has become a major priority [2]. 

The manufacturing technologies related to surface machining have been constantly improved in order to 

fulfill the requirements of medical device industry: nowadays a downscaling of several processes such as 

machining, molding or EDM is needful to produce micro workpieces used in biomedical applications [3]. 

However, despite the improvements of the mentioned processes, with higher demand for ever-more 

sophisticated micro features generated in a variety of materials, pulsed laser ablation has become a key 

technology for high added value industries. Moreover, the need for micro and nano-manufacturing is 

dictated not only by the requirement of increasingly sophisticated devices and structures with novel 

properties, but also by the trend of decreasing component sizes, material usage and energy consumption of 

products [4,5]. 

For the described reasons, laser machining aims to become commonly used for the fabrication of medical 

devices with microscale features, including vascular stents, drug delivery devices, scaffolds for tissue 

engineering with controlled pore size and porosity. This process can also be used to produce structured 



scaffolds for controlling cell growth, orientation and location or for fabricating complex channel nets where 

cells are subsequently seeded. Laser machining may also be used to pattern channel microfluidic devices. 

Traditionally these micro devices have been fabricated using silicon substrates but ongoing research 

activities report the use of titanium to fabricate microfluidic networks. Compared with silicon, glass and 

polymers, titanium is a metal with high strength and excellent biocompatibility. 

Titanium biocompatibility comes from the spontaneous formation, in air and blood, of a highly 

biocompatible dioxide passivation film, which prevents corrosion in fluid environments and guarantees 

long-term implant lifetime. The high strength of titanium together with its biocompatibility provides many 

advantages when using this material for microfluidic applications. Moreover, these titanium devices were 

found to be more robust than their silicon counterparts and can be fabricated in such a way that X-ray 

attenuation is reduced or eliminated during small-angle X-ray scattering experiments (used for example in 

protein detection) [6,7]. At the same time a high quality machining is fundamental in device fabrication, in 

particular, referring to the bottom surface quality it should be as flatter as possible in order to avoid any 

turbulence of the liquid flow or the generation of micro cavities that could be critical for storage of bacteria. 

In Figure 1 an example of titanium microfluidic device is reported [8]. 
 

  

Figure 1. Two-level titanium microstructure designed for micro-fluidic applications [8] 
 

In literature many authors focused their researches in enhancing knowledge about laser micro machining 

process [9,10] and its application for different medical devices fabrication [11,12] on different materials as 

PMMA materials [13] or titanium [14] with femto [15] and nano [16] laser pulse using UV [17] or Nd:YAG 

wavelength [18]. 

In order to enhance the knowledge about this topic, the present research reports the results of an 

investigation on the process capability of laser ablation to produce micro pockets fabricated on titanium 

sheet (0.5 mm thick). A first experimental campaign was designed for identifying a set of laser ablation 

cycles able to realize the micro pockets by changing the process parameters as scanning speed, laser power, 

q-switch frequency, loop number and duty cycle. Moreover, a process optimization was executed in order to 

produce the pockets with an highly flat surface. The results were acquired by a confocal laser scanning 

microscope (CLSM) to obtain high-resolution images with depth selectivity and were analyzed with statistic 

methods for the identification of the best parameters configuration. 

 

Modeling Set Up 

The set up of the experiment is reported in Figure 2.a. A LEP Lee Laser (Nd:YVO4, 8 W q-switched, λ=532 

nm) was used for the experimental campaign. The outgoing laser beam is collimated in a galvo system to 

impose a remote control. A sheet of titanium grade 2 (0.5 mm thick) was selected as sample. The sheet was 

fixed on a frame at a distance equal to the focal distance (160 mm) from the galvo head. Nitrogen was 

chosen as assist gas; the gas feeding was realized with a tube fixed on a support to obtain a homogeneous 

flux oriented at 45° with respect to the specimen.  

 



 

 

(a) (b) 

Figure 2. (a) Set up of the experiments, (b) laser path net three line filling strategy 
 

The Laser machine is controlled by a software and it is possible to set the scan speed, the q-switch 

frequency, the duty cycle (i.e. the product between the frequency and the pulse width), the laser path 

strategy, the beam diameter, the loop number and the laser power expressed as the percentage of the applied 

current to the pump system (diode lasers). A preliminary calibration curve with a power meter (Gentec-EO 

UP19-W) was executed to convert the percentage Ampere in average power. Based on previous experience 

[19] the laser path was imposed equal to the net three line filling strategy as reported in Figure 2.b.  

The campaign results were analyzed not only with regard to the obtained geometries, but also as a function 

of time and energy needed to realize them. These parameters must be evaluated as indirect measures: Table 

1 reports the equations necessary for evaluating the energy and the time per loop. To test if the power 

density is able to ablate the titanium or not, the fluence per pulse was evaluated too. The constant 3 present 

in time per loop and number of pulses equations was included taking into account the imposed net three line 

laser path strategy. 

 

Symbol Description Equation 

L [mm] sample length 0.5 

A [mm2] sample area 0.25 

f [kHz] q-switch frequency 30,100 

Pavg [W] average power 2.64, 1.45, 0.35 

vs [mm/s] scan speed 381, 304.8, 228.6 

d [mm] spot diameter 0.1 

abs [%] absorption coefficient [20] 50 

dt [ns] pulse width dt =
duty cycle

f 
 

Ppeak [W] peak power Ppeak =
Pavg

f ∗ dt
 

tloop [s] time per loop tloop = 3
A

d

1

vs
 

ov pulses overlap ov = 1 −
vs

d ∗ f
  

nscan number of scans nscan =
L

d
 

npulse number of pulses npulse = 3nscan [1 +
L − d

(1 − ov)d
] 

Epulse [J] energy per pulse Epulse = Ppeakdt 



Eloop [J] energy per loop Eloop =  Epulsenp 

Fpulse [J/cm2] fluence per pulse Fpp = abs
4

πd2
Epulse 

 

Table 1 Direct and indirect laser parameters. 

 

Following the mentioned set up, different tests were executed for studying the laser machining process 

performance. For each test a micro pocket sample with a dimension equal to 500x500 µm2 was realized on 

the titanium grade 2 samples. The obtained pockets depth was determined by the process parameters set and 

in the range between 50 and 100 µm typical of microfluidic devices.  

The method designed to obtain the pocket sample with a laser beam was chosen coherently with a standard 

milling process: three different machining cycles were executed on the sample surface; each cycle was 

characterized by a different set of process parameters in order to perform a roughing (R), finishing (F) and 

polishing (P) cycle. The polishing cycle was designed imposing a duty cycle equal to 100% that correspond 

to a continuous laser mode. Each cycle was repeated for several loops to obtain the desired pocket depth. 

Table 2 summarizes the designed experiments. In Table 2 the total time (t) and Energy (E) needed for each 

cycle were introduced; they were evaluated as the product of tloop and Eloop for the loop numbers. As it can 

be observed, each cycle reaches a fluence per pulse value higher than 0.109 J/cm2: the ablation threshold for 

titanium alloy [21]. 

 

Process parameters Roughing (R) Finishing (F) Polishing (P) 

vs [mm/s] 304.8 228.6 381 

f [kHz] 30 30 100 

duty cycle [%] 30 30 100 

dt [ns] 104 104 - 

Ppeak [W] 8.80 4.83 0.35 

Fpulse [J/cm2] 0.56 0.31 0.22 

# loop 25 8 20 

t [s] 0.62 0.26 0.39 

E [J] 1.33 0.31 0.11 
 

Table 2 Designed laser machining cycle 

 

Under these hypotheses ten tests were carried out to study the single and the cumulative laser cycle effects. 

The assist gas influence was analyzed, too. 

 

Main Results 

The obtained pocket geometries were acquired by a confocal laser scanning microscope (CLSM) to obtain 

high-resolution images with depth selectivity. The Olympus LEXT OLS4100 microscope equipped with a 

200X objective was used for the profile acquisition in order to have a resolution equal to 0.625 μm on x and 

y axis while the z movement resolution was set equal to 10 nm. Under this configuration an area equal to 

640x640 μm2 was scanned for each test. The average depth obtained (depth) was acquired as the difference 

between the top and bottom average measures; the top values where acquired on a frame having a width 

equal to 20 μm (about 12K points), designed avoiding the burrs. The bottom values were selected referring 

to a 300x300 μm2 area in the middle of the pocket (about 230K points). The standard deviation (σdepth) was 

evaluated as the sum of the standard deviations of the top and bottom surface according to the error 

propagation theory. In Figure 3 the strategy adopted for geometry acquisition is plotted. 

 



 
Figure 3. Strategy adopted for the pocket geometry acquisition. 

 

To analyze the process performance the bottom standard deviation was taken into account. The equations 

for the depth estimation parameter are reported in the following: 

 

μ
depth

=μ
top

−μ
bottom

 

σ
depth

=σ
top

+σ
bottom

 

 

Starting from these formulations, Table 3 reports depth and quality parameters measured for each 

experiment. Moreover, examples of high resolution images acquired with the confocal laser microscope are 

shown in Figure 4 where the pocket profile referred to a middle section is plotted too.  

 

Test N2 [bar] t [s] E [J] 
# Loop Depth [µm] 

σbottom 
(R) (F) (P) µdepth σdepth 

1 0 0.62 1.33 25 0 0 66.77 11.11 3.41 

2 0 0.26 0.31 0 8 0 7.43 2.03 0.82 

3 0 0.39 0.11 0 0 20 0.05 1.15 0.57 

4 0 0.88 1.64 25 8 0 72.76 8.78 2.74 

5 0 1.27 1.75 25 8 20 75.34 8.97 2.10 

6 5 0.62 1.33 25 0 0 91.05 15.37 8.46 

7 5 0.26 0.31 0 8 0 8.84 2.67 1.35 

8 5 0.39 0.11 0 0 20 0.11 1.13 0.52 

9 5 0.88 1.64 25 8 0 87.36 12.98 5.44 

10 5 1.27 1.75 25 8 20 88.71 13.04 4.24 
 

Table 3 Pocket depth and laser machining quality results 

 

Analyzing the results it is possible to draw the following considerations: 

• as expected the roughness, finishing and polishing cycles were characterized by a decreasing amount of 

ablated material and by an increase of surface quality; 

• a similar consideration is evident for the energy (higher in R, lower in P) while considering the execution 

time the finishing cycle is the fastest one; 

• the gas assist effect guarantees an inert area surrounding the ablation process and it results in benefits in 

terms of vaporized depth while on the contrary the gas stream generates a turbulence that worsts the 

surface quality (Tests from 1-5 with respect to tests 6-10). However, an inert process is always preferred 

to avoid oxidization phenomena. 

 

Starting from the obtained results a further investigation was designed to improve the process performance 

in terms of surface quality. The experimental campaign was focused on the estimation of a regression 

300 µm

20 µm

Top

Bottom



model able to predict the pocket depth as a function of the loop number. In this campaign, only the 

finishing cycle with gas assist was taken into account because of the previous considerations (the roughness 

cycle and the gas assist highly worst the surface quality and the polishing cycle becomes negligible when 

the irradiated surface is out of the focus distance). Table 4 highlights the results of the designed 

optimization campaign.  

 

   

  
Figure 4. Single and cumulative laser cycle profiles (No gas tests) 

 

# Loop (F) t [s] E [J] 
Depth [µm] 

σbottom 
µdepth σdepth 

8 0.26 0.31 7.43 2.03 0.82 

68 2.23 2.64 66.16 5.95 1.61 

83 3.12 3.33 118.37 12.13 2.65 

107 3.90 4.26 149.37 11.65 4.63 

115 3.77 4.46 171.48 12.92 5.72 
 

Table 4 Optimization campaign results 

 

 

The estimated regression model is: 



 

μ
depth

= 1.27 + 0.596 ∙ loop + 0.007706 ∙ loop2  

 

The correlation coefficient R2 is equal to 98%, proving a good agreement between experimental and fitted 

values. The hypotheses of the homogeneity of variance and normality of residuals are verified too. Finally 

the regression model was used for carrying out a new test (Test 11) imposing a loop number equal to 75 that 

corresponds to an estimated depth equal to 89 µm in order to be comparable with Test 10 results. In Figure 5 

and Table 5 the obtained geometry and the main results are respectively reported. 

 

  
(a) (b) 

Figure 5. Qualitative comparison between Test 10(a) and Test 11 (b). 

 

Test t [s] E [J] 
Depth [µm] 

σbottom 
µdepth σdepth 

10 1.27 1.75 88.71 13.04 4.24 

11 2.46 2.91 88.19 7.31 2.21 
 

Table 5 Quantitative comparison between Test 10 and Test 11 

 

As it can be observed the new approach allows the realization of a pocket having the same depth but with an 

almost doubled surface quality (σbottom). On the other hand the machining time and the needed energy 

double too. 

 

Conclusions 

In the present paper the performance of a laser machining process executed with a 532 nm q-switched laser 

has been studied and discussed for microfluidic device fabrication. Several micro pockets with depth in the 

range between 50 and 100 µm have been realized on titanium sheets. The results were acquired by a 

confocal laser scanning microscope (CLSM) to obtain high-resolution images with depth selectivity and 

were analyzed with statistic methods. The process designed to obtain the pocket sample with a laser beam 

was chosen coherent with a typical milling process: three different machining cycles, roughing, finishing 

and polishing, were executed achieving good quality results considering the realized pocket bottom surface. 

To improve process performance a regression model based on the finishing cycle was estimated. The model 

proved to be able to improve the bottom surface quality. Further experiments are now under study for 

optimizing the process performance. 
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