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Abstract
In this work inside a circular cross-section channel by 800 micron diameter, a 200 micron T-junction is used to generate micro-droplets of water in oil with two different examined liquids as the continuous phases. The effect of relative flow rate and viscosity of the phases have been studied and demonstrated that these parameters affect the shape, size, velocity and separation of the droplets inside the running phase within the channel. Design and fabrication of various 3D microchannels were carried out via a new appliance by a quick process known as micro-wire molding. The advantages of this method are simultaneous curing and molding without any displacement or a curing oven. By this method channels could be designed and fabricated with different cross-sections, shapes and geometries in a one-pot. 
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1. Introduction
Droplet making, due to its potential application in fields like chemical reactions, biology, drug delivery, food, diagnostic and synthesis [1-3] is becoming one of the most interesting subjects in microfluidics and microchannel technologies. Microfluidic devices [4] with diverse industrial [5, 6] and laboratory [7, 8] applications have been fabricated from different materials [9]. The most common materials are silicon, glass and metals and recently, polymers due to their particular characteristics [10, 11]. Among different polymers, for the combination of desired properties including optical transparency, chemical stability, nontoxicity, ease of fabrication and low price, polydimethylsiloxane (PDMS) has been used for microfluidics with different geometry and sizes [9, 12]. Photolithography [13-15], 3D printing [16-18], combined methods [19, 20] and wire-molding [21-23] are amongst the most applicable methods for PDMS microchannels. Many properties of the microchannels depend on the materials that they are made from.  For instance, a microchannel made up of glass has different surface properties with that of one with silicone. Wire-molding because of simplicity and cost effectiveness [23] is a technique that benefits from two main properties of PDMS: low surface energy and reversible swelling by solvents such as diisopropylamine and chloroform. The method explains a wire with desired diameter and length being fixed at both ends of a long mold filled by degassed PDMS. The wire, which is now in the center axes of the cured PDMS, can then be pulled off the cured PDMS after swelling by an appropriate solvent.
Here in this work, inspired from the work done by Ghatak et al. [23], the method for making 3D microchannels and micromixers is being disclosed giving the advantages of having different cross-sections and lengths of course, by minimum consumption of PDMS due to optimum shape of the mold in comparison to literature [22]. Moreover, the final microchannels are flexible that can be reshaped, connected by joints for extra lengths or to make channels having different sections (sections with different internal diameter, different cross-sections and so on). The method is so that PDMS will cure inside the mold without subsequent post-curing process inside an oven, for example. Different cross-sections, other than circular are possible such as star shape, helical, wire-wound, rectangular and triangular depending to the geometry of the wire’s cross-section. Moreover, fabrication of various junctions such as “Y”, “T”, “ψ” and “+” type are easily be achieved just by little manipulation in the method. Following to the microchannel formation, two-phase water in oil droplet formation has been studied using an all-in-one molded T-junction to a long channel. It means that there is the possibility to make droplets inside a long channel and there are process parameters that will affect the size, shape, velocity, and separation of the droplets all along the microchannel. 
2. Experimental
The mold construction for microchannel making and curing PDMS consisted of a semi-cylindrical metallic tube of about 5 mm internal diameter equipped with an electric heater attached to the bottom of the tube for heating and temperature control. Straight or helical microchannels as well as junctions such as “Y”, “T”, “ψ” or “+” can be made using appropriate wires shapes passing through the mold container. 
Long straight microchannels can be made by any arbitrary length. For helical microchannel, a piece of Nylon string was coiled up around a rigid rod and its spiral shape was fixed at 100 °C for an hour. The helical Nylon string was used as the molding micro-wire inside the PDMS resin mixture which was then removed from the cured PDMS. By the same method, integrated microchannels consisting of straight and helical sections were also prepared using suitable wire template combinations. Complex structures such as “ψ” junctions were also prepared by a little modification on the mold and using appropriate wire templates keeping all the other steps the. 
3. Results and Discussion
Long straight channels of various length and diameter were fabricated by the developed procedure with some examples, which are shown in Figures 1a, and b. The microchannels are so flexible that can be used as a rolled up, long straight, or in any desired form very easily. Scanning electron Microscopy (SEM) showed very smooth and completely circular cross-section as can be seen in Figure 1b (inset).
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Figure 1. Flexible long microchannels of internal diameter of 400μm (a and b), the inset image in b, shows SEM image of the microchannel’s cross-section. Flexibility of the channel lets the microchannel to be reformed into many possible shapes including irregular shapes (b) or rolled up forms by winding around a rigid rod (c), the scale bar is 200 μm.

Two examples of such helical cross-sectioned microchannels with different diameters and pitches are shown in Figures 2a and b with the SEM image of the cross-section shown in Figure 2c. Due to the flexibility of the microchannels, like the straight microchannel with “O” cross-section, helical microchannels can also be used in any desired secondary shape. 
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Figure 2. Two helical microchannels having 300 (a) and 450 μm (b) internal diameter and different pitches. SEM image of the cross-section of the microchannel shown in b (c).

Formation of monodispersed and size-controlled droplets was investigated here by a “T” junction microchannel. The junction is a 800 µm diameter main channel connected to a side channel of 200 µm diameter. Figure 3 shows the SEM images of the ”T” microchannel tested for droplet making system.
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Figure 3. The “T” microchannel that has been examined for droplet formation. The inset images show the FESEM images of cross-section of the main and side channel. The scale bars are 200 µm.

Flow rate of the dispersed phase (Qd) and continues phase (Qc) was set at 0.5 and 0.5-15 ml/s, respectively by two microinjection pumps. In order to investigate the effect of the continuous phase effect, two different liquids were tested including mineral oil (η = 15 mPa.s) and silicone oil (η = 1000 mPa.s). Therefore, according to the viscosity of the dispersed phase (ηd, water), the viscosity ratio of the dispersed (ηd) phase to continuous phase (ηc), λ = ηd /ηc, will be 1/15 and 1/1000, respectively. At these conditions, droplet length (D) variation was measured at different Qc and constant Qd as is shown in Figure 4. As can be seen, D decreases with increasing Qc in agreement with the works published on rectangle cross-section “T” microchannels [24, 25]. Moreover, lower λ results in smaller droplets at a constant Qc which can be related to the higher shear force at the junction region [25]. The distance between two successive droplets (L) was also measured and variation of the L/D ratio was investigated at different Qc. The results are shown in Figure 5 for both of the continuous phases. Interestingly, L/D increases with Qc however, at a constant Qc, higher L/D occurs at higher λ. One has to increase L or decrease D in order to increase L/D however; this can be achieved just by increasing Qc at a constant Qd without any change in L or D.

Figure 4. Droplet length D as a function of continuous phase flow rate Qc for different continuous phases (viscosity ratios, λ). The transition points from squeezing to dripping regime are indicated by arrows for each of the systems.


Figure 5. Dependence of L/D of the droplets to continuous phase flow rate Qc for different viscosity ratios λ.

The effect of continuous phase flow rate, Qc, on the droplet formation is investigated in Figure 6 which shows the optical images of the droplets in Mineral oil/water system at a constant Qd (0.5 ml/h). Higher Qc results in smaller droplets (lower D) but with higher inter-droplet spacing L. The transition from squeezing (long droplets) to dripping (circular droplets) occurs at Qc=7.5 ml/h (Qd=0.5 ml/h). This is while at the same condition, squeezed to dripping transition occurs at Qc=1.5 ml/h in silicone oil/water system (λ=1/1000). These two points have been shown in patterned form and by arrows in Figure 5. In other words, at the same Qc and Qd the droplets are smaller for the continuous phase with higher viscosity (lower λ). 
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Figure 6. Droplet formation in the “T” microchannel for mineral oil/water system with λ=1/15. The continuous phase flow rate Qc is (a) 0.5, (b) 1, (c) 1.5, (d) 2.5, (e) 5, (f) 7.5, (g) 10 and (h) 15 ml/h. Qd = 0.5 ml/h (Constant).  

4. Conclusion
A new developed method for 3D circular microchannels and micromixers fabrication with long length and structure was explained. Due to the special shape of the container, the final external shape of the microchannels is controlled to be fine and tubular which provides the privilege for further reforming and reshaping the microchannels and micromixers to serve as a microreactor or part of a lab-on-a-chip. The method also provides the potential to fabricate microchannels with different cross-sections using wire templates with appropriate profile. It is also possible to design long microchannels with different segments having different cross-sections in an integrated microchannel. Finally the droplet formation in the circular cross-section “T” junction was considered that has been made by this method. It was concluded that the same rules are governing for circular cross-sections compared to other shapes such as rectangle. Also approves the performance of this method for fabrication of various shape microchannels and junctions.
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