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Abstract

:

High mechanical rigidity, chemical resistance, and ultraviolet-visible light transmissivity of thermoplastics are attractive characteristics in microfluidics because various biomedical microfluidic devices require solvent, acid, or base manipulation, and optical observation or detection. The cyclic block copolymer (CBC) is a new class of thermoplastics with excellent optical properties, low water absorption, favorable chemical resistance, and low density, which make it ideal for use in polymer microfluidic applications. In the polymer microfabrication process, front-end microchannel fabrication and post-end bonding are critical steps that determine the success of polymer microfluidic devices. In this study, for the first time, we verified the performance of CBC created through front-end microchannel fabrication by applying hot embossing and post-end sealing and bonding, and using thermal fusion and ultraviolet (UV)/ozone surface-assist bonding methods. Two grades of CBC were evaluated and compared with two commonly used cyclic olefin polymers, cyclic olefin copolymers (COC), and cyclic olefin polymers (COP). The results indicated that CBCs provided favorable pattern transfer (>99%) efficiency and high bonding strength in microchannel fabrication and bonding procedures, which is ideal for use in microfluidics.
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1. Introduction


With the development of microfluidics and lab-on-a-chip (LOC) techniques, chemical and biological analyses can be performed using a microscale channel instead of conventional glass beakers or dishes. Because of system miniaturization, the amount of a sample or reagent consumed on a microfluidic platform can be substantially reduced. Rapid sample analysis, device portability, and high system integration capability also render microfluidic platforms ideal for use in remote diagnostics or point-of-care testing applications [1,2]. In contrast to the microelectromechanical system (MEMS), which require silicon microfabrication procedures (e.g., photolithography, dry or wet etching, or deposition) to fabricate silicon-based microdevices, microfluidic devices can be fabricated using polymers. In contrast to silicon micromachining, polymer-based microfabrication techniques require cheap raw polymer materials and feasible fabrication facility requirements. These advantages make polymer-based microfluidic devices inexpensive for disposable LOC purposes [3,4,5].



The use of a polymer as a substrate material in microfluidics was proposed in the late 1990s. Following over 20 years of development, a polymer has become a major material used in microfluidics. Currently, polydimethylsiloxane (PDMS) and thermoplastics are the two most widely used polymers in microfluidics [6,7]. PDMS is a soft elastomer material, and soft lithography [8,9] is typically used to create PDMS microfluidic devices. The typical PDMS soft lithography process starts with micromold fabrication; subsequently, a PDMS mixture is poured into a micromold. After thermal curing, the PDMS replicas are removed from the micromold and bonded with another glass or a PDMS cover substrate through oxygen plasma treatment [10]. Because PDMS microfluidic devices are easy to fabricate without the need for high-end facilities or gas permeability, PDMS is a widely employed material in microfluidics, especially in cell applications [11,12]. In addition, PDMS is easily fabricated with no requirement for high-end facilities. PDMS is widely employed in polymer microfluidic chips, especially in research labs. However, PDMS devices have several drawbacks, including unsatisfactory acid and base resistance, solvent swelling, surface absorption, and lack of rigidity [13]. The PDMS casting procedure is time consuming, normally taking 1–2 h for the curing process. This fundamentally limits the fabrication throughput, which can be a potential fabrication bottleneck when considering commercialization of microfluidic devices. Compared with PDMS, thermoplastic is a rigid polymer material that can be shaped or reshaped upon heating above the glass transition temperature (Tg). Myriad thermoplastic materials, such as polycarbonate (PC) [14,15,16], polymethyl methacrylate (PMMA) [17,18,19], cyclic olefin polymers (COPs) [20,21,22,23], polystyrene (PS) [24,25,26], and polyethylene terephthalate (PET) [27,28] have been employed in microfluidics. Among them, COPs have high optical transmissivity, satisfactory solvent and acid and base resistivity, and glass-like properties. Although thermoplastics have favorable mechanical rigidity, they are not as fragile as glass, preventing accidental breakage and loss of precious samples during handling or operation procedures. In additionally, a thermoplastic material can be fabricated using replication methods, such as injection molding or roller imprinting, to mass produce polymer replicas at a low unit cost [29]. Because of these advantages, COPs are treated as emerging materials for microfluidics or LOC applications [30].



Thermoplastic microchannel fabrication techniques have been intensively developed. Becker et al. first summarized techniques for fabricating thermoplastic microfluidic chips [6,7,31]. Thereafter, the thermoplastic bonding process was reviewed by Tsao et al. [32]. In 2015, Temiz et al. summarized the thermoplastic sealing and chip-to-world fluidic, electrical, and analytical interfacing techniques [33]. These review articles have detailed the thermoplastic microfabrication process in microfluidics. Generally, thermoplastic microchannels are first created, either through replication or rapid prototyping. In replication, the microchannel in the thermoplastic substrate is inversely replicated from the master micromold. In rapid prototyping, computer numerical control (CNC) milling or laser ablation is employed to carve microfluidic channels. After microchannel fabrication, bonding is performed to create enclosed microchannels. In thermoplastic microfluidic fabrication, post-end sealing is a critical step and can be categorized as indirect or direct [32]. Indirect bonding is defined as bonding in which an additional material or a chemical reagent is used during the bonding process. Adhesive bonding is an example of an indirect bonding method. By contrast, in direct bonding, the thermoplastic pair is “directly” bonded without adding an additional material or a reagent to interface layers. Thermal fusion bonding and surface modification bonding are examples of direct bonding methods.



The cyclic block copolymer (ViviOnTM CBC) is a new class of thermoplastics with excellent optical properties, low water absorption, favorable chemical resistance, and high purity. It is suitable for high-throughput injection molding, injection blow molding, and embossing fabrication. For the first time, we verified the favorable fabrication capability and performance of CBC in microchannel fabrication, including front-end microchannel fabrication that uses the hot embossing process, and back-end microchip sealing that uses thermal fusion bonding and ultraviolet (UV)/ozone surface bonding. Two grades of cyclic block copolymers, CBC-1 and CBC-2, were evaluated. Two commonly used COPs, cyclic olefin copolymers (COC, Topas) and cyclic olefin polymers (COP, Zenon), were selected as control and comparison groups, respectively, because they have been widely used as high-performance thermoplastics in polymer microfluidics.




2. Materials and Methods


2.1. Thermoplastic Substrates


Four types of thermoplastic substrates were used, namely COC (Topas 8007; Polyplastics Co., Shizuoka, Japan), COP (Zeonor 1060R, Zeon Corp., Tokyo, Japan), and two grades of CBC (CBC-1 and CBC-2, USI Corp., Kaohsiung, Taiwan). All thermoplastic materials were obtained in the granular form and were injected into custom-made stainless steel molds to fabricate 7-cm-diameter, 2-mm-thick thermoplastic substrates for microchannel fabrication. The Tg of COC, COP, CBC-1, and CBC-2 was 78, 100, 117, and 115 °C, respectively.




2.2. Microchannel Fabrication


The microchannel was fabricated using the hot embossing process; the metal (brass) micromold was made by a CNC miller. The microchannel width and height were 200 and 50 µm, respectively. The microchannel pattern was transferred from the micromold to the thermoplastic substrate by using a hot embosser (H7-1, Raychen, Taoyuan, Taiwan). Thermoplastic substrates were cut into 50 × 50 × 2-mm substrates for microchannel fabrication. The serpentine microchannel consists of basic microchannel patterns including straight lines, angled turns, and U-turns, which meet the requirements of various microfluidic applications. Therefore, this design was used to evaluate microchannel fabrication in this study.




2.3. Water Contact Angle, and UV-VIS Transmissivity Measurements


Surface contact angles were measured using a contact angle measurement system (OCA 15EC, DataPhysics Instruments GmbH, Filderstadt, Germany). A 3-µL droplet was autopipetted onto the thermoplastic substrate to obtain contact angle data. The ultraviolet-visible light (UV-VIS) spectrum was measured through UV-VIS spectroscopy (LAMBDA 750, PerkinElmer, Waltham, MA, USA). Two-millimeter-thick thermoplastic substrates were loaded onto the UV-VIS spectroscope to obtain UV-VIS transmission data.





3. Results and Discussion


3.1. Cyclic Block Copolymer


A novel thermoplastic material, ViviOnTM CBC, was developed for biomedical and microfluidic applications. As shown in Figure 1a, CBC was a fully hydrogenated product, with a hydrogenation level of >99.5%, consisting of a styrenic block copolymer such as styrene-b-butadiene-b-styrene (SBS) and styrene-b-isoprene-b-styrene (SIS). The results of Fourier transform infrared spectroscopy analysis are presented in Figure S1. Because the CBC precursor was fabricated through anionic polymerization, the living polymerization led to high purity with low residuals. Our study results showed that this novel material had superior optical properties with light transmissivity of 92%, excellent deep UV transmission down to 210 nm, and low autofluorescence (Figure S2). High-purity CBC exhibited low leachables/extractables. The material, which was inherently non-polar, possessed superior chemical resistance to high polar solvents such as alcohol and dimethyl sulfoxide (DMSO), etc. CBC comprised only two components, carbon and hydrogen, which makes it chemically inert toward biomolecules. The thermal, mechanical, and chemical properties of CBC are presented in Tables S1 and S2. Compared with COC and COP, CBC exhibited comparable high optical, solvent, and acid and base resistance, and mechanical rigidity properties for microfluidic applications. CBC-1 and CBC-2 were polymerized using the same monomer and precursor, but different composition ratios to engender different properties (i.e., CBC-1: melt volume rate, 130 cm3/10 min at 260 °C/2.16 kg, Tg: 117 °C; CBC-2: melt volume rate, 4.5 cm3/10 min, 260 °C/2.16 kg, Tg: 115 °C).




3.2. CBC Microchannel Fabrication Using the Hot Embossing Process


The hot embossing process was chosen to fabricate the microchannel because of its simplicity and wider facility accessibility compared with injection modeling or other thermoplastic microchannel fabrication methods. Hot embossing involves four major stages (Figure 2a). First, the thermoplastic substrate is placed between the glass and brass micromold and loaded into the hot embosser; then, the temperature is increased to 20 °C above the thermoplastic’s Tg (Stage A). Subsequently, 1.96 MPa (20 kg/cm2) of pressure is applied and maintained for 5 min to allow complete pattern transfer from the micromold to the thermoplastic substrate (Stage B). Afterward, the temperature is reduced to approximately 20 °C below the material’s Tg while 1.96 MPa (Stage C) of pressure is maintained. The constant pressure in stage C ensured adequate microchannel dimension integrity that prevented microchannel shrinkage and deformation during the cooling process. Finally, the pressure is reduced, and cooling to initial room temperature was permitted. The thermoplastic replica was removed from the micromold to complete microchannel fabrication (Stage D). As shown in Figure 2b, favorable thermoplastic pattern transfer efficiency (>99%) with approximately 200 (width) × 50 μm (height) was achieved through hot embossing.




3.3. Bonding of the CBC Thermoplastic Microchannel


Bonding is a critical step in the success of thermoplastic microfluidic devices. Several factors must be considered when deciding on the thermoplastic bonding process. Bonding strength is the most critical and must be prioritized when evaluating bonding performance. Bonding must be sufficiently strong to hold the thermoplastic chip without leakage during microfluidic chip flow injection as well as during operation. For standard microfluidic handling and transportation conditions, low-medium bonding strength is sufficient to hold the chip. When operating at high flow rates or in high-hydraulic resistance microchannels (e.g., porous monoliths and bead-packed microchannels), the high bond strength bonding method should be considered. To measure bonding strength, the crack opening method was used [20]. In this experiment, a 0.25-mm-thick razor blade was inserted into the bonding interface, causing delamination. By measuring delamination length, bonding strength can be calculated using Equation (1) [34]. In this experiment, a 0.25 mm thick razor blade is inserted at the bonding interface to cause the delamination. By measuring the delamination length, bonding strength could be calculated by Equation (1).


  γ =  3 8    E  t 3   y 2     L 4       



(1)




where E is the elastic modulus of the thermoplastic substrate. In this study, the elastic moduli of COC, COP, CBC-1, and CBC-2 were 2.1, 2.1, 2.5, and 1.7 GPa, respectively. t is the thickness of the substrates, which is at least 2 mm; y is half of the blade thickness, which is 125 μm, and L is delamination length. For thermal fusion bonding and the UV/ozone bonding process discussed in the following sections, the thermoplastic substrates were placed in the hot embosser and sandwiched between two glass plates to ensure an optical smooth surface after bonding. The bonding experiment setup is shown in Figure S3.



3.3.1. Thermal Fusion Bonding of the CBC Microchannel


Thermal fusion bonding, also called thermal bonding, is among the commonest methods for sealing thermoplastic microfluidic chips because of its simplicity. Thermal fusion bonding is achieved by heating thermoplastic pairs above Tg where the thermoplastic becomes rubbery and can be deformed upon application of pressure. At the bonding interface, polymer chains fuse together through interdiffusion. This simple thermal pressure bonding mechanism is straightforward without any further modification; furthermore, it retains the homogenous microchannel surface properties following the bonding process. Microchannel clogging and deformation are concerns in thermal fusion bonding. To ensure a higher bonding strength, a higher bonding temperature can be used in the thermal fusion bonding process. However, this may cause microchannel deformation or even microchannel clogging or collapse. The main bonding parameters of thermal fusion bonding are temperature, time, and pressure. During the bonding process, the temperature rises close to Tg for polymer chain interfusion at the bonding interface; the pressure enhances surface contact at the bonding interface to overcome surface roughness. Adequate bonding time ensures sufficient bond generation on the bonding interface. In our preliminary investigation, we determined that bonding temperature plays a key role in microchannel clogging or collapse. To determine the optimal thermal fusion bonding condition to prevent microchannel collapsing, as shown in Table 1, various thermal fusion bonding parameters were examined in this investigation.



Figure 3 presents the thermal bonding strength (blue line) and substrate thickness (red line) for various temperatures. No thermal fusion bonds were observed for COC (Figure 3c) and COP (Figure 3d) when bonding temperatures were set 20 °C below their respective Tg (58 °C for COC and 80 °C for COP). CBC substrates can generate bonding at 20 °C below Tg. A bond force of approximately 0.59 mJ/cm2 was achieved when the CBC bonding pair was bonded at 40 °C below CBC-1′s Tg, and the highest bonding strength (6.1 mJ/cm2) was observed at a bonding temperature of 107 °C for CBC-1 (Figure 3a). Similar to CBC-1, 0.13 mJ/cm2 bonds can be generated at 40 °C below CBC-2’s Tg, and the highest bonding strength (1.2 mJ/cm2) was achieved at a bonding temperature of 115 °C (Figure 3b). The thermal plastic materials of CBC exhibited higher bond strength than did those of COC and COP. The highest bonding strength of CBC-1 (6.1 mJ/cm2) was 15 and 5.5 times higher than that of COC (0.4 mJ/cm2) and COP (1.1 mJ/cm2), respectively. This is presumably because CBCs exhibit a higher polymer reflow capability than do COC and COP. A rheometer (Discovery Hybrid Rheometer, model HR-1, TA Instruments, Eden Prairie, MN, USA) was employed (Figure 3e), and it revealed that CBC-1 had the lowest complex viscosity, which promoted polymer chain interdiffusion and exchange at the bonding interface, resulting in greater bonding strength. In our microchannel fabrication attempt, in addition to preventing microchannel collapse, we also sought substrate deformation of <10%. Therefore, we selected the optimal thermal fusion bonding temperatures of 97, 85, 68, and 90 °C for CBC-1, CBC-2, COC, and COP, respectively. As shown in Figure 3f, no microchannel collapse was observed at these optimal bonding temperatures.




3.3.2. Surface Treatment Bonding of CBC Microchannels through UV/ozone Modification


Pressure and heat application during thermal fusion bonding are likely to cause microchannel deformation. Low-temperature bonding is a superior method for sealing microchannels. Surface modification methods are also commonly applied to thermoplastic surfaces to promote bonding performance. The surface treatment bonding method renders thermoplastic surfaces hydrophilic, which promotes surface wettability and surface energy; high surface energy generates strong bonds at the interface at low temperatures. In this study, we selected the UV/ozone bonding method to evaluate CBC surface treatment bonding because a UV/ozone cleaner is affordable [35]. UV/ozone treatment modifies thermoplastic substrates by exposing them to UV light in an air-filled chamber. UV light has wavelengths of 184.9 nm and 253.7 nm under atmospheric pressure conditions. The UV light at 184.9 nm decomposes oxygen molecules and synthesizes ozone. Simultaneously, the UV light at 253.7 nm decomposes ozone molecules, rapidly oxidizing hydrocarbons and producing high-energy oxygen radicals on the thermoplastic surface [35,36].



The UV/ozone treatment modifies the thermoplastic surface by altering the surface wettability of the microchannel, which is a key consideration for microfluidic applications. After UV/ozone surface treatment, surface hydrophobicity variations were evaluated. Figure 4 presents water contact angles and UV/ozone surface treatment time. CBCs exhibited weak hydrophobicity of 97.20° (CBC-1, blue line in Figure 4) and 98.81° (CBC-2, orange line in Figure 4) in native stages. Under the UV/ozone surface treatment, the water contact angle on CBC surfaces decreased to 49.97° (CBC-1) and 58.14° (CBC-2) within 10 min. After 10 min, it plateaued and gradually reduced the water contact angle as surface treatment increased. The water contact angle decreased to 43.25° (CBC-1) and 46.61° (CBC-2) after 30-min UV/ozone treatment. These trends were similar to those for COC (Figure 4, green line) and COP (yellow line) surfaces under UV/ozone treatment.



In addition to surface hydrophobicity reduction, the surface optical transmissivity of COC and COP substrates decreased, which may potentially affect the performance of optical microfluidic applications. Figure 5a,b shows the optical transmissivity of CBC thermoplastic substrates after surface modification and compares them with that of COC and COP substrates (Figure 5c,d). The COC, COP, and CBCs not only showed favorable optical transmissivity in the visible range of >90%, but they also have more favorable optical transmissivity in the mid- and near-UV ranges compared with other thermoplastic substrates. CBC-1 had the highest UV range transmissivity (~51% in the 250-nm range and ~64% in the 300-nm range) compared with COC (~23% in the 250-nm range and ~57% in the 300-nm range), COP (~10% in the 250-nm range and ~52% in the 300-nm range), and CBC-2 (~19% in the 250-nm range and ~29% in the 300-nm range) in the native stage (0 min). Under UV/ozone surface treatment, the optical transmissivity decreased with UV/ozone treatment time. After 30-min UV/ozone treatment, the optical transmissivity of CBC-1 degraded to approximately 22% in the 250-nm range and to ~15% in the 300-nm range. Similar phenomena were observed for COC, COP, and CBC-2 (Figure 5).



After hydrophobicity and optical transmissivity effects were evaluated, bonding strength experiments with various UV/ozone exposure times were performed. We sought the shortest UV/ozone time for optimum bonding strength to minimize optical degradation and reduce the processing time during the UV/ozone bonding process. The bonding pressure and time were fixed at 30 kg/cm2 and 20 min, respectively. The bonding temperature was set 40 °C below Tg to minimize the temperature effects, except for that of COC, which was set 20 °C below Tg because the Tg of COC is low (78 °C).



Figure 6 shows the bonding strength of substrates for UV/ozone exposure times from 0 to 30 min. The results indicated that longer UV/ozone exposure times did not yield greater bonding strength, and the optimal exposure time was determined for each thermoplastic. In our previous surface hydrophobicity experiments (Figure 4), longer UV/ozone exposure times resulted in superior surface wettability with a higher surface energy because of the surface oxidation mechanism. However, during the UV/ozone bonding process, oxygen molecules that bombard the thermoplastic surface generate rough surfaces. These rough surfaces create obstacles for generating intimate surface contact, resulting in weaker bonds at the bond interface. Because of the effects of surface wettability and surface flatness, UV/ozone exposure time was optimized. The optimized UV/ozone surface exposure time for CBC-1 and CBC-2 was 5 min with approximately 1.1 and 3.7 mJ/cm2 of bonding strength, respectively (Figure 6a,b, respectively). This represents greater bonding strength with a shorter UV/ozone surface treatment time compared with COC (30 min, ~0.4 mJ/cm2, Figure 6c) and COP (10 min, ~0.1 mJ/cm2, Figure 6d).



After we obtained the optimal UV/ozone exposure time of each material, the bonding strength of each material following UV/ozone surface modification was evaluated. The bonding strength of CBC-1 was approximately 2.0 mJ/cm2 at a low temperature of 57 °C (Figure 7a). Because the bonding temperature was 60 °C below Tg, minimal substrate deformation was observed at that temperature (Figure 7b). Similarly, for CBC-2, the bonding strength was approximately 3.0 mJ/cm2 at 65 °C with little variation in substrate thickness. Similarly, low bonding temperatures were achieved for COC and COP substrates with strong bonds and minimal substrate deformation. The bonding strength was approximately 0.8 mJ/cm2 at 58 °C and 1.2 mJ/cm2 at 80 °C for COC and COP as shown in Figure 7c,d, respectively. Because the UV/ozone treatment can effectively reduce the bonding temperature and enhance bonding strength, optimal bonding temperatures of 67, 75, 68, and 80 °C are recommended for CBC-1, CBC-2, COC and COP, respectively to obtain high-strength bonds and few microchannel deformations.



CBC microchannel performance was evaluated and compared. Figure 8 shows the optimized UV/ozone bonding strength and CBC’s UV-VIS transmissivity after UV/ozone treatment. Among the thermoplastic materials we investigated in this study, both CBC-1 and CBC-2 exhibited high bonding strength at low bonding temperatures of 67 and 75 °C, respectively, within 5 min of UV/ozone treatment time. Because the UV/ozone treatment exposure time was decreased, the side effects of UV-VIS degradation maintains high transmissivity values for CBC-1 and CBC-2 compared with other thermoplastic materials that we investigated (Figure 8b).



Finally, leakage tests were performed on CBC-1 and CBC-2 microchannels to ensure no leakages occurred during the microfluidic channel operation. As shown in Figure 9, no fluid leakages were observed following syringe pump fluid injection, which demonstrates successful use of CBC thermoplastics with high bond strength and high optical performance in microfluidic applications.






4. Conclusions


A high-performance CBC thermoplastic created through hydrogenation from styrene-butadiene block copolymers is reported. Our CBC exhibited high optical transmissivity and chemical and solvent resistivity, which make it ideal for use in polymer microfluidic applications. In this study, we investigated polymer microchannel fabrication procedures to evaluate the effectiveness of applying CBC to microfluidic applications. A hot embossing process was used as the front-end process to fabricate microchannels as front-end process. Thermal fusion bonding and UV/Ozone surface assisted bonding were invested employed as the back-end processes to seal the imprinted microchannel into an enclosed microfluidic network. The results indicated that for microchannel fabrication, because of favorable CBC reflow behavior during the hot embossing process, the microchannel patterns on the micromold were fully transferred onto the CBC substrate. In thermal fusion bonding, high bond strength was observed in the CBC-1 substrate, which was 15 and 5.5 times higher than that of COC and COP substrates, respectively. UV/ozone exposure effectively increased surface energy and bonding strength, and reduced the bonding temperature. An optimal UV/ozone exposure time of 5 min was ascertained for CBC substrates. This short exposure time not only reduced the bonding process time for superior fabrication throughputs, but also minimized the UV-VIS degradation effects. The results proved that CBC-1 shows best optical performance with high bond strength, and CBC-2 displays the best bond strength, but with a more degraded optical performance.
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Figure 1. Hydrogenation process for forming a cyclic block copolymer. 
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Figure 2. (a) Thermoplastic microchannel fabrication process; (b) Cross-section of the CBC thermoplastic replica. The cross-sectional image was obtained by casting the polydimethylsiloxane (PDMS) elastomer from the CBC microchannel replica and cutting it using a razor blade. The image was taken using an inverted microscope (Nikon Eclipse Ti). 
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Figure 3. Thermoplastic bonding strength (blue line) and thermoplastic substrate thickness after bonding (red line) for various bonding temperatures for (a) CBC-1, (b) CBC-2, (c) COC, and (d) COP. (e) Complex viscosity measurement for CBC-1, COC, and COP. The bonding strength and substrate thickness values are averaged on the basis of three individual measurements; (f) Microchannels injected with a blue food dye (15 μL/min). No microchannel collapse can be observed under optimal bonding conditions. The bonding strength drop at 117 °C for CBC-1 was because the polymer stuck to the glass during the release of bonded pairs. The operating conditions when the complex viscosity was measured were 250 °C, strain: 5% in N2 gas. 
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[image: Inventions 03 00049 g003]







[image: Inventions 03 00049 g004 550] 





Figure 4. Water contact angle measurements for CBC-1, CBC-2, COC, and COP surfaces by ultraviolet (UV)/ozone exposure time. The contact angles values are the average of three individual measurements. 
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Figure 5. Optical transmissivity of (a) CBC-1, (b) CBC-2, (c) COC, and (d) COP thermoplastic substrates with UV/ozone treatment times from 0 to 30 min. 
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Figure 6. UV/ozone bonding strength with exposure times from 0 to 30 min for (a) CBC-1, (b) CBC-2, (c) COC, and (d) COP thermoplastic substrates. The bonding strength values are the average of three individual measurements. 
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Figure 7. UV/ozone bonding strength (blue line) and substrate thickness (red line) for (a) CBC-1, (b) CBC-2, (c) COC, and (d) COP. The bonding strength values are the average of three individual measurements. 
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Figure 8. (a) UV/ozone bonding strength and (b) ultraviolet-visible light (UV-VIS) transmissivity after UV/ozone treatment for CBC-1, CBC-2, COP, and COC substrates. The bonding strength values are the average of three individual measurements. 
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Figure 9. Microchannel design and leakage test for the CBC thermoplastic microchannels with a blue food dye injection at 15 μL/min. Red-dashed box indicates microchannel images with blue food dye. 
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Table 1. Thermal fusion bonding process parameters.
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	Bonding pressure (kg/cm2)
	30



	Bonding time (min)
	20



	CBC-1 * Bonding temperature (°C)
	27/37/47/57/67/77/87/97/107/117



	CBC-2 Bonding temperature (°C)
	25/35/45/55/65/75/85/95/105/115



	COC * Bonding temperature (°C)
	28/38/48/58/68/78



	COP * Bonding temperature (°C)
	30/40/50/60/70/80/90/100







* CBC: Cyclic Block Copolymer, COC: Cyclic Olefin Copolymer, COP: Cyclic Olefin Polymer.
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