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Abstract 

Microfluidic devices (MFD) have several applications in the chemical and biomedical 
analysis field such as mixing two different drugs prescribed to inpatients. Micromixer 
can be fabricated using laser beam to ablate microchannel on the surface of polymeric 
substrate.  

In this work, CO2 laser was used to manufacture MFD on polymethyl methacrylate 
(PMMA) substrate with straight and zigzag profiles by investigating the effect of 
processing parameters (scanning speed, laser power and depth of focus) on the ablated 
microchannel width, depth, aspect ratio and wettability. The focus is to produce channel 
with depths from around 50µm to 1600µm using one system, hence producing large 
microchannels which were not studied in most of the report work. Then a CFD model 
was developed to characterize the effect of channel geometry and liquid diffusivity and 
speed on the fluids mixing efficiency. 

The results showed that the crater width, depth, aspect ratio (AR), surface 
hydrophilicity and surface temperature increased with increasing laser fluence, and the 
effect of the process dynamics at constant fluences was also investigated. Various 
channel profiles such as V-shaped and U-shaped cross sections were produced by 
shifting the focal position of the beam. This is important in the design phase of the 
channels, since our single pass method of machining offers a full range of AR from 
around 0.3 up to 2.25, and a channel depth of 47µm-1600µm.The results also showed 
that the mixing efficiency significantly relies on the channel geometry and fluid flow 
characteristics, with a maximum mixing efficiency of 99.9% was recorded using a 
squared shaped MFD. 

Keywords: Micromixer, MFD, PMMA, Microchannel, CO2 laser, COMSOL, Mixing 
efficiency 
Table of Nomenclature (Rajab and Al-Hamd 2023; Vora et al. 2013). 

Abbreviation Description 
𝝆𝝆 Density (in kilograms per cubic meter) 
𝒄𝒄𝒑𝒑 Specific heat at constant pressure (in joules per kilogram per kelvin) 
𝒌𝒌 Thermal conductivity (in watts per meter per kelvin) 
𝑻𝑻 Temperature (in kelvin) 
𝒕𝒕 Time (in seconds) 
𝒙𝒙 x-coordinate 
𝒚𝒚 y-coordinate 
𝒛𝒛 z-coordinate 
𝑷𝑷 Laser power density 
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𝒉𝒉 Heat transfer coefficient 
𝑻𝑻𝒂𝒂 Ambient temperature 
𝑨𝑨 Absorptivity 
𝑽𝑽 Scanning speed 
𝒕𝒕 Time  
𝜺𝜺 Emissivity 
𝝈𝝈 Stefan–Boltzmann constant 

 

1. Introduction 

  Microfluidics is a field that studies the control of very small fluids ranging in size from 

microliters (µL) to picolitres (pL). This field offers important benefits such as heat 

transfer and low volume requirements for reagents and samples. It also provides high 

signals compared to the noise ratio when the image is detected (Vannoy et al. 2011).  

Miniaturization also gives integration of parallel structures in one device to produce 

high analysis within a short time.  In the past decade, this field has found wide interest 

for its use in applications related to medical diagnosis and clinical analysis, 

environmental pharmacokinetics, genetics, forensic medicine and proteomics 
(Verpoorte 2002). 

Different materials have been used to manufacture these devices depending on the 

application. Recently, glass, silicone and polymer have been used to manufacture 

microfluidic devices (Aralekallu et al. 2022). Because silicon is opaque to visible 

wavelengths of light, its uses in manufacturing microfluidic devices (MFD) are limited. 

It is not suitable for high voltage applied to capillary electrophoresis and pumping 

electrophoresis used in special applications in the field of microfluidics(Abgrall and 

Gue 2007). One of the most used detection techniques is optical detection, as it was 

used in the science of separation and transparency of microfluidic devices. Polymers 

have many advantages over silicone and glass including good chemical resistance, 

biocompatibility, low cost, optical properties and the ability to be mass produced using 

currently used manufacturing techniques such as injection moulding and hot 

embossing(Roy et al. 2011). In thermoplastics, polymers are used in manufacturing on 

a large scale, and the most widely used plastics are PMMA and PC(Becker and Gärtner 
2008). 

Based on their geometry, MFDs are available with different designs such as straight 

channel, Y- channel, T-junction, cross-junction, spiral, and X- channel. In the field of 

microfluidics, photolithography, etching, soft lithograpy, precision micromachining 

(micro milling), hot embossing, injection moulding, and laser ablation are the most 

frequently used methods for creating microchannel and other microfeatures (Becker 

and Gärtner 2008; Iliescu et al. 2012; Verpoorte and De Rooij 2003; McDonald et al. 
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2000; Becker and Locascio 2002; Heckele et al. 1998; Lippert 2004) . Laser processing 

is comparable because it offers a precise, rapid, and non-contact option to traditional 

methods, with the added benefit of flexibility in terms of the materials, designs, and 

features that can be created. Its user-friendly operation makes it an ideal tool for quickly 

prototyping both simple and complex designs. Furthermore, laser processing can be 

utilized to integrate complementary functions into microfluidic devices, such as 

creating patterns of microelectrodes within thin metal films located inside 
microchannels (Khan Malek 2006).  

Different lasers have been used for manufacturing MFD such as CO2, diode and 

ultrashort lasers.  The selection of lasers and processing parameters depends on the used 

materials and the desired properties of MFD, and each laser has positive and negative 

effects. Using CO2 laser, there are several published works focused on analyzing the 

effect of processing parameters on channel characteristics(Gucluer and Guler 2023; 

Malek 2006) . Ting-Fu Hong et al. studied the rapid prototyping of PMMA microfluidic 

chips utilizing a CO2 laser (Ting-Fu Hong et al. 2010). Yiqiang Fan et al. studied the 

effect of using a novel technique of CO2 laser machining of wax-covered plastic paper 

on microchannel quality (Yiqiang Fan Huawei Li Ying Yi Ian G. Foulds 2013). S. 

Prakash and S. Kumar fabricated a microchannel on PMMA using a CO2 laser for 

microfluidic applications. They studied the effect of laser power and scanning speed on 

the width, depth, and softened zone of microchannel, and, on another study, they 

created a microchannel with rectangular cross-sections on PMMA using a CO2 laser in 

combination with an underwater-fabricated 40 µm thick copper mask using a Fiber laser 

(Prakash and Kumar 2015 ; Prakash and Kumar 2017).  J. Cai et al. produced a MFD 

utilizing a 10.6 μm, CO2 laser on COC polymer. The ablated microchannel exhibited a 

Gaussian-like profile. Variations in the width and depth of the microchannels were 

observed under different laser power and scan speeds and the smallest achievable width 

and depth for the microchannels are approximately 223 μm and 132 μm respectively 

(Cai et al. 2017). Carlos Matellan et al. analyzed the effect of laser power and focus 

point on microchannel width and depth and studied the cost-effective rapid prototyping 

and assembly of PMMA microfluidic devices using CO2 laser. Here, the residues were 

eliminated using isopropyl alcohol (Matellan and del Río Hernández 2018). Yundong 

Ren et al. manufactured and developed the reconfigurable acrylic-tape hybrid 

microfluidics which is useful in the medical and clinical fields using a direct and quick 

manufacturing method with CO2 laser (Yundong Ren et al. 2019).  Mahdee Samae et 

al. manufactured paper-based Y-shaped micromixer with straight and zigzag (Mahdee 
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Samae  · Pawarit Ritmetee · Somyot Chirasatitsin  · Sanja Kojić  · Tijana Kojić  · 

Jovana Jevremov  ·  Goran Stojanović  · Hani Al Salami 2019). Sanja P. Kojic et al. 

manufactured a Y-shaped with a straight and zigzag design on a Ceram Tape layer 

between two PVC foils layers using xerography technique and laser micromachining 

process (Sanja P. Kojic 2019). S. Gucluer and O. Guler proposed a simple, rapid MFD 

fabrication method for separating cells and bacteria-size microparticles using CO2 laser 

(Gucluer and Guler 2023). Diode laser, on the other hand, have been also used for 

manufacturing MFD and it has been proved that V-shaped microchannel could be 

formed using diode laser while a U-shaped channel is formed using CO2 laser (Kexin 

Gao et al. 2019). Ultra-short lasers (ps and fs) have also been used for MFD 

manufacturing on glass substrate where the laser processing was followed by chemical 

treatment using KOH and HF for enhancing the performance of microchannel (LoTurco 
et al. 2013; (Sungil Kim 2018; Wlodarczyk et al. 2019).  

Numerically, several works have been conducted to analyze the MFD performance. A. 

Farahinia et al. analyzed and investigated the impact of different cross-sections and 

input angles on the mixing performance of microfluidic mixer numerically using 

COMSOL software. Two types of channel cross-sections were examined: circular and 

rectangular. A. Bonament et al. proposed a 2D analytical model for the prediction of 

the concentration profiles at the outlet of a passive mixer. They studied the effect of 

shape (Y and line) and the length of the channel (Bonament et al. 2022; Farahinia and 

Zhang 2020) . 

To the best of our knowledge, there are limited published works that focused on 

reporting an experimental analysis for selecting appropriate laser processing parameters 

for MFD fabrication efficiently. Most previous research work were either limited to 

manufacturing “small” channels with dimensions less than 500µm or developing 

analytical or numerical models with limited validation of fluid delivery or the channels 

dimensions. Therefore, the focus of this work is to perform a comprehensive 

experimental analysis using CO2 laser micromachining system to produce channel with 

depths from around 50µm to 1600µm using one system. This is accompanied with the 

development of a 3D thermal model to simulate the effect of processing parameters on 

the surface temperature and craters’ ablation characteristics. Furthermore, a 2D CFD 

model is adopted to analyze and validate the performance of a Y-channel MFD 

simulated using FEA (COMSOL Software). 

 

2. Material and Method 
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2.1. Microchannel Fabrication 

A transparent PMMA workpiece with a dimension of (20×10×2) mm is selected in this 

work. The physical properties of PMMA is listed in table1. The CO2 laser beam was 

used for the generation of microchannels. CA-1500 CO2 laser from PI MICOS is a CW 

laser with a wavelength of 10.6 µm. Its maximum power is 100 W. This laser is 

delivered with a full working software with control computer with all necessary drives 

including control software. The laser is delivered also with a workstation including x-

y stages. The software package consists of the main control program for the CA-1500 

kit to control the full working of the laser. For example, it is used to control the x-y 

stages movements. A software such as AutoCAD and CAD converter were used in this 

project. Table 2 listed the used processing parameters for microchannel fabrication.  

Table 1: Physical properties of PMMA (Li et al. 2018). 

Property PMMA 
Young's Modulus (GPa) 2.4 
Poisson ratio 0.37 
Density (kg/m3) 1185 
Thermal conductivity (W/m2. K) 0.2 
Specific heat (J/kg. K) 1466 
Thermal expansion (K-1) 4.4 × 10−4 
Glass transition temperature (°C) 105 
Melting temperature (°C) 220 

 

Table 2: Laser processing parameters. 

Power [W] 5 ,10 ,15 ,20 ,30  
Focal Position (distance from the focal point) [mm] -10, -5, 0, +5, +10 
Scanning Speed [mm/s] 2, 4, 6 
Spot size [mm] 0.5  

 

The PMMA machining occurred using a sheet supplied by credible supplier, and was stored for 

very short time in a room temperature around 20 ⁰C and in a lab with humidity of less than 

10%. Therefore, those conditions will endure that PMMA holds its thermomechanical 

properties and does not change before processing. Moreover, the experiments were conducted 

within hours of receiving the samples, hence not allowing for long-time storage that may affect 

the materials properties. 

2.2. MFD Fabrication 

The proposed MFD consists of two layers, as shown in Figure 1. Top layer was realized  

using PMMA adhesive layer. The down layer was used for fabrication of different MFD 

structures. Firstly, the simple Y-channel was fabricated using different Y angle of 

incident to select the best angle for fabricating the other designs. Multiples laser passes 
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was used to get rid of residuals and blockage in the Y intersect area. The best angle 

(90°) was selected, due to its best mixing efficiency, and used for fabrication of all 

MFD structures (straight, zigzag with 45°, zigzag with 90°, zigzag with curved edges). 

The 20 W laser power, -10 mm focus position, 6 mm/s scanning speed, 5 times 

processing was used for MFD manufacturing. For hole creation on top layer (5 W 

power, 1pass, 0.5 mm spot size) processing parameters were used. 

 

Figure 1: (a) model of MFD, (b) top layer, (c) simply straight Y channel, and (d) zigzag channel. 

2.3. Microchannel and MFD Characterization 

Optical microscope (Model: ALTAY) has been used to analyze the surface 

morphology. The images of the laser treated surfaces was analyzed using 5X 

magnification. The images were taken using a high-resolution digital camera from the 

eyepiece and analyzed using ImageJ software. For wettability characterization, a sessile 

drop method was used(Rajab et al. 2021b). Here, a 50µL drop of water was placed on 

the surface, and an image was captured using a microscope (see Figure 5s). Next, image 

J software was used to measure the contact angle from left and right and the average 

contact angle was recorded. This method has been used to measure the contact angle 

and investigate the impact of laser parameters on the wettability of the surface.  The 

wettability was characterized to understand the effect of laser parameters on the 

channel’s profile, which in turn affects the quality of the bonding process. 

3. Computational Modeling 

3.1.Thermal Modeling of Microchannel 

In this study, a Model of continuous, CO2 laser thermal heating of PMMA in air was 

built using 6.0 COMSOL Multiphysics. A 3D geometry (Figure 2) and a time-



7 
 

dependent study are considered. The length and width of the geometry are 10 mm and 

6 mm, respectively while the thickness is 2mm. The elements with T>Tm are excluded 

from geometry (where T and Tm are surface and melting temperatures respectively). 

The modelling was considered using a 10.6 µm laser wavelength. Figure 3 shows the 

flow diagram of the modelling approach. The heat source, heat convection and surface 

to ambient radiation is considered on the upper boundary (boundary 1). Extremely fine 

with 200µm and 2µm maximum and minimum element size, respectively, was applied 

on the upper boundary (boundary 1), while free tetrahedral with 4 iterations was applied 

on the remaining geometry. The number of elements was 23750 (see Figure 1s in the 

appendix). Tables 3 lists the governing equations and boundary conditions of heat 

transfer mode, respectively.  

 

 

Figure 2: Geometry using the modeling. 
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Figure 3: The flow diagram of the modelling approach. 

 

Table 3: Governing equations and boundary conditions of heat transfer model (Rajab and Al-Hamd 
2023; Vora et al. 2013). 

Boundary no. Boundary condition Equation 

Whole geometry Governing equation 𝜌𝜌𝑐𝑐𝑝𝑝 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� = 𝑘𝑘 ��

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑥𝑥2

�+�𝜕𝜕
2𝑇𝑇
𝜕𝜕𝑦𝑦2

� +�𝜕𝜕
2𝑇𝑇
𝜕𝜕𝑧𝑧2

� � 

1 Heat flux, natural convection cooling and 
radiation 

 
Laser power density in Gaussian distribution 

 

−𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 =𝑃𝑃 −ℎ[𝑇𝑇 −𝑇𝑇𝑎𝑎]− 𝜀𝜀𝜀𝜀[𝑇𝑇4 −𝑇𝑇𝑎𝑎4] 

𝑃𝑃 = 𝐴𝐴 �
𝑃𝑃

(𝜋𝜋𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2)
�𝑒𝑒𝑒𝑒𝑒𝑒 �−

2𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2
� 

𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = �𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 +𝑦𝑦𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2  

𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑥𝑥0 +𝑉𝑉𝑉𝑉 
𝑦𝑦𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑦𝑦0  

1 Natural convection cooling and radiation 
−𝑘𝑘

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = ℎ[𝑇𝑇 −𝑇𝑇𝑎𝑎] −𝜀𝜀𝜀𝜀[𝑇𝑇4 −𝑇𝑇𝑎𝑎4] 

−𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = ℎ[𝑇𝑇 −𝑇𝑇𝑎𝑎] −𝜀𝜀𝜀𝜀[𝑇𝑇4 −𝑇𝑇𝑎𝑎4] 

2,3,4,5,6 Insulation 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 

 

3.2 Computational Fluid Dynamic Modeling 

Here, COMSOL 6.0 was also used to design 2D Y-channel MFD and analyze the effect 

of angle of incident, channel width and length, inlet length, and diffusion coefficient on 

mixing concertation and efficiency. Y-shaped micromixer is displayed in Figure 4 and 
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its dimension listed in Table 4. Each inlet has 5 mm length and 250 µm width. The 

results of straight micromixer are compared with squared Y-micromixer.  

 

Figure 4: Y-shaped micromixer. 

Table 4: Parameters of Y-micromixer.  

°30° ,60° ,90  θ 

10-40 mm Length 

0.1-0.5 mm Width 

1-5 mm LL 

Y strait and square  shape 

10 µM Concentration of liquid in both channel  

1 cm/s Input velocity  

 

Two flows with concentration value (c0,1=1 mol/m3) are imposed to both entrances 

leading to similar distribution of the velocity along the channel. The velocity and 

pressure at flow inlet and outlet are equal to 1 cm/s and zero, respectively. The mixing 

occurs mainly with the main channel of micromixer having 0.5 mm width and 10 mm 

length. Figure 5 presents the flowchart of modeling approach. Grid convergence index 

was handled, then finer physics-controlled mesh sequence type with about 19688 

elements and 0.8003 average element quality was conducted (see Figure 2s in the 

appendix). Time-dependent with 0.01 time step, 0.5 absolute tolerance factor, BDF time 

stepping, 2 BDF maximum order and 8 maximum number of iterations was used. 
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Figure 5: Flow diagram of modelling approach. 

Diffusion is a critical factor in the mixing phenomenon, representing an essential 

physical process based on the concept of Brownian motion. Brownian motion describes 

how particles from regions of higher concentration in the fluid move towards regions 

of lower concentration, gradually contributing to the mixing of substances. Fick's law, 

which describes the used diffusion in this work, is defined by the following equation 

(Conlisk 2012; Farahinia and Zhang 2020). 

                                                j= -D (dc/dx)                                               (1) 

where c, x and D are the reagent's concentration (mol/m3), the species' position within 

the microchannel (mm), and the diffusion constant (m2/s), respectively. Equations 2 

and 3, which are the Navier–Stokes equation and the Continuity equation, are typically 

used to characterize the motion of an incompressible Newtonian fluid in microchannel 
(Baccar et al. 2009) . 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝑉𝑉.∇)𝑉𝑉− 𝜂𝜂∇𝑉𝑉+ ∇𝑃𝑃 = 0               (2) 

                                                      ∇.𝑉𝑉 = 0                                                  (3) 

Where V, P, η and ρ denote the velocity, signifies pressure, dynamic viscosity, and fluid 
density, respectively. 

When exiting the microchannel, the inlet velocity boundary condition is applied as the 

driving force to the inputs. In such situations, the pressure boundary condition is set to 

zero. Additionally, it is assumed that all microchannel walls exhibit a non-slip boundary 

condition. In Equation 4, referred to as the Reynolds number, the symbols U, L, and µ 

correspond to the fluid velocity, microchannel length, and dynamic viscosity, 
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respectively. This dimensionless number, which quantifies the balance between inertial 

and viscous forces, provides insight into whether the flow is laminar or turbulent. For 

instance, a lower Reynolds number indicates a predominance of laminar flow due to 

the damping effect of viscous forces on disturbances. 

                                                             𝑅𝑅𝑅𝑅 =  𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

                                    (4) 

The particle transport within an incompressible flow is described by Equation 5  

                                            𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑉𝑉 .∇𝐶𝐶 = ∇. (𝐷𝐷∇𝐶𝐶) +𝑅𝑅             (5) 

where R signifies the rate of concentration change due to chemical reactions which be 

set to zero in this simulation since no chemical reactions occur. Subsequently, the 

Navier–Stokes equations need to be solved separately under the specified conditions 

to obtain the velocity field. Consequently, the obtained solution is then applied to 

address the steady-state convection–diffusion equation. Then Equation (6) was used 

for mixing efficiency calculation (Chen et al. 2006) 

𝜎𝜎 = �1−
�1
𝑁𝑁
∑ (𝑐𝑐−𝑐𝑐∞)2𝑁𝑁
1

�1
𝑁𝑁
∑ (𝑐𝑐0−𝑐𝑐∞)2𝑁𝑁
1

� × 100%                 (6) 

Where 𝑐𝑐0, 𝑐𝑐∞, and 𝑁𝑁 are, respectively, the initial concentration (two fluids are not 

combined), concentration with comprehensive mixing, and number of nodes. 

 

4. Results and Discussion 

4.1. Micromachining of PMMA  

Before implementing MFD, different parameters have been investigated to study their 

effects on microchannel fabrication on PMMA. The experiment involved manipulating 

different processing parameters (scanning speed, laser power and distance between the 

laser and the polymer sample (PMMA)) to analyze the effect of processing parameters 

on microchannel width, depth and morphology. Figure 6 shows the optical images using 

different processing parameters for single line machining.  It can be seen from Figure 

6a at the focal point of the laser beam (0 mm), a V-shape was observed, while U-shape 

or circular-shaped channel was observed using out-of-focus laser machining and at (+5 

mm, +10 mm) exhibited a significantly large heat-affected area. Figure 6b shows the 

optical images of PMMA sample machined using different power, 4 mm/s scanning 

speed, and (+5 mm). The width and depth of the microchannel increased with laser 
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power and the higher aspect ratio was achieved at (30W), where the laser's impact on 

the sample displayed a distinctive y-shape. Figure 6c shows three optical images of 

PMMA using different scanning speeds (2mm/s, 4mm/s,6mm/s) t turns out that the best 

shape (U-shape) was obtained at speed 6mm/s. In contrast, lower energy settings 

produced a circular shape with greater width and shallower depth. The reaction time is 

a crucial factor that influences the size of the heat-affected zone, and this can be 

controlled through the laser's speed. Higher speed reduces the heat-affected zone, 

resulting in a clearer and more defined engraving shape on the sample (Prakash and 

Kumar 2016). 

 

Figure 6: The crater morphology by changing different laser processing parameters: (a) focal position 
using 4mm/s and 15W, (b) beam power using 4mm/s and +5mm, and (c) scanning speed using 30W 

and +5mm respectively. The scale bar = 500µm. 

 

Figure 7 and 8 illustrate the statistical analysis of how varying scanning speeds, 

different energy, and changes in focal position affect the depth and width of 
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microchannel respectively. Data for ±10mm focus position are inserted in the appendix 

to avoid graph repetition.  

As expected, deeper microchannels were produced at focus and by increasing the laser 

power and decreasing the scanning speed, however, in a very sensitive fashion. For 

instance, increasing the power by 6 times, increased the depth by around 15 times, while 

increasing the travel speed by 3 times reduced the depth by more than 60%. This 

sensitivity is also noticed at various focal positions. Using the highest level of energy 

input (at 30W and 2mm/s), the maximum channel depth ranged between 900 µm to 

1.58mm depending on the focal position, while a minimum channel depth of 53 µm 

was achieved at 5W and 6mm/s. It must be noted that focusing the 5W beam at ±10mm 

and+5mm did not achieve any machining and the energy was not adequate to raise the 

temperature above the vaporization point, however ablation could only be achieved at 

focus and 5mm below the surface (see Figure 3s in appendix). This can be explained 

by the plasma lensing effect which lifts the laser beam’s focus position upwards due to 

the plasma plume, causing the focused beam at -5mm to shift upwards and allow for 

adequate laser intensity to ablate the polymer (Ravi‐Kumar et al. 2019). 

In Figure 8 (see Figure 4s in the appendix for ±10mm focus), a lot less sensitivity of 

the microchannel width to varying scanning speeds, laser power, and the focal position 

is noted. The results showed that a higher width was observed at +10mm focus position 

compared to the focused beam, which is related to the larger spot size, although this is 

usually accompanied with shallower channels. Larger spot size reduced the fluence and 

expose larger surface to convection and conduction to the surrounding, which results in 

shallower depth, but larger width. Using the highest level of energy input (at 30W and 

2mm/s), the maximum channel width ranged between 0.7 mm to 0.9mm depending on 

the focal position, while this value minimum ranged 0.0-0.2 mm when the minimum 
heat input was used at 5W and 6mm/s (see also Figure 4s in appendix). 

Figure 9 depicts the change in the microchannel’s dimensions and aspect ratio with the 

line energy (calculated by dividing the power by the speed) and the volumetric laser 

fluence (calculated by dividing the line energy by the cross-sectional area of the 

machined crater). It is clear that the volumetric fluence decreases as the width and depth 

increases because this causes the cross section to increase. The aspect ratio curve 

follows the microchannel’s depth and both quantities steadily increase by smaller 

intervals for fluences values more than 30 J/mm3, while the change significantly 

accelerate below 30 J/mm3. The microchannel’s dimensions becomes equal at 27.3 
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J/mm3 with an aspect ratio of around “1”, while the AR value reaches “2.25” at the 

fluence level of 26.1 J/mm3. 

It is clear the channel’s depth changed faster than the width as the fluence decreased 

and the line energy increased, hence increasing the AR accordingly. This can be related 

to the laser’s Gaussian profile  in which the power is concentrated at the center and 

fades out towards the circumference,  hence increasing the power (when the spot size 

is fixed) will enhance the heat flux at the centre and increase the machining effect 

vertically.  This corresponds to other researcher’s (Prakash and Kumar 2021; Prakash 

and Kumar 2015) findings, although they suggest a linear relationship between power 

and machining depth. The relationship observed in Figure 9 is clearly not linear and 

covers a much larger range of fluence values. Moreover, it experimentally offer a more 

realistic view because the linear power-depth relationship neglects conduction, 

convection and other phenomena associated with laser beam movement, such as air 

flow dynamics, plasma effect etc, which may significantly affect machining results, 

especially at higher fluence values. 

Figure 9 is important in the design phase of the channels, since our single pass method 

of machining offers a full range of AR from around 0.3 up to 2.25, and a depth range 
between 47µm to 1600µm.
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(a) (b) (c) 

Figure 7: Effect of laser parameters on microchannel depth at (a) focus (b) +5 mm focal position (c) -5 mm focal position. 

   
(a) (b) (c) 
Figure 8: Effect of laser parameters on microchannel width at (a) focus (b) +5 mm focal position (c) -5 mm focal position. 
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Figure 9: Effect of laser fluence/line energy on microchannel dimensions and aspect ratio at focus.  

 

Figure 10 depicts the change in AR, depth and width by increasing laser power and 

speed, while maintaining a constant energy level although the same heat input is used 

in each of the sub-figures, the ablation dynamics and the material-laser interaction may 

be different, which is clear from Figure 10(a) that shows that simultaneous increase in 

speed and power would increase the microchannel dimensions by around 2.5 times and 

the AR by 1.5 times at a constant line energy of 2.5J/mm. This trend continues up to 5 

J/mm (at 4mm/s and 10W), above which changing the speed and power does not have 

a significant effect on the channel’s dimensions and aspect ratio.  

Higher speeds reduce the interaction time between the laser and matter and would 

generally lead to shallower channels if the fluence was kept constant. In PMMA, 

however, the heat conduction wave seems to move faster as the power is increased 

despite the corresponding rise in the travel speed. This is evidenced using COMSOL 

simulation in Figure 12(a) which shows the temperature temporal change at the 2.5 

J/mm (2mm/s, 5W and 4mm/s, 10W) and that the maximum temperature using 10W 

and 4mm/s (5300 K) is higher than that using 5W and 2mm/s (4400 K). This shows that 

at low line energy levels, the conduction wave front moves faster and ablates more 

material, producing larger crater. However, when the line energy reaches a threshold (5 

J/mm or 12.7 J/mm3 for PMMA) the speed becomes irrelevant to changing the crater 

profile since the heat wave has already heated up a large volume of the material. This 
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indeed may be differed if higher speeds than 6mm/s were used, but testing larger range 

of speeds is out of the scope of this article. 

 

 

 

 

 

 

 

 

(a)                                                                                            (b) 
 
 
 
 
 
 
 
 
 
   
 
 

                                                                   (c)  

Figure 10: Effect of constant line energy (a)2.5 J/mm (b) 5 J/mm and (c) 7.5 J/mm on the micro-
channel’s dimensions and AR at focus. 

 

Figures 11a-c illustrate how the laser processing parameters affect the measurement of 

the contact angle of the droplet above the channel machined using different processing 

parameters (see Figure 5s). Figure (11a) shows the contact angle increases as the 

scanning speed increases, indicating that the hydrophobicity increases with increasing 

the scanning speed with minimum value of 47° using 2 mm/s. Since the contact angle's 

highest value reached 72° at 5W, and its lowest value 47°at 30W, when it came to 

power, it can be said that the hydrophilicity correlates directly to the laser power Figure 

(11b). The relationship between DOF (depth of focus) and contact angle is not clearly 

correlated, but it is evident in Figure (11c), where it reaches its maximum value at the 

focus where the angle value reaches 65 °. We believe this is due to the V-shape and the 

fact that the microstructure of the surface, which produced the lowest contact angle and 
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highest hydrophilicity at -10 mm, where the contact angle reached 48°, influences 

wettability. It is evident that the laser processing parameters affects the microstructure 

of the target which in turn affected the wettability (Rajab et al. 2021a; Rajab et al. 2018; 

Rajab et al. 2017; Rajab and Al-Hamd 2023). 

  

                            (a)                                                                              (b) 

 

(c) 

Figure 11: Contact angle change as a function of (a) laser scanning speed, (b) laser power and (c) 

focus position. 

4.2. Thermal Modeling Results 

Figure 12 a, b, c and d show the temperature profile recorded after 2.5 second of laser 

machining, crater profile formed after 0.5s, the surface temperature after 2.5s, surface 

temperature as a function of depth, respectively, using different powers and scanning 

speeds. The heat source is located on the surface by moving the source from left to 

right. It can also be seen that the surface temperature increased with increasing the laser 

power and decreasing the scanning speed. The crater width and depth also increased 

with increasing the laser power and decreasing the scanning speed. The maximum 

simulated depth and width is ~ 0.7 mm and 1 mm using 20W and 2 mm/s while the 

minimum simulated depth and width is ~0.15 mm and 0.3 mm using 5W and 6 mm/s 

(Figure 12b). The statistical results of the surface temperature as a function of laser 
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power and scanning speed are present by recording the temperature of a point on the 

surface of PMMA (Figure 12c). The results show that maximum recorded surface 

temperature is at 20W and 2 mm/s scanning speed which is 6500 K. It can be also seen 

machining 10 mm line required 1.2s, 2s and 4.5s using 6mm/s, 4mm/s and 2 mm/s 

scanning speed, respectively. The crater width and depth are simulated by excluding 

the mesh nodes with temperature exceeded the boiling temperature after 0.5s of laser 

heating. At face (2) of the modeled geometry, the change of temperature with depth is 

simulated and recorded after 0.5s of machining is shown in Figure 12d.  It is clear that 

the temperature is inversely proportional with depth as it decreased with depth. 

Due to high absorption of PMMA (95%) to the CO2 laser beam, the photo-thermal 

ablation process is the dominant mechanism of CO2 laser processing of PMMA. The 

process is starting by absorption of laser radiation followed by heating, melting and 

vaporization of material without leaving heat effects and melted zones. It was shown 

that the crater profile was Gaussian due to lambert law and this profile tend to be V 

shape with working in focus area and U shape by processing out of focus. This is due 

to higher power density and smaller spot area in focused area compared to out of 

focused area. The increase and decrease of the crater width and depth is attributed to 

the increase or decrease actual laser beam diameter. The scanning speed of CO2 laser 

machining defines the exposure time. The less the scanning speed, the higher exposure 

time, the more heat is applied to the surface. Thus, increasing of crater depth and width 

is resulted due to high absorption of laser radiation power. Increasing the width and 

depth of microchannel is noticed with increasing the number of passes which is 

attributed to increase the power deposition. However, the rate of material removal is 

lower of second pass compared with first pass as after first pass, the distance between 

the laser and the target is changed due to material removal which changes the laser 

intensity of penetration and increase the scattering effect  (Konari et al. 2021; Roy et 
al. 2011).
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(c) 

 

(d) 

Figure 12: (a) Thermal distribution after one 2.5 seconds, (b) crater profile formed after 0.5s 
(c) statistical recorded surface temperature, (d) temperature as a function of depth. 

 

4.3.  MFD Design and Characterization  

In this work, different design of MFD were implemented and characterized. First of all, 

the effect of angle has been considered as shown in Figure 13. The results proved that 

there was no much difference in mixing time by changing the angle from 30° to 90°, as 
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the recorded time increased slightly from 5 (30°) second to 6 seconds (90°). However, 

the mixing efficiency using 90° was better than using 30° which was noticed from liquid 

color change. Also, using 90°, thermal effects on the area around the machined channel 

and blockages were reduced. Therefore, 90° was chosen to implement the final designs 
of MFD. 

 

Figure 13: Effect of angle on mixing of liquid. 

 

Figure 14 illustrates the various designs that were developed for the microchannels, 

including square, zigzag, straight, and others using (20 W laser power, -10 mm focus 

position, 6 mm/s scanning speed, 5 times processing) laser parameters. Each channel's 

ability to pass liquid was tested, and the best one was identified. The best outcome was 

attained in straight and square design (shown in Figure 14A and E) as the liquid flowed 

through each without any problems (see Figure 6s d in the appendix). However, 

blockage that stops the liquid from passing after it has been mixed was noted in the 

other designs (see Figures 6s a-c in the appendix). The heat effect or mechanical causes 

could be to blame for this. Moreover, the limitation of laser processing parameters (the 

maximum scanning speed (6mm/s) and minimum spot size 0.5 µm) contributed to 

some technical problems of blockages and high roughness and thermal effects which 

causes obstruction to the flow of fluid. 
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Figure 14: Some designs for microchannels. 

4.4.  Computational Modeling Results 

As the straight and squared channel performed the best fluid flow experimentally, the 

computational model was carried out to analyze the effect of channel width, length, fluid 

speed, entry length, angel of incident and channel shape on the concentration change and 

mixing efficiency (Figures 15-18 and Table 5). By comparing the results presenting in 

table 5 and Figure 15, it can be seen that changing the channel length from 10mm to 40 

mm, the mixing efficiency was increased from 88% to 93.7%. Regarding the channel 

width, the results showed that decreasing the channel width presented high mixing 

efficiency to 99.8%. Entry length, on the other hand, also affected the mixing efficiency 

as it increased from 88% to 94% by changing the entry length from 1 mm to 5 mm. 

Decreasing the speed of fluid flow  (10-2 m/s to 10-4 m/s) resulted in increasing the mixing 

efficiency to around 99%, while changing the liquid diffusivity from 10-11 to 10-8, the 

mixing efficiency increased from 88% to 96.8%.  

Figure 16 shows the velocity magnitude and pressure profile using10 cm channel length 

and 30° entry angle. It is clear the pressure at its maximum value when the two fluids 

enter. However, the pressure drop enhances and reached its maximum value when the 

mixed fluid leaves the channel. The pressure drop enhances further as the channel’s 
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length increases and the width decreases. The results proved that changing the entry 

length, angle and diffusivity did not affect the pressure drop performance. 

 
Table 5: Mixing efficiency using different parameters. 

 

 

 

 

 

 

 

 

 

Table 6 compares the simulated maximum mixing efficiency of this work comparing with 

some previous published work which proved that the micromixer geometer and properties 
affect the mixing efficiency. 

Table 6: Maximum mixing efficiency.  

Description Simulated maximum 
mixing efficiency % Ref. 

3D model in which different parameters 
have been characterized such as length, 

inlet velocity and diffusivity 
99.9 (Farahinia and Zhang 

2020) 

2D model, square channel, different flow 
rates have been characterize  95.9 (Arockiam et al. 2021) 

2D model, Zigzag with semicircular 
structure 99  (López et al. 2021) 

This work 99.9 - 

 

Concentration distribution, on the other hand gives an information about the mixing 

phenomenon inside the channel. Figure 17 gives information about the mixing 

distribution using different lengths, widths, angles, entry lengths, and diffusivity. It can 

be seen that the channel length, width, entry length, fluid speed and diffusivity are highly 

affecting the concentration change which interns affecting the mixing efficiency. 

Parameter Magnitude Mixing Efficiency % 

Length [mm] 
10 88.4 

40 93.7 

Width [mm] 
0.1 99.8 

0.5 88.4 

Entry Length [mm] 
1 88.4 

5 96 

Angle of incident [deg.] 
30 88.4 

90 96.9 

Velocity [mm/s] 
0.1 99.1 

10 88.4 

Diffusivity [m2/s] 
1.00E-08 96.8 

1.00E-11 88 

Squared design - 99.9 
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However, the results show that changing the entry angle did not perform a high effect 

on the concentration variation which means that any angle can be used for MFD 

manufacturing with little effect on mixing efficiency.  The results agree with other 

researchers (Farahinia and Zhang 2020), (Bonament et al. 2022).  

Figure 18 show how the channel shape plays a major role; squared channel affects the 

pressure drop to increase and affects the concentration change to record low values 

compared to straight channel even when the length of channel increased to 40 mm which 

in turns affects the mixing efficiency and recorded the highest mixing efficiency, 
reaching 99.9.
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Figure 15: Concertation distribution of liquid using: (a), 10mm length, (b) 0.1mm width, (c) 5mm entry length, (d) 90° entry angles, (e) 0.1 mm/s speeds, and 
(f) 1.00E-08 diffusivities. 
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Figure 16: (a) pressure drop using 0.1 m/s, (b) pressure variation using different lengths, (c) pressure variation using different widths, (d) pressure variation using 
different entry lengths, (e) pressure variation using different entry angle, (f) pressure variation using different speed and (g) pressure variation using different 

diffusivity.
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Figure 17: Concertation change of liquid using: (a) different length of channel, (b) different width of channel, (c) different entry length, (d) different entry angles, (e) 
different speeds, and (f) different diffusivities. 
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Figure 18: (a) Concertation distribution, (b) concentration change, and (c) pressure drop using squared MFD. 
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5. Conclusions 

In this work, the effect of CO2 laser processing parameters on micromachining of PMMA 

polymer was analyzed. The microchannel width, depth and aspect ratio was found to be directly 

proportional with laser power and number of passes while they inversely proportional with 

speed due to higher deposition of laser energy and interaction time. V-shaped microchannel 

was achieved by machining in the focus position while U-shaped microchannel was fabricated 

on the out of focus region. The results showed that the microchannel depth was increased 

by 15 times by rising the laser power by only 6 times, while increasing the scanning 

speed by 3 times, the measured depth was decreased only by 60%. Moreover, 

depending on the focus position, 0.7mm-0.9mm was the highest recorded width at 30W, 

2 mm/s, while less than 0.2 mm was the recorded as the minimum width at 5W, 6 mm/s. 
Thermal modeling was conducted to simulate the effect of laser parameters on the surface 

temperature.  The surface temperature and microchannel width and depth increased with 

increasing the laser power and decreasing the scanning speed and the temperature was inversely 

proportional with depth. Y-micromixer MFD was fabricated on PMMA polymer material using 

CO2 laser and the best mixing 96.9% was achieved using 90° inlet angle. The heat 

accumulation may become an issue when systems with limited travel speed are used 

and that might affect the performance of MFD and causes the blockage of the channels. 

Using a laser machine incorporating with highspeed galvo might enhance reduce the 

heat effects and enhance the MFD performance. Additionally, the laser beam used in 

this study is continuous beam that cannot be modulated in comparison to the pulsed 

laser systems that offer full control of the energy input used for specific application. 

Moreover, a numerical analysis of mixing performance of Y-micromixer with different 

geometry, cross sections, inlet angles, inlet velocities and diffusion coefficient was 

conducted using 2D computational fluid dynamics simulation. The mixing efficiency 

increased with increasing the channel length, width, entry length, entry angle, fluid 

velocity and diffusivity. Indeed, the geometry design affected the mixing efficiently 

and the squared geometry performed the highest mixing efficiency 99.9%.  
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