Connecting interface for modularization of digital microfluidics
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ABSTRACT

Here, interconnection technique to link digital microfluidic chips is proposed. Three kinds of digital microfluidic
modules with connecting interface, including flexible module and two types of connector modules, are designed and
fabricated. Since these modules are fabricated on a compliant polymer-based substrate (ITO PET), chip-to-chip droplet
transportation even at different planes can be achieved by the proposed technique. A low-temperature fabrication process
is developed for the polymer substrates, where the SU-8 acts as the insulator. Droplet transportation through
electrowetting on curved surface is confirmed by testing on the bended flexible modules with different curvatures from 0
to 0.06 mm™" at around 70 V. Then the droplet transportations between flexible and connector modules are investigated.
It is found that the gap size between two modules and the sidewall profiles at interface affect the droplet transportation
directly. For the gap size around 50um with a smooth perpendicular sidewall profile, 80 V¢ is shown to actuate droplet
of 1.5 ul, 2.5 ul, or 3.5 pl to cross over the interface successfully.

Key words: digital microfluidics, electrowetting, flexible, connector.
1. Introduction

Microfluidic chips for liquid handling have been extensively investigated recently due to the great demands on
reducing device sizes for chemical analysis and biomedical diagnosis [1-3]. In order to fulfill the need in biochemical
analysis, the device often has to integrate other components beside the microfluidic part, such as heaters, mixers, and
filters [4-6]. However, with more components expected in the device to provide more complicated functions, it could be
a challenge to fabricate the whole device on a single chip.

One way to make a complicated device is to assemble several microchips with different functional units, including
the working fluid, via connectors. For microfulidic chips with continuous flow, several methods have been proposed for
the connection of microfluidic components [7]. For example, the wells method [8-10], the structure was simple, but

manual loading was required. Integrated interconnects [11-13] were leak-proof; however, complicated fabrication and
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dead volume should be considered. In general, structure complexity, leakage, dead volume, and reusability are design
issues for the connecting technique in continuous flow system.

For digital microfluidic actuations, electrowetting on dielectric (EWOD) [14-15] is one of the mechanisms to drive
droplets, which has advantages when the size of the droplet shrinks down for increased surface to volume ratio. Most of
EWOD chips were fabricated on ITO glass substrates to achieve 1-D [1,2] or 2-D [16] planar motions. By altering
surface tension with electrical means, droplet operations, such as transporting, splitting, and merging have been
demonstrated [1-2]. Highly integrated microchips, such as human liquid diagnostics [17], PCR-integrated chip [18], and
high throughput Matrix Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-MS) chip [19], have been
reported. However, in digital microfluidics, device or technique to connect from chip to chip has not been reported yet.

Here, a droplet connecting interface is proposed for chip-to-chip interconnection in droplet-based microfluidic
platform. By utilizing EWOD technology, it has the advantages of dead volume free, simple configuration without
leakage issues and external pump. The compliant conductive polymer film (ITO PET) is proposed here to act as the

substrate of interconnecting chips; therefore, even the microfluidic chips at different planes can be assembled.

2. Module design

Three microfluidic modules, including flexible module and two types of connector modules, are designed and

described in the following sections.

2.1 Flexible module

The flexible module is fabricated on ITO PET substrate, which is a PET films pre-deposited with ITO film and
widely used in touch panels [20]. The module is designed as a sandwiched configuration with three layers, control
substrate, flexible spacer, and ground cover, as sketched in Fig. 1(a). Control substrate is a transparent PET film which
has a series of control electrodes, and the ground cover has entire ITO film as the ground electrode. The flexible spacer is
a frame-like layer with two parallel polymer strips and two clip rings at its two ends. Three layers are clipped together
here to form structure with open ends for droplet entrance or exit. By proper clipping force, these three layers could
laterally slip to release the stress during bending without losing contact. As for the interface electrodes at two ends, they
are designed for electrical transmission from module to module. Figure 1(b) is the cross-sectional view of the
configuration of flexible module. All control electrodes are covered with insulator and hydrophobic coating on control

substrate. The detailed fabrication processes will be described in the fabrication section.

In order to minimize number of contact pads, a multiphase bus of control electrodes is used in the flexible module.
[17] With three-phase bus design as shown in Fig. 2, only three contact pads are required for unlimited control electrodes

to actuate droplet with two-way movement.
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Fig. 1. Sandwiched design of flexible module. (a) Configuration in bird view. The inset is explosive view of three individual layers.

(b) Cross-sectional view of the configuration of control substrate and ground cover in flexible module.
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Fig. 2. Electrical layout of three-phase bus design for unlimited control electrodes to actuate droplet with two-way movement.

2.2 Connector module

Connector module is a component that connects flexible modules for mechanical assembly, electrical transmission

and droplet transportation. Two types of connector module are designed, base and I/O modules. The base module is used
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for connecting flexible modules. The I/O module not only has the same function as the base module, but also provides

power input and signal output.

The concept of socket and plug-and-play is adopted in the connector module here. In 2003, Yang and Maeda
demonstrated a socket for microchip to interconnect micro- and macro-world in continuous flow systems [21], in which
both electrical and fluidic connections were established by the socket. For the concept of plug-and-play, in 2002, Igata et
al. proposed a reversible bonding technique to realize the concept [22]. Here, by combination of both concepts, a

reusable, socket-type and plug-and-play connector for digital microfluidics is developed.

Figure 3 illustrates the details of base module, where the inset indicates detached layers in the module. To be
compatible with the flexible module, shorter control substrate and ground cover are designed upside down to be a
complementary socket for connecting flexible module. For the spacer between control substrate and ground cover, two
strips of double side print circuit board (PCB) are adopted, because the electricity need to be transmitted from the
substrate to the cover via interface electrodes on both sides of PCB strips. Insertion guides are laid along the outer edge
of spacers on PCB strips to form the socket for leading the interface electrodes of flexible modules to contact with
interface electrode of connector module through the spacer properly. The detailed design of interface electrodes will be
discussed in the following paragraph. Figure 4 shows the cross-sectional view of control substrate and ground cover in

base module.

For I/0 module, it has the similar configuration as base module, as shown in Fig. 5, except the additional contact

pads are designed on the control substrate to provide I/O capability for power and signal connections.

Socket top cover
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Fig. 3 The base module with the explosive view at the interface
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Fig. 4 Cross-sectional view of the configuration of ground cover and control substrate in base module.
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Fig. 5 The I/O module

3.3 Interface between flexible and connector modules

At the interface between flexible and connector module, two kinds of interface electrodes are designed for electrical
transmission and droplet transportation respectively. As mentioned in previous section, interface electrodes are placed at
both ends of flexible and connector module for the connections. Figure 6 shows the interface while flexible module
plugging into connector module. The electric interface electrodes on both control substrates can transmit electrical signal
from connector module through the spacer (PCB strips) to the flexible module. Due to three-phase bus design, total four
electrodes are enough in all modules, where three of them are designed for the signal of control electrode and one is for

the ground electrode.

For the droplet transportation, the fluid interface electrodes on both modules will be overlapped, as shown in Fig. 6.
At overlapping region, two interface gaps are produced at the bottom-left and upper-right corners of the region, as shown
in the cross-sectional view of Fig. 6. During droplet transportation from connector to flexible module, the droplet first
moves across upper-right gap to the overlapping region, then crosses the bottom-left gap to reach the flexible module. In
this design, the capability for droplet to cross two interface gaps by EWOD actuations is very critical, and the

experimental investigation will be discussed in the testing section.
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Fig. 6. Illustration on the interface between flexible and connector modules.

4. Fabrication

Here, ITO PET film is used as the substrate material for flexible and two connector modules, although two
connector modules are not necessary to be fabricated on flexible films. However, in order to avoid thickness mismatch
between flexible and connector modules at the interface, all modules are made on ITO PET films.

Because melting point of PET is around 250 °C, fabrication process should be performed far below the melting
point, and chemicals used in processes should not react with the ITO PET films. Therefore, instead of using high
temperature LPCVD or PECVD to deposit dielectric materials, negative photoresist, SU-8, is used as insulator for its
high transparency and low process temperature.

The ITO on the flexible substrates is patterned by wet etching at room temperature. Then, the 1pum-thick SU-8 is
coated and patterned on control electrodes as the insulator. Finally, 66 nm-thick Teflon is spun on as hydrophobic
coating, and dried in the ambiance. For the ground cover, only a 66 nm-thick Teflon layer is deposited without insulator

layer. At last, conductive copper-foil tapes are placed on each electric interface electrodes to enhance the conductivity
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between ITO electrodes and copper electrodes on the PCB strips. The substrate edges at interface gap are then vertically

cut to generate a smooth and flat surface, and coated with Teflon again to prevent droplet sticking at the edge.

5. Testing

5.1 Droplet transportation on bended flexible module

The droplet transportation on curved surface is first examined by testing on four different curvatures from 0 to
0.06 mm™'. For zero curvature, the flexible module is placed vertically without bending. It should be noted that, by
clipping to the curved fixture, the 90° point is the position for droplet needing to overcome the largest gravity force when
passing through from the bottom to the top, as shown in Fig. 7(a). Figure 7(b) is the experimental results of minimum
required voltage for droplet around 2.5 pl overcoming the 90° position at different curvatures. It is shown that droplet can
be successfully transported along the curved surface in the flexible module by electrowetting actuations. The gravity
shows only little influence, where the required voltage remains around 70 V¢ at the different curvatures from 0 to

0.06 mm™.

5.2 Interface test between flexible and connector module

The droplet has to pass through two interface gaps between two modules in our design; therefore, the feasible gap
size needs to be identified. The testing configuration is plotted in Fig. 8(a), where two covers with ground electrodes and
control electrodes are used to form the interface gap which is aligned to the middle of two control electrodes on the
substrate. The width of control electrodes is 1500um, and thickness of spacer is 500um. Images for two kinds of
behaviors of droplet to cross the 200 um gap are shown in Fig. 9(b). With the insufficient actuation voltage, the right
contact angle of droplet is decreased obviously; but instead of moving, droplet stands still at original position. On the
other hands, when sufficient voltage is applied (100 Vc), the droplet can jump over the gap, and then moves to the next
electrode. All the successful cases for droplet with three different volumes, 1.5ul, 2.5ul, and 3.5ul, to pass through
various gap sizes from Oum to 350pum are shown in Fig. 9(c), where 0 pm cover gap means testing on a single cover.
Higher voltages are needed for bigger droplet or larger gap in general. For example, the required voltage needs to be
raised over 120 V¢ for 1.5ul and 2.5ul droplets at 350 um gap, where droplet of 3.5ul can not cross the 350 um gap
even at 140 V. It is also found that for 50 um gap, the actuation voltage of 80 V¢ is enough for all droplets to cross
the gaps. In addition, over 140V ¢, the satellite droplet is generated numerously around the powered electrode due to the

high voltage applied on the insulator [23].
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Fig. 7 Curvature investigation. (a) Experimental setup. (b) Minimum required voltage for droplet overcoming the 90° turning point. A
power of 2 kHz sine wave is applied on the control electrode. The droplet is around 2.5 pl DI water, control electrode is 1500

pm wide, and spacer is 500y m thick.

Next, flexible and connector modules are assembled to verify the capability for droplet transportation at the interface
between two modules. Figure 9(a) shows the signal sequences for control electrodes during droplet movement. Two
electrical states, powered and grounded are applied on the control electrodes according to the sequences, and the ground
electrodes are always grounded. Electrode 1, 2, and 3 are the control electrodes of flexible module and electrode 4, 5,
and 6 are in the connector module. Electrode 3 and 4 are overlapped, but on different substrates. Figure 9(b) is the
continuous images on movements of a 2.5 ul droplet, where the control electrodes are 1500x1500 pm, the interface gaps
are adjusted to be around 50 pm, and the applied voltage is 2k Hz sine wave with 80 V. It is shown that the droplet
follows well with the powered electrode according to the control sequences. This result confirms the transporting
capability of droplet-based interface between flexible and connector module. It should be pointed out that the sidewall
profile on the gap is critical to the performance. Figure 10 shows two different sidewall profiles. With proper cutting

technique, a smooth perpendicular sidewall is achieved for successful droplet transportation between modules.
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Fig. 8 Gap size investigation. (a) Experimental setup. (b) Blocking and successful passing the gap. Electrode width is 1500 ym and
spacer thickness is 500 pm. The gap size is 200 pm for droplet volume of 2.5 pul.  (c) Minimum required voltage for droplet

successfully passing through the gap.
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Fig. 9 Interface tests. (a) Electrical states for control electrodes at each period. (b) Continuous images for droplet passing through the

connector. The electrode is 1500 um wide, the droplet is 2.5 pl DI water, and the applied voltage is 80 V¢, 2 kHz sine wave.
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Fig. 10 Two different profiles at the side wall of interface gap: (a) Rough surface. (b) Smooth perpendicular sidewall
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6. Conclusion

Three kinds of modules with connecting interface are designed and fabricated on the flexible substrate here to
transport droplets between microfluidic chips even at different planes. By using more compliant substrate, it is possible
to further reduce the curvature of the flexible module. Furthermore, by modifying the electrode layout, the technique
proposed here shows a promising approach leading to a multi-layer microfluidic chip, or the lab-on-a-chip with

capability of 3D droplet transportation.
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