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Abstract:



The surge in popularity of lab-on-chip applications has set a new challenge for the fabrication of prototyping devices, such as electrokinetic devices. In such devices, a micro-electrode is the key component. Currently, microelectromechanical systems (MEMS) processes such as lift-off and etching techniques are employed to prepare the micro-sized conductive patterns. These processes are time-consuming, require a material removal step, clean-room facilities, and the utilisation of harmful chemicals. On the other hand, rapid fabrication is required by researchers designing such devices to test their functionality. Additive manufacturing technology such as the inkjet printing of conductive material is one potential solution to achieve that objective. In this study, we report the utilisation of inkjet printing for the rapid prototyping of alternating current (AC) electrokinetic devices on a rigid glass substrate. The non-lithographical and vacuum-free process for the fabrication of a microfluidic device was demonstrated. The smallest feature size of 60 μm was successfully printed. The crystalline structure of the printed material under different curing temperatures was characterised. It was found that these treatment conditions affect electrical conductivity. Although a low-temperature sintering process was applied, low resistivity was obtained. An AC electrokinetics device for the manipulation of microparticles has been prepared to illustrate such printed silver micro-patterns. The results strongly support the idea that inkjet printing is a powerful and cost-effective prototyping tool for researchers who work with electrokinetic devices.
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1. Introduction


Research in additive manufacturing—also known as 3D printing—has been booming in recent years. Additive manufacturing uses processes that gradually add material to build an object from a digital design [1]. Hence, it is capable of constructing complicated structures that are difficult to achieve using conventional subtractive methods [2]. Aside from the printing of structural material, the demand for the rapid preparation of functional devices has been raised in order to utilise the advantages of 3D printing [3,4,5].



Meanwhile, lab-on-chip systems are important tools for small-size biological sampling, where the analysis can be performed with a tiny volume of fluid. These devices can handle microscopic particles such as cells, bacteria, and DNA [6]. Advanced applications of lab-on-chip devices include water pollution monitoring [7], drug delivery [8], and device fabrication [9].



Alternating current (AC) electrokinetics is a set of techniques to manipulate small-sized particles with the effect of a non-uniform electric field. AC electro-osmosis is an AC electrokinetic technique that creates fluid motion with the migration of ions under the effect of tangential electric fields on the electrode surface [10]. The induced hydrodynamic drag force causes the movement of suspended particles [11]. Dielectrophoresis (DEP) is another AC electrokinetic technique that induces a net force onto dielectric particles in a non-uniform electric field [12]. As an active technique, DEP plays a very important role in trapping and separating particles at the micro scale. By varying parameters such as flow velocity, peak-to-peak voltage, phase, and frequency, particle separation can be achieved due to the difference of applied net force [13].



Traditional microfabrication techniques of microelectromechanical systems (MEMS) devices (e.g., lift-off and etching) have been employed to prepare micro-sized conductive patterns [14]. Although these techniques can provide a high-quality material and precise pattern, they are time-consuming, material wasting, use harmful chemicals, and require clean-room facilities such as photolithography equipment and vacuum metal deposition equipment [15]. Additionally, costly substrates such as silicon and glass wafers are usually employed for material deposition and microchannel construction. Hence, rapid prototyping is necessary for the design of microfluidic devices for quick testing of new configurations and functionality. In a rapid prototyping process, the microfluidic device can be fabricated directly from a digital design. 3D printing was used to construct a functional lab-on-chip device, which allows a researcher to design microfluidic devices for biological analysis without the skill of device fabrication [16].



Inkjet printing deposits material by creating droplets of ink which contain the material via a nozzle to the substrate. The use of inkjet printing technology offers a digital, contactless, and maskless process for material deposition. It has been considered as a promising technology for the additive fabrication of electronic devices [17]. A variety of materials have been prepared and printed, illustrating the capability of this technology. Inkjet-printing polymeric piezoelectric material was successfully prepared for micro-pumps [18]. This fabrication technique was also used to print conductive and adhesive material, constructing a wireless lab-on-chip device for the detection of a variety of fluids [19].



Metal is a good candidate for conductive electrodes, as its conductivity is much higher than that of conductive polymer [20]. Among them, silver is highly conductive and much cheaper than gold. In addition, silver nanoparticles are inkjet-printable [21]. Because of the nanoscale of metal particles, the sintering temperature of the ink could be very low, which makes it compatible with various substrates. Meanwhile, simple and cost-effective sintering methods have been developed for those conductive inks [22], such as chemical sintering [23], electrical sintering [24], plasma sintering [25], photonic sintering [26], and microwave sintering [21]. The printing of conductive patterns at micro-scale on polydimethylsiloxane (PDMS) for a DEP device was also investigated [27]. However, the utilisation of PDMS substrate caused major issues, such as cracking of the printed electrode during handling and heat treatment.



In this report, we present the utilisation of inkjet printing technology for the fabrication of microelectrodes in a practical application such as AC electrokinetic devices for microparticle manipulation. We investigated the possibility of printing a variety of electrode configurations. The heat treatment temperature is relatively low (ranging from 100 °C to 200 °C), and temperature was found to have a significant effect on the crystallinity and electrical resistivity of the printed material. Finally, a microfluidic device was successfully prepared and tested to demonstrate the workability of the proposed method.



The approach could be widely applied to prepare certain AC electrokinetic microfluidic chips for purposes such as the handling of microparticles in a continuous flow and other microfluidic device applications. Further improvements in the smoothness and precision of printed features might be executed using interpolation to incorporate the movement of the printer head in two axes.




2. Materials and Methods


A commercial Dimatix inkjet printer (DMP-3831, Fujifilm Dimatix, Inc., Santa Clara, CA, USA) was employed for all printing experiments. The printer was equipped with a standard 10 picoliter cartridge (DMC-11610) which has an orifice diameter of 21 μm. Each nozzle employs a piezoelectric element which is activated by an electric pulse to jet the ink out of the orifice in the form of droplets, as can be seen from Figure 1b. The waveform and peak voltage must be well adjusted in order to obtain stable droplet generation and velocity. Only one nozzle was employed to minimize the unexpected variation of droplet deposition. The pattern design was implemented using open-source software (i.e., Inkscape) and converted to a monochrome bitmap file using Microsoft Paint.


Figure 1. Printing process. (a) Photo of generated droplet at 20 V applied; (b) relationship of the velocity of generated droplets with the voltage applied to the piezoelectric-driven nozzle; (c) the spreading droplet array; (d) pattern printing with droplet space at 50 μm; (e) pattern printing with droplet space at 40 μm; (f) surface profile of the printed line.
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The glass cover substrate (size of 22 mm × 22 mm and thickness of 0.1 mm, Paul Marienfield, Lauda-Königshofen, Germany) was cleaned in acetone and rinsed with isopropanol to remove any organic residual before drying with an air blower. There was no plasma treatment applied to the substrate because the employed glass substrate is hydrophilic with the ink. During printing, the glass substrate was fixed onto the printer platen by the vacuum pump, which is embedded inside the printer.



We employed a commercial ink (Silver dispersion 736465, Sigma-Aldrich, St. Louis, MO, USA) which contains silver particles dispersed in triethylene glycol monomethyl ether (TGME) solvent. The nanoparticles had a diameter smaller than 50 nm. According to the supplier datasheet, the ink viscosity was 10–18 cP and surface tension was 35–40 dyn/cm. The density of the ink was 1.45 g/mL. These ink parameters are very important to the possibility of droplet generation.



During printing, the substrate temperature was set at 60 °C to enhance the vaporization of ink solvent. Hence, the spreading of ink to the substrate was eliminated, helping to make smaller features. In order to obtain stable droplet generation, cartridge temperature was selected to be 35 °C. Firing voltage was varied from 17 V to 23 V to observe the droplet velocity. For printing of the demonstration device, a peak voltage of 19 V was utilised. The resolution was set at 40 μm and 50 μm. Because the horizontal speed of the printing head during printing depends on the jetting frequency, a higher jetting frequency would result in a faster movement of the nozzles while jetting the nozzle. Hence, maximum jetting frequency was set at 2 kHz to reduce the horizontal velocity of the cartridge.



After printing, the substrate was kept in the printer platen for 10 min. Even with a heating temperature as low as 60 °C, the solvent of the deposited ink vaporized, and nanoparticles had partially sintered, appearing as a shiny surface. The printed pattern was then kept in an oven at different temperatures (i.e., 100 °C, 150 °C, and 200 °C) for 1 hour to enhance the sintering of the printed metal and improve the adhesion to the substrate. These heat treatments were conducted in ambient air.



Resistance of the printed material was measured using a digital multimeter (Agilent 34410A, Keysight Technologies, Santa Rosa, CA, USA). A scanning electron microscope (SEM, JEOL JSM 5600, JEOL Ltd., Akishima, Japan) was used to study the morphology of printed pattern in the micro-scale. Printed material crystallinity was studied using X-ray diffraction (XRD, Philips PW1820 Diffractometer, Philips, Almelo, The Netherlands). The profile was characterized with a profilometer (Form Talysurf PGI 2540, Taylor Hobson, Leicester, UK).




3. Results and Discussion


3.1. Droplet Formation and Printing


Figure 1a illustrates droplets that were stably generated from a nozzle when the activating pulse was applied. The image was captured after applying the pulse within a short period of 70 microseconds by the high-speed camera that is equipped with the printer. Figure 1b shows the relationship of applied voltage and velocity of the jetting droplet. A linear growth of velocity was observed when increasing applied activating voltage. At a peak voltage of 17 V, the velocity of the droplet was 2.86 m/s. It increased dramatically along with increasing voltage applied to the piezoelectric element. It reached 14.26 m/s under a driving voltage of 23 V. In this study, we used a peak voltage of 19 V to obtain a droplet velocity in the range of 6 m/s to 7 m/s.



The dimensionless grouping Z—which is determined by the ratio of Reynolds number to the square-root of the Weber number—is usually used to evaluate the inkjet printability of ink [28]:
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(1)




where γ, η, and ρ are the ink physical properties, such as surface tension, viscosity, and density, respectively, and a is the diameter of the nozzle. From the ink specifications, the Z ratio can be derived with a value which ranges from 1.8 to 3.5, depending on the variation of surface tension and viscosity. It is commonly quoted that Z ratio must be larger than 1 and smaller than 10, although recent studies prove that inkjet printing can work in the assumed optimal range 1 < Z <14 [29]. Hence, the employed commercial ink is appropriate for inkjet printing.



The deposited droplets, surrounded by a square, are shown in Figure 1c, where a diameter of about 50 μm was commonly observed among the spreading droplet. However, discontinuous patterns were obtained if the droplet space was set at 50 μm, as can be seen in Figure 1d. When the droplet space was reduced to 40 μm, the overlapping of droplets was ensured, and a continuous pattern was obtained (Figure 1e). Hence, we employed the droplet space of 40 μm for all of the subsequent printed patterns.



Figure 1f shows the profile of a printed electrode on a glass substrate with a single layer of ink. The thickness of printed pattern is about 200 nm for single layer printing. It can be clearly seen that the printed pattern suffered from coffee-ring effect, where material focuses on the outer side of the printed profile, which makes the boundary become thicker than the centre area. The mechanism of this effect has been described as the result of the fast evaporation rate at the boundary of the droplet, which brings suspended material to the boundary of the pattern [30,31]. However, the depressed surface is minor compared to the thickness of the printed pattern. Hence, it should not have a significant effect on the device performance.




3.2. Morphology and Crystallinity


The microscopic image in Figure 2a shows the printed silver after heat treatment of 150 °C with an array of lines which have a bright colour. It can be seen that the line boundary was not perfectly straight. It was observed that inkjet-printed patterns had a local bulge problem [27]. The enlarged image (Figure 2b) shows the printed pattern with a bumpy surface. This phenomenon could be the result of solvent vaporisation and the sintering of nanoparticles that form the rough surface. However, the printed line is continuous and crack-free thanks to the rigid glass substrate.


Figure 2. (a) Scanning electron microscope (SEM) image of printed electrodes; (b) surface of the printed electrode; (c) X-ray diffraction (XRD) pattern of printed film with different heat treatment temperatures.
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XRD patterns of printed films show a significant effect of heat treatment temperature on the crystallinity (Figure 2c). In all of the samples, four peaks at 38.1°, 44.3°, 64.4°, and 77.5° could be observed, which were indexed as (111), (200), (220), and (311) of face-centered cubic silver crystalline, respectively [32]. The peak (111) intensity increased from 33 to 187 when a sintering temperature of 200 °C was applied, which indicates that the heat treatment could improve the crystallinity of printed silver. In addition, the full width at half maximum (FWHM) value of the peak (111) reduced from 0.63° to 0.24°, which proves that the crystal size became larger as a result of the sintering. The XRD results prove that the silver nanoparticles were successfully printed, and patterns which have good crystallinity could be obtained by a low sintering temperature.




3.3. Electrical Property


We investigated the effect of heat treatment temperature and the number of printing passes (N) on the resistivity of the silver pattern. The resistance of 5 mm-length line was measured as shown in Figure 3a. The as-printed pattern without heat treatment showed a high resistance of 57 Ω·mm−1 with a single printed line. It reduced following a nonlinear decay when increasing the number of printing passes. A line with five droplets printed overlap had a resistance of 12 Ω·mm−1.


Figure 3. (a) Optical photo of printed line with different widths; (b) electrical resistance of printed lines with 5 mm length.
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When a heat treatment of 100 °C was applied, a significant decrease in resistance was observed. For example, the single printed line cured at 100 °C had a resistance of 22.1 Ω·mm−1. This value was cut down to 4.4 Ω·mm−1 when five printing passes was made. The increment of heat treatment temperature to 150 °C further reduced the resistance of the single line to 13.5 Ω·mm−1. However, 200 °C annealing could only make a slight improvement in the electrical resistance of the printed pattern (i.e., 11.7 Ω·mm−1). When treatment temperature increased from 150 °C to 200 °C, the resistance of the printed patterns did not notably change, and only slightly decreased.



The resistivity of printed lines could be calculated from their geometry (i.e., surface profile). The resistivity of the printed line was 1.62 × 10−7 Ω·m when the sintering condition was set at 150 °C for 1 h. The heat treatment at 200 °C could help to obtain the resistivity of 1.41 × 10−7 Ω·m, which is near the bulk silver resistivity of 1.59 × 10−8 Ω·m. It could be seen that the resistivity of the printed line was relatively small. In other words, the printed silver was highly conductive.



The well-crystallized material resulting from the heat treatment plays the main role in reducing the resistivity of printed material. It could be explained by the small size of silver nanoparticles helping to reduce the sintering temperature of nanoparticles. The as-printed silver with small-sized grains had a large grain boundary, which resisted the transport of free electrons in the metal network. The resistance reduced with the sintering effect because there is less grain boundary [33]. On the other hand, because it was observed that void space exists in printed silver nanoparticles, Krishnamraju et al. proposed that a higher sintering temperature could reduce the void space to improve the conductivity of the printed material [34].




3.4. Complex Shapes


The printing direction could significantly affect the smoothness of the printed pattern. The printer that we employed could only move in the x-axis in the horizontal plane during jetting of ink. Because of this movement during droplet travelling, the velocity of the droplet also contains a horizontal component. This horizontal velocity may cause the dislocation of a droplet when it touches the substrate. Hence, the best feature can be printed when the designed pattern is aligned with the printer’s moving direction. For example, a single line would be in the best shape if it was printed along the printer’s x-axis. In addition to printing a simple line, we conducted printing with different designs to demonstrate the flexibility of the fabrication method. We printed interdigitated comb-like electrodes with a feature size of about 60 μm by printing parallel lines with a single droplet in width, as can be seen in Figure 4a. The gap between two nearby electrodes was approximately 50 μm. Although the lines do appear to have a local bulge and the boundaries are not smooth, they are continuous and show no short-circuit between electrodes.


Figure 4. Printing various electrode designs. (a) Interdigitated comb-like electrode; (b) ring electrode; (c) castellated electrode.
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The ring electrode was printed as shown in Figure 4b. It can be seen that the feature boundary was not smooth due to the limitation in drop space and the size of the spreading droplet. Furthermore, the design contained a curving feature, while the printer could only perform a straight movement. Figure 4c demonstrates that the castellated electrode design was also printed. The main line was aligned along the movement direction of the printing head. The smallest feature size of about 60 μm is presented, and the printed pattern represents the design well. The smooth feature obtained suggests that a complicated configuration pattern could be printed with a printer that has interpolating movement in two axes; for example, performing movement in a curved trail as the design has specified.




3.5. Trapping of Micro Beads


Printed comb-like interdigitated electrodes was used to demonstrate the workability of the method. A microfluidic device was prepared to demonstrate the utilisation of the printed electrode. The process to prepare a simple device is schematically described in Figure 5a. After printing and sintering electrodes, a double-sided tape with thickness of about 60 μm was cut to form a microchannel sidewall. Then, this double-sided tape was attached to the substrate as a spacer. A polyethylene terephthalate (PET) film covered the top layer as a lid, which formed a microchannel with a height of about 60 μm and width of 800 μm. The fluid inlet and outlet were bonded to the microchip using the double-sided tape. A silicone tube was used to connect the inlet with a syringe pump to supply the fluid flow. With low-temperature curing process, silver epoxy (Chemtronics, Kennesaw, GA, USA) was employed to bond the electrical wire with a printed pad to create the electrical connection without any damage to the printed pad. The silver epoxy included two parts which were mixed well before applying to the connect position. Because the cover glass substrate was too thin and easily broken, it was bonded to a glass slide as a rigid support to prevent cracking of the cover glass substrate. Figure 5b is an optical image of the prepared device with printed electrode, microchannel, and all electrical as well as fluidic connections. The inset is an enlarged image showing the microchannel.


Figure 5. (a) Fabrication process of the dielectrophoresis (DEP) device; (b) optical image of the prepared micro-fluidic chip.
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Polystyrene beads with size 10 μm, mixed in water with the aid of a coupling agent, were purchased from Polysciences, Inc. (Warrington, PA, USA). The dispersion of beads was diluted with deionized (DI) water following the volume ratio of polystyrene dispersion:water of 1:5. The trapping of polystyrene particles was performed by applying an AC voltage to electrodes. Sine wave excitation voltage was supplied by a Function generator (Thurlby Thandar TG215, Thurlby Thandar Instruments, Huntingdon, UK). Fluid flow was generated by a syringe pump, which was set to deliver a constant flow rate of 4 µL/min. The applied frequency was set at 100 kHz, and the peak-to-peak voltage was Vpp = 10 V. The optical microscope, equipped with a digital image acquiring system, was employed to capture the microparticles’ motion in the DEP device.



Figure 6 illustrates the trapping function of the fabricated device. Without the applied voltage, polystyrene microparticles moved freely along fluidic flow due to hydrodynamic force, as shown in Figure 6a. The trapping phenomena immediately occurred upon the application of excitation voltage, where many particles were trapped along alternate electrodes (Figure 6b). It was observed that the microparticles were attracted to the centre of the electrode. We believe that the trapping force exerted upon the particles was a combination of two forces: DEP force and AC electro-osmosis force. When an AC voltage was applied, a non-uniform electric field was generated with high field strength at the electrode boundary. It is well-known that the suspension of beads in DI water will suffer positive DEP force at low frequency [27]. Due to the relative permittivity of polystyrene and DI water, positive DEP force occurred and tended to attract the particles to the electrode boundary. On the contrary, the AC electro-osmosis force brought particles to the centre of the electrode. AC electro-osmosis is a hydrodynamic phenomenon which creates rotating vortexes in the region near the surface of the electrode. The mechanism of this phenomenon is the motion of ions in the electrical double layer in the tangential electric field [35]. Meanwhile, the net force of DEP in the downward direction affected those particles in the middle of the electrode. The dominance of AC electro-osmosis results in microparticles being trapped at the centre of the electrode. However, it is noticed that some particles were not trapped at the electrode. It could be explained by the fact that the dominant trapping force—AC electro-osmosis—is only effective in the region near to the electrode. Therefore, the particles which were far from the electrode surface could pass through the trapping electrode.


Figure 6. Comb-like DEP device for trapping electrode. (a) Randomly distributed 10 μm particle moving along with fluid flows in the microchannel; (b) when AC voltage was applied, the particles were trapped on top of the electrode; (c) when AC voltage was removed, the particle was released; (d) the particles return to move randomly.
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Figure 6c shows the behaviour of particles right after the voltage was removed. Without the applied voltage, both DEP force and AC electro-osmosis would dissipate. Hence, the particles were released from the electrode and moved in the fluid flow due to the drag force, as can be seen in Figure 6d. The experimental results indicate that the printed electrodes are effective for application in trapping microparticles.



However, the application of high voltage with low frequency caused severe damage to the printed electrodes, as shown in Figure 7. In Figure 7a, electrodes had a bright colour before turning the voltage to 14 V at the frequency of 14 kHz, at which point electrodes started to darken significantly (Figure 7b). At a low frequency, the effect of electrode damage was stronger. We believe that silver electrodes were corroded under the effect of applied voltage and the presence of water. The electrode functionality was lost, such that no trapping behaviour could be performed after the electrode darkening occurred. Hence, the damaging of silver electrodes would limit their application in low frequency and high peak-to-peak voltage.


Figure 7. The corrosion of silver electrodes: (a) Electrodes before (b) and after applying AC voltage with peak-to-peak voltage of 14 V and frequency of 14 kHz.
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4. Conclusions


We have employed inkjet printing as an alternative method to fabricate miniaturised electrodes for AC electrokinetics devices. The printing was performed by a commercial inkjet printer and silver nanoparticle ink using a cheap glass substrate. Continuous lines were obtained when a droplet space of 40 μm was set. Minimum feature size could be as small as 60 μm. Cracking of the printed pattern did not occur thanks to the utilisation of a rigid substrate. Heat treatment greatly affected the crystallinity of the printed silver. The printed material had low electrical resistivity after heat treatment at 200 °C (i.e., 1.41 × 10−7 Ω·m). In addition to a simple line pattern, some complex shapes were directly printed from the digital designs. The rapid prototyping and testing of AC electrokinetics devices on glass substrate were demonstrated using interdigitated comb-like electrodes. The functionality of the printed electrode (i.e., trapping of microparticles in a continuous flow) was performed successfully. The results show that inkjet printing is a powerful rapid prototyping tool for electrokinetic devices. The method could be applied to other electrode configurations, such as a 3D-structured electrode for more effective utilisation of the printed device.
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