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            Laser micro-milling for the fabrication of a microfluidic device mold A.G. Demir 1 , B. Previtali 1 , B. Çetin 2 1 Department of Mechanical Engineering, Politecnico di Milano Via La Masa 1, 20156 Milan, Italy 2 Microfluidics & Lab-on-a-chip Research Group, Mechanical Engineering Department İhsan Doğramacı Bilkent University 06800 Ankara, Turkey Abstract Microfluidic devices in polymeric materials can be achieved with high throughput by means of casting or injection molding. The proper functionality of such devices depends highly on the dimensional accuracy of the part, hence the mold that is used for production. Among different processes for mold production, laser micro- milling stands as an appealing option as it provides means for non-contact machining. In this work, laser micromachining of D2 tool steel with a ns-pulsed fiber laser is investigated. The machining strategies for deep engraving to achieve high surface quality and sharp corners are studied. A machining strategy is identified for realizing a mold for the production of a microfluidic device for hydrodynamic particle separation based on size. Keywords: Laser micro-milling, Microfluidics 1 INTRODUCTION The miniaturization trend of integrated circuits together with the development of advanced fabrication techniques for micro and nano-scale devices [1] give us the capability of using devices having the dimensions of micrometers and nanometers in many fields. One of the important challenges is the rapid development of biochips, miniaturized analysis systems or lab-on-a-chip (LOC) devices which are microfluidic platforms on which one can handle chemical and bio- logical analyses, point-of- care testing, clinical and forensic analysis, molecular and medical diagnostics for biological, biomedical and chemical applications. Microfluidics and LOC technology offers unique advantages for the next generation devices for biotechnology applications. When the fabrication of the microfluidic devices is concerned, there are basically two common approaches: direct substrate manufacturing (photolithography, etching, laser ablation etc.) and mold- based techniques (hot embossing, injection molding or soft-lithography). Photolithography has good ability to manufacture very small and complicated micro-channel structures, but it usually involves multi-step processes which take considerable time and specific chemical requirements especially for etching steps in high tech facilities such as a clean-room environment. One alternative method to fabricate the microfluidic device is to use mechanical micromachining (i.e. CNC-machining) either for direct substrate manufacturing or for the fabrication of the mold. Mold-based techniques require a mold (sometimes mold is referred as the mask) to be fabricated. Although the fabrication of the mold may need lithography-based, relatively complicated fabrication process; once the mold is fabricated, the mold may well be used for several times. After the completion of the mold, the rest of the fabrication procedure is simple and highly reproducible (i.e. low-cost replication), which makes mold-based techniques very suitable for mass production. A common material used in the fabrication of the micro-channels is the Polydimethylsiloxane (PDMS) due to its low cost, low toxicity and transparency. Bonding PDMS with glass can be achieved using a straightforward surface treatment process with oxygen plasma. For direct substrate manufacturing, a common approach is to etch the wafer and seal it with PDMS. Especially, for microfluidic channels with high aspect ratio post structures (AR ∼ 1–5), it is preferred to use etching of the silicon wafer instead of the fabrication of a mold. For low aspect ratio post structures, molding is a better choice. One alternative method to fabricate the microfluidic device is to use mechanical micromachining (i.e. CNC- machining) either for direct substrate manufacturing or for the fabrication of the mold [1,2]. For both direct substrate and mold manufacturing, the limit of the process is constrained by the size of the milling tool which may lead to unsatisfactory end-product for microfluidic applications. CNC-machining can also generate 3D structures without any difficulty. Polymer- and metal-based mold materials can be utilized considering the durability and robustness of the molds. However, using metal-based materials comes with a price. Machining of metal-based materials is costly due to the reduced tool life and increased machining time. Micro EDM (electric discharge machining) is also an appealing option for high precision in the obtained structures and surface quality achieved. However, this technology is limited to conductive materials rendering it not suitable for direct substrate manufacturing. For mold manufacturing the process shows similar disadvantages with mechanical machining related to tool wear. For direct substrate manufacturing, an alternative technique is laser ablation, which is localized, non-contact removal of the material from the surface. Unlike photolithography, laser ablation does not require a mask and can be adapted for use on wide variety of substrate 8th International Conference and Exhibition on Design and Production of MACHINES and DIES/MOLDS 18-21 JUNE 2015 Pine Bay Holiday Resort, Kusadasi, Aydin , TURKEY 
        

        
    






				            

        

    









                    
                        
							Upload: vuquynh
                            Post on 04-Jun-2018

                            220 views

                        

                        
                            Category:
 Documents


                            0 download

                        

                    


                    
                        
                            Report
                        

                                                
                            	
                                    Download
                                


                        

                                            


                    
                        
                        
                            
                                    
Facebook

                        

                        
                        
                            
                                    
Twitter

                        

                        
                        
                            
                                    
E-Mail

                        

                        
                        
                            
                                    
LinkedIn

                        

                        
                        
                            
                                    
Pinterest

                        
                    


                    
                

                

                    
                    
                        Embed Size (px):
                            344 x 292
429 x 357
514 x 422
599 x 487


                        

                    

                    

                    

                    
                                        
                        TRANSCRIPT

                        Page 1
                        

Laser micro-milling for the fabrication of a microfluidic device mold
 A.G. Demir1, B. Previtali1, B. Çetin2
 1Department of Mechanical Engineering, Politecnico di Milano Via La Masa 1, 20156 Milan, Italy
 2Microfluidics & Lab-on-a-chip Research Group, Mechanical Engineering Department İhsan Doğramacı Bilkent University 06800 Ankara, Turkey
 Abstract Microfluidic devices in polymeric materials can be achieved with high throughput by means of casting or injection molding. The proper functionality of such devices depends highly on the dimensional accuracy of the part, hence the mold that is used for production. Among different processes for mold production, laser micro-milling stands as an appealing option as it provides means for non-contact machining. In this work, laser micromachining of D2 tool steel with a ns-pulsed fiber laser is investigated. The machining strategies for deep engraving to achieve high surface quality and sharp corners are studied. A machining strategy is identified for realizing a mold for the production of a microfluidic device for hydrodynamic particle separation based on size. Keywords: Laser micro-milling, Microfluidics
 1 INTRODUCTION
 The miniaturization trend of integrated circuits together with the development of advanced fabrication techniques for micro and nano-scale devices [1] give us the capability of using devices having the dimensions of micrometers and nanometers in many fields. One of the important challenges is the rapid development of biochips, miniaturized analysis systems or lab-on-a-chip (LOC) devices which are microfluidic platforms on which one can handle chemical and bio- logical analyses, point-of-care testing, clinical and forensic analysis, molecular and medical diagnostics for biological, biomedical and chemical applications. Microfluidics and LOC technology offers unique advantages for the next generation devices for biotechnology applications. When the fabrication of the microfluidic devices is concerned, there are basically two common approaches: direct substrate manufacturing (photolithography, etching, laser ablation etc.) and mold-based techniques (hot embossing, injection molding or soft-lithography). Photolithography has good ability to manufacture very small and complicated micro-channel structures, but it usually involves multi-step processes which take considerable time and specific chemical requirements especially for etching steps in high tech facilities such as a clean-room environment. One alternative method to fabricate the microfluidic device is to use mechanical micromachining (i.e. CNC-machining) either for direct substrate manufacturing or for the fabrication of the mold.
 Mold-based techniques require a mold (sometimes mold is referred as the mask) to be fabricated. Although the fabrication of the mold may need lithography-based, relatively complicated fabrication process; once the mold is fabricated, the mold may well be used for several times. After the completion of the mold, the rest of the fabrication procedure is simple and highly reproducible (i.e. low-cost replication), which makes mold-based techniques very suitable for mass production. A common
 material used in the fabrication of the micro-channels is the Polydimethylsiloxane (PDMS) due to its low cost, low toxicity and transparency. Bonding PDMS with glass can be achieved using a straightforward surface treatment process with oxygen plasma.
 For direct substrate manufacturing, a common approach is to etch the wafer and seal it with PDMS. Especially, for microfluidic channels with high aspect ratio post structures (AR ∼ 1–5), it is preferred to use etching of the silicon wafer instead of the fabrication of a mold. For low aspect ratio post structures, molding is a better choice.
 One alternative method to fabricate the microfluidic device is to use mechanical micromachining (i.e. CNC-machining) either for direct substrate manufacturing or for the fabrication of the mold [1,2]. For both direct substrate and mold manufacturing, the limit of the process is constrained by the size of the milling tool which may lead to unsatisfactory end-product for microfluidic applications. CNC-machining can also generate 3D structures without any difficulty. Polymer- and metal-based mold materials can be utilized considering the durability and robustness of the molds. However, using metal-based materials comes with a price. Machining of metal-based materials is costly due to the reduced tool life and increased machining time. Micro EDM (electric discharge machining) is also an appealing option for high precision in the obtained structures and surface quality achieved. However, this technology is limited to conductive materials rendering it not suitable for direct substrate manufacturing. For mold manufacturing the process shows similar disadvantages with mechanical machining related to tool wear.
 For direct substrate manufacturing, an alternative technique is laser ablation, which is localized, non-contact removal of the material from the surface. Unlike photolithography, laser ablation does not require a mask and can be adapted for use on wide variety of substrate
 8th International Conference and Exhibition on Design and Production of MACHINES and DIES/MOLDS 18-21 JUNE 2015 Pine Bay Holiday Resort, Kusadasi, Aydin , TURKEY
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Figure 1: Schematics of hydrodynamic-based methods: (a) Deterministic lateral displacement, (b) hydrophoresis, (c) pinched flow fractionation, (d) inertial microfluidics.
 materials: metals, ceramics, polymers or semiconductors [3]. The industrially accepted solid state ns-pulsed lasers allow reduced capital and maintenance costs, rendering them appealing from many applications. Laser ablation may also be utilized for micro-milling complex 3D structures, which render the process highly compatible for the machining of a mold. Laser micro-milling stands as an appealing option for manufacturing microfluidic device molds as it provides means for non-contact machining which eliminates the any adverse effect associated with the vibration and tool wear.
 Among all of laser sources, fiber laser have been drawing attention due to their advantages: high power, beam quality, simplicity, high electrical and optical efficiency, reliability, excellent thermal properties, and running cost [4]. There are a few scientific works on micro-milling oriented to engraving with fiber laser. However, the engraving process was studied with several laser systems in the literature. Kasman and Saklakoglu’s [5] experiments have been performed using solid state ytterbium doped fiber laser marking machine with 1064 nm wavelength, which is widely used in engraving, drilling, marking, and micro-milling process. Campanelli et al. [6] have investigated the influence of the main parameters involved in laser milling processes, in terms of depth of removed material and surface roughness, using a laser marker machine equipped with a pulsed Nd:YVO4 laser having a wavelength of 1064 nm and an average laser power of 30 W. Wendland et al. [7] have studied laser deep engraving trials and their experiments have been performed on samples of aluminium and stainless steel using Nd:YAG Q- switched laser. They have investigated the effects of process parameters including laser repetition rate, scan speed, and output power on material removal rate and surface roughness.
 Studies with femtosecond and picoseconds high repetition rate lasers showed that ultra-short laser pulses in laser processing have advantages of precisely defined energy input, confined ablation thresholds and small debris deposition [8]. However, the irradiation of a high laser induces the formation of an irregular conical micro-structure at the bottom of the laser processed surface. As long as steel and copper are concerned, pulse duration does not seem to affect micro-processing, but it is demonstrated that it plays a role for Al for pulses in the range of picoseconds. The best results are obtained in the low fluence regime but associated with significantly lower ablation rates.
 The quality of the processing result is reduced by melt accretions and thermal damage of the workpiece, which increases with shorter pulse duration. However, ablation efficiency decreases as well. This loss of efficiency must be compensated by higher pulse repetition rates. The lack of available laser sources with high average power and repetition rates and the resulting low processing efficiency are still the strongest limitations for the introduction of ultra-short laser pulses in industry. Thus, laser ablation in the nanosecond range is still offering the best compromise between process quality and efficiency.
 In this study, laser micro-milling is utilized for the fabrication of microfluidic device mold. An indusrial ns-pulse fiber laser with a scanning system was used to machine AISI D2 tool steel. Complete processing strategy to achieve 2 mm total depth was planned using rough and finish machining parameter sets. The edge sharpness was also evaluated. The developed strategy was demonstrated on a prototype mold made for manufacturing hydrodynamic-based particle manipulation microfluidic chips.

Page 3
                        

2 HYDRODYNAMIC-BASED PARTICLE MANIPULATION
 Manipulation of the bio-particles is the key ingredient for the microfluidic devices regarding biomedical applications. Different techniques are available for the manipulation of particles in microfluidic devices such as hydrodynamic-based, electrokinetic-based, acoustic-based, magnetic-based etc. [9]. Among these techniques, simplicity and potential for high throughput, hydrodynamic-based techniques are promising. In the case of hydrodynamic-based manipulation, particle manipulation is performed by use of the drag force generated on the particles through specially designed channel geometries and topologies. By specially designed micro-channel structures with an obstacle and/or flow contraction/expansion, particles can be manipulated according to their size and deformability. By introducing series of posts, a size dependent lateral displacement of bio-particles can also be achieved, which is known as deterministic lateral displacement. The presence of slanted or anisotropic obstacles within the micro-channel can also induce size-based motion of the particles due to the particle-obstacle interaction induced rotational flows, which is known as hydrophoresis. With the introduction of contraction/expansion within the micro-channel network together with the laminar flow profile, particles can also be manipulated to flow at different streamlines known as pinch-flow fractionation. When the channel geometry becomes curved, a secondary rotational flow begins to be observed due to the inertia of the fluid, which is known as inertial microfluidics. The schematic drawings of different hydrodynamics-based particle manipulation are shown in Figure 1.
 One common characteristic of different hydrodynamic-based particle manipulation is the sharp-edges structures. Considering mechanical machining, sharp-edged corners are hard to achieve. The radius of curvature of the microfluidic corners is strictly dictated by the tool diameter. Micro-milling tools down to 25 micrometer is available; however, as the tool size decreases higher rotational speed is needed. Moreover, with the decreased the tool size, vibration, tool wear, tool deflection and tool cost become a serious issue. For practical purposes, 200 micrometer micro-milling tool is typical for the fabrication of microfluidic structures. However, sharp-edged structures can be achieved by laser micro-miling without facing any tool wear and vibration problem. Laser micro-milling can be implemented effectively in high-precision material processing, since it removes material deeper and faster than conventional milling methods [Kasman2012]. However, the process should be studied in order to meet with the functional requirements of the mold, hence the microfluidic device itself. From this point of view dimensional accuracy, surface quality and for the present type of microfluidic surface edge sharpness should be considered.
 3 EXPERIMENTAL
 3.1 Mold design
 The microfluidic device is for hydrodynamic-based particle manipulation. The device has two inlet and two outlet reservoirs, six expansions. The height of the channel is chosen as 125 µm. The drawing of the mold can be seen in Figure 2.
 Figure 2: Drawing of the mold
 3.2 Material
 The material used was AISI D2 tool steel. Due to its high mechanical properties, this kind of material is widely used for the molds for micro-injection. The workpiece was shaped in a rectangular plate with the following dimensions: 120x70x15 mm. Moreover, a surface grinding was considered necessary to guarantee plate planarity. Melting temperature is 1421°C and Rockwell hardness is 58 HRC. These characteristics convey hard machinability of the material with mechanical milling.
 3.3 Laser micro-milling system
 Laser micro-milling was performed with a 50 W Q- switched fiber laser (IPG Photonics YLP 1/100/50/50), working with a wavelength λ=1064 nm. The laser was able to operate between 20 and 80 kHz pulse repetition rates generating 250 ns pulse width. For beam manipulation scanner head provided with 100 mm focal lens was used (Sunny TSH 8310). Spot diameter and depth field were calculated as, respectively, 39 µm and 661 µm. Specifications of the used laser system are summarized in Table 1.
 Laser wavelength 1064 nm
 Maximum average power 50W
 Pulse duration 250 ns
 Pulse repetition rate 20-80kHz
 Maximum pulse energy 1 mJ
 Maximum peak power 9 kW
 M2 1.7
 Collimated beam diameter 5.9 mm
 Focal lens 100 mm
 Focused beam diameter 39 µm
 Table 1: Main specifications of the laser system
 3.4 Characterization of geometry and surface quality
 The machining conditions were characterized for machined depth (h), average surface roughness (Sa) and corner radius (rc) using a focus variation microscope (Alicona InfiniteFocus). The measurements were carried out with 5X magnification, ensuring 0.23 µm vertical and 7.82 µm lateral resolution .
 3.5 Determination of processing strategy
 Laser micro-milling is based on overlapping laser pulses in scan direction and between different scan lines. The
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overlapping in scan direction between each laser pulse can calculated by the following expression:
 (1)
 where v is the scan speed, PRR is the pulse repetition rate and d0 is the laser spot diameter (see Figure 3-a). The scan lines are overlapped between each other with a determined pitch (p). The machining depth per pass is determined by the overlap and laser fluence, calculated as:
 (2)
 where E is the laser pulse energy. In order to achieve the desired machining depth (2 mm for the studied geometry) multiple number of passes (N) on the surface are required. In order to avoid directionality on surface roughness each laser scan pass was required to be avoided. Hence the scan direction was rotated by 45° at each pass as illustrated in Figure 4.b.
 Figure 3: Schematic illustration of scanning strategies employed in laser micro-milling: (a) overlapping in scan direction and between scan lines, (b) rotation of scan
 direction between different passes.
 In order to assess the machinability of the mold material, micro-milling tests were carried out by varying the fluence (61-175 J/cm2) and overlap (20-80%), while pulse repetition rate was fixed at 50 kHz, focal position was placed on material surface. Pitch was fixed as 10 µm. Total number of 16 passes were applied in a machining are of 3x3 mm2. Results were initially categorically analyzed in 3 groups. The acceptable machining conditions were free of excessive burr formation and oxidation. Poor surface quality referred to damaged surfaces with excessive melt generation. The last group concerns the conditions resulting in excessive back reflection, which is harmful for the laser source and machining operation is terminated automatically by the source itself. As reported in Figure 4, process feasibility is achieved around low and medium levels of overlap and fluence.
 Table 2 reports the measured depth, average surface roughness and average corner radii belonging to laser micro-milling conditions in the feasibility range. After 16 passes the highest machining depth was achieved with 120 J/cm2 and 60% overlap. This parameter set was determined as the rough machining condition. The lowest surface roughness was realized with 61 J/cm2 and 40% overlap, which was used for the finishing stage. Overall, the corner radius did not show dependence on the
 machining parameters and was limited between 20-25 µm, close to the calculated radius of the laser beam (d0/2=19.5 µm).
 0.80.70.60.50.4
 175
 150
 125
 100
 75
 50
 O
 F,[J/cm2]
 AcceptableBack,reflectionPoor,surface,quality
 Condition
 Figure 4: Process map for micro-milling of AISI D2 tool steel.
 Comb. F [J/cm2] O h [µm] Sa [µm] rc [µm] Rough 120 60% 90.5 2.57 21.6 - 120 40% 79.5 2.06 24.1 - 61 60% 69.2 1.96 21.4 Finish 61 40% 52.2 1.43 24.2
 Table 2: Resulting depth, surface roughness and corner radius at the end of 16 passes in the process feasibility
 range.
 3.6 Manufacturing and characterization of the prototype mold
 The microfluidic device mold geometry consists of two profiles with constant machining depth: i) between 0-1.8 mm cylindrical inlet and outlets, ii) between 1.8-2 mm the microfluidic circuit consisting of channels and reservoirs. This allows decomposition of the scan geometry in 3 simple layouts as illustrated in Figure 5. The first layout shown in Figure 5.a was machined with rough laser micro-milling parameter combination until 1.8 mm with finish parameter combination and until 1.9 mm depth. The second profile was decomposed in two sections to facilitate machining of inner and outer regions as seen in Figure 5.b. and 5.c. For these layouts finish parameter combination was used.
 Step Layout Comb Δz N 1 a Rough 90 µm 24x16 2 a Rough 90 µm 2x16 3 b Finish 40 µm 2x16 4 c Finish 40 µm 2x16
 Table 3: The used manufacturing cycle
 As the machined depth increases, the material surface moves away from the laser focal position. Hence, the projected beam on the machined surface enlarges and fluence decreases. Eventually the fluence decreases below the ablation threshold and no material is removed. In order to avoid this phenomenon and to maintain the machining stability focal position was compensated in z axis by 90 µm after each consecutive 16 passes in the rough machining stage and by 40 µm in the fine machining stage. The actual machining depth was measured with a dial gauge in cycle of 16 passes. The
 1st 2nd
 3rd
 4th
 v b) a)
 p
 d0
 O = 1� v
 PRR · do
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resultant manufacturing cycle is summarized in Table 3. In Figure 6 the realized mold is shown.
 Figure 5 : The separate machining layouts in (a) roughing and (b),(c) finishing stages.
 To check the quality of the fabricated mold, several measurements were performed. The depth profile along the short side coordinate was measured. The 3D image and the profile can be seen in Figure 7. Five repetitions of the measurements at six different heights (see Figure 7-b) were performed and the averaged height values were obtained as (1) 2.427mm, (2) 2.033mm, (3) 124 µm, (4) 119 µm, (5) 2.022 mm, (6) 2.245 mm. The 3D profiles of the inlet junction (Figure 8-a) and the contraction/ expansion section (Figure 8-b) were also acquired.
 Figure 6: Fabricated mold
 One important parameter for the success of the hydrodynamic-based manipulation is the sharp corners. Therefore the radii of curvature at each corner were measured, and it was found that the average radius of curvature is 13 µm, relatively low compared to the achieved value during the process parameter study. Laser micro-milling generates inclined walls as the ablation depth increases. This generates a natural draft angle. The draft angle of the micro-channel was measured as 11°. The average roughness of the mold surface was measured as Sa=2.09 µm, showing a poorer surface quality compared to the values obtained in the parameter study. This can be attributed to the use of a fixed focal height compensation strategy, which may be ineffective in maintaining the same beam size on the surface. For the inlet and outlet reservoirs, cylindrical structure were also included in the mold .The 3D profiles of these cylindrical structures can also be seen in Figure 8-c. In this region the effect of large draft angle is clearly visible, whereas circularity is well maintained.
 (a)
 (b)
 Figure 7 : Geometrical characterization of the realized mold at the center, over a reservoir: (a) 3D surface
 profile, (b) depth profile
 a)
 b)
 c)
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(a)
 (b)
 (c)
 Figure 8: Geometrical characterization of the realized in different regions: (a) junction, (b) reservoirs, c)
 4 CONCLUSIONS
 This work presents the design and manufacturing of a mold for a microfluidic device using laser micro-milling on a AISI D2 steel. The present combination of material and mold geometry is highly difficult for mechanical micro-milling, whereas laser micro-milling shows great advantages due to contactless and wear free processing. A machining strategy was developed to achieve the desired machining depth with reduced surface roughness. In particular, very small corner radii were achieved, which is an essential parameter for the functioning of the device based on hydrodynamic-based particle manipulation. The used strategy was effective in realizing high aspect ratio geometries as well as small features on the same mold. However, the realized mold showed deviations in depth, large draft angle and low surface quality, which are the main topics of future research. For geometrical errors, the scan strategies can be optimized. On the other hand, for surface quality the same laser source can be used to apply surface remelting to reduce the roughness.
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