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Abstract

Existing methods for sealing chip-to-chip (or module-to-motherboard) microfluidic interconnects 

commonly use additional interconnect components (O-rings, gaskets, and tubing), and manual 

handling expertise for assembly. Novel gasketless superhydrophobic fluidic interconnects (GSFIs) 

sealed by transparent superhydrophobic surfaces, forming liquid bridges between the fluidic ports 

for fluidic passages were demonstrated. Two test platforms were designed, fabricated, and 

evaluated, a multi-port chip system (ten interconnects) and a modules-on-a-motherboard system 

(four interconnects). System assembly in less than 3 sec was done by embedded magnets and pin-

in-V-groove structures. Flow tests with deionized (DI) water, ethanol/water mixture, and plasma 

confirmed no leakage through the gasketless interconnects up to a maximum flow rate of 100 

μL/min for the multi-port chip system. The modules-on-a-motherboard system showed no leakage 

of water at a flow rate of 20 μL/min and a pressure drop of 3.71 psi. Characterization of the 

leakage pressure as a function of the surface tension of the sample liquid in the multi-port chip 

system revealed that lower surface tension of the liquid led to lower static water contact angles on 

the superhydrophobic-coated substrate and lower leakage pressures. The high-density, rapidly 

assembled, gasketless interconnect technology will open up new avenues for chip-to-chip fluid 

transport in complex microfluidic modular systems.
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I. Introduction

Lab-on-a-chip technologies are widely applied in the life sciences and potentially in clinical 

diagnostics such as analyzing DNA or RNA, and capturing circulating tumor cells, 

exosomes, and bacteria [1–9]. They integrate chemical analytical functions on fluidic chips 

(or systems), which automate sophisticated sample or liquid manipulations and high-

throughput screening. One class of integrated microfluidic systems for lab-on-a-chip 

technologies are modular microfluidic systems [7–9]. Modular microfluidic systems require 

assembly of fluidic modules together or onto a fluidic motherboard or stacking modules. 

Each module can be used as both a stand-alone device and a replaceable unit without 

rebuilding the entire modular fluidic system.

However, sealing chip-to-chip (or module-to-motherboard) interconnects is complex and 

limits their availability to non-expert users. Previously, research on microfluidic chip-to-chip 

interconnects usually utilized complex interconnect components such as O-rings, gaskets, or 

tubing [7, 10–15]. They commonly require long prototype development, substantial cost, 

assembly expertise, and the potential for unpredictable dead volumes as a result.

The ability to seal fluidic ports for the chip-to-chip interconnects with predictable low dead 

volume and no additional interconnect components is important for the utilization of 

modular microfluidic systems for clinical applications. Ease of assembly by non-expert 

users without sacrificing performance will be also critical for point-of-care applications. In 

order to facilitate the possible commercialization of modular microfluidic systems, there is 

an immediate demand for a simple, low cost, and rapid sealing strategy of the chip-to-chip 

(or module-to-motherboard) microfluidic interconnects for non-expert end users.

A novel microfluidic gasketless interconnect was developed to transport fluid between two 

assembled component chips, which were sealed by spin coating superhydrophobic films 

around the two vertically aligned circular fluidic ports [16]. The gasketless 

superhydrophobic fluidic interconnect (GSFI) was formed by a liquid bridge spanning the 

physical gap, that acts as the fluid passage. The gaps were established using passive 

kinematic constraints [17, 18]. The failure or leakage pressure for the GSFI was calculated 

using the Young-Laplace equation. Pressures were measured for a total of 99 injection 

molded COC assemblies and matched the predicted values. The maximum pressure 

measured was 3 psi for a 3 μm gap. However, there were several limitations for the prototype 

assemblies. First, the assembled chips had no microchannels, which would increase the 

pressure drop and thus demand a higher leakage pressure for the GSFIs. Second, only one 

through-hole interconnect was demonstrated, while many modular microfluidic systems 

have multiple interconnects between the chips. Third, the opaque superhydrophobic coating 

on the microfluidic chips was not applicable for optical observation. Fourth, only deionized 

(DI) water was demonstrated for the GSFIs, while many microfluidic systems use reagents 
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with lower surface tensions, which requires successful demonstration of the technology with 

a wide range of liquids with varying surface tensions.

Novel microfluidic gasketless interconnects sealed by transparent, superhydrophobic 

surfaces for sealing multiple microfluidic interconnects with connecting microchannels were 

demonstrated. Two microfluidic test platforms were evaluated for assessing the performance 

of the GSFIs: a multi-port chip system, with ten fluidic interconnects in series, and a 

modules-on-a-motherboard system, that modelled a typical modular format and had two 

fluid interconnects between each module and the motherboard. The flow tests with different 

liquids were carried out to determine whether there was any leakage from the GSFIs for the 

two test platforms as a function of flow rate. The variation of the leakage pressure in the 

multi-port chip system was investigated experimentally for sample liquids with a wide range 

of surface tensions.

II. Methods

A. Gasketless superhydrophobic fluid interconnects

The interconnects developed to realize integrated microfluidic systems for lab-on-a-chip 

technologies in this work are the microfluidic gasketless interconnects sealed by parallel 

superhydrophobic surfaces (contact angle ≥ 150°) as shown in Fig. 1. Two nominally, 

concentric through-holes in two chips (chip A and chip B) or in a module on a motherboard 

are exactly constrained by passive alignment structures (3 pairs of pin-in-V-groove 

structures; not shown) to form the gasketless interconnects and to allow the passage of fluids 

through the interconnects. Passive alignment structures enable simultaneous alignment of 

multiple interconnects, and they can be manufactured using the established mass production 

techniques such as injection molding and hot embossing. Passive alignment structures also 

determine the gap between the two mating surfaces of two chips (or a module and a 

motherboard) [17, 18].

The leakage pressures for the gasketless interconnects depend on the gap between the 

mating surfaces, the water contact angle of the liquid on the superhydrophobic surfaces, and 

the surface tension of the liquid [16]. Given the water contact angle and the surface tension 

of the liquid, the gap between the mating surface plays a major role on the leakage pressure 

of the gasketless interconnects, so a nominal gap of 10 μm was chosen for the two GSFI test 

platforms.

B. Test platforms

The first test platform demonstrated for the gasketless superhydrophobic fluid interconnects 

was a multi-port chip system with ten gasketless interconnects in series. Three-dimensional 

schematics of the multi-port chip system, with components are shown in Figs. 2(a) and 2(b). 

Each polymer chip has fluidic microchannels as well as fluidic reservoirs (or ports) on one 

side and passive alignment structures for assembly on the other side (three pairs of pin-in-V-

groove structures with hemispherical tipped posts and V-grooves). Magnet receiving ports 

were included at the mating surfaces of two chips (four magnet receiving ports on each 

surface of the chips). Magnet receiving ports were placed away from the functional 
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microchannels so that the use of magnets does not limit the applications of the gasketless 

superhydrophobic fluid interconnects.

The second test platform demonstrated for the GSFIs was a modules-on-a-motherboard 

system with four gasketless interconnects in the form of the mini-universal molecular 

processing system (uMPS) as shown in Fig. 2(c). The mini-uMPS consists of two task 

specific modules, one for cell selection and the second for solid phase extraction, and a 

motherboard. The cell selection module was designed with multiple sinusoidal 

microchannels [19], fluidic inlet and outlet, three hemispherical tipped posts for alignment, 

and four magnet receiving ports for assembly. The solid phase extraction module was 

designed with arrays of cylindrical pillars [20], a fluidic inlet and outlet, three hemispherical 

tipped posts for alignment, and four magnet receiving ports for assembly. The motherboard 

was designed with a main fluidic inlet and outlet, three V-grooves for alignment and four 

magnet receiving ports for assembly for each module (total of eight magnet receiving ports 

for two modules), and the connecting microchannels.

C. Test platform fabrication

Brass molds for hot embossing both the multi-port chip and modules-on-a-motherboard 

platforms were designed using AutoCAD (AutoCAD® 2019. Autodesk, Inc., San Rafael, 

CA). The AutoCAD designs were converted to instructions for the milling machine using 

GibbsCAM (3D Systems, Moor-park, CA).

Brass molds were micromilled for each testbed using a micromilling machine (MMP, Kern 

Mikrotechnik GmbH, Eschenlohe, Germany). For the multi-port chip system, two molds 

were used for the front, containing fluidic channels, and back sides, with the alignment 

structures and fluid port, of the substrate. For the modules-on-a-motherboard system two 

molds were produced for both the two modules and the motherboard.

Poly(methyl methacrylate) (PMMA) was used for both substrates and cover sheets for both 

testbeds. Substrates were double-sided hot embossed in 3 mm thick PMMA (HEX-02, 

Jenoptik AG, Jena, Germany). Hot embossing was done at a molding force of 20 kN, a 

molding temperature of 160°C for 2 minutes, and demolded at a temperature of 90°C.

After cutting the multi-port chip, motherboard, and module substrates, to the required sizes 

from the hot embossed polymer parts, the fluidic through-holes were mechanically drilled in 

each multi-port chip, module, and motherboard using a 1/32 drill bit in a drill press 

(MicroLux, Berkeley Heights, NJ).

All of the molded PMMA components and 250 μm thick cover plates were cleaned using a 

cleaning protocol [21] and dried in a convection oven at 85°C overnight. Thermal fusion 

bonding of the cover sheets with the multi-port chips, modules, and motherboards was done 

by clamping the cover sheets and the multi-port chips, modules, and motherboards between 

two glass plates, using paper clips to apply the bonding pressure, and putting the whole 

setup in a convection oven at 105°C for 2 hours.

Coating of the superhydrophobic films needed to be applied on the mating surfaces between 

the chips or between the modules and the motherboard. Transparent superhydrophobic films 
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with mixtures of dual-sized silica particles and epoxy resin [22] were spin coated on the two 

mating surfaces. The silica nano-particle diameters were 200 nm and 55 nm and sized to 

give a hierarchical structure and to be transparent under the visible spectrum. The spin 

coating was done at 1,500 rpm for 60 sec. To prevent the coating solution from entering the 

fluidic ports, the coating solution was evenly spread on the polymer substrates before spin 

coating.

Prior to assembly of the two bonded multi-port chips, the disc magnets were mounted in the 

magnet receiving ports by a super glue (Scotch super glue 101, 3M United States, Saint 

Paul, MN).

D. Test platform assembly

Three pairs of pin-in-V-groove structures and four pairs of magnets were utilized during 

assembly of the two multi-port chip system and the modules-on-a-motherboard system (or 

the mini-uMPS).

E. Flow tests and pressure measurements

A computer-controlled syringe pump (NE-4002X, New Era Pump Systems Inc., 

Farmingdale, NY) was used to pump fluids into the multi-port chip system and the modules-

on-a-motherboard system at flow rates 0 to 100 μL/min. A commercial microfluidic pressure 

sensor (MPS, Elveflow, Paris, France) was connected to the test platform to measure the 

fluid leakage pressure of the gasketless interconnects.

Fluids with different surface tensions were obtained by using mixtures of ethanol and DI 

water. The method of Vazquez, et al. was used to formulate mixtures of ethanol and water 

with surface tensions ranging from 38.56 mN/m to 72.75 mN/m [23].

III. Results and Discussion

A. Test platform fabrication and assembly

When fluids pass through the interconnects from chip A to chip B (or module to 

motherboard), the fluids pass through liquid bridges spanning the gaps between the chips. 

Formation of the liquid bridges are governed by the superhydrophobic surfaces surrounding 

the fluidic ports. The superhydrophobic surface essentially prevented the lateral leakage of 

liquid bridges with a potential energy barrier induced by capillary forces as a seal between 

two vertically aligned fluidic ports. The superhydrophobic fluid interconnects demonstrated 

in this work are ’gasketless’ without the need for any additional components, such as O-

rings or gaskets.

Figure 3 shows scanning electron microscope (SEM) images of the edge of a through-hole, 

and a close-up view of the superhydrophobic film around the through-hole made by the 

modified spin-coating method. The polymer surfaces around the fluidic ports were covered 

with nanoparticles, indicating a superhydrophobic surface. In contrast, no coating of the 

superhydrophobic film was present on the inner wall of the through-hole, so the inner 

surfaces of the interconnects as shown are not superhydrophobic, and they have the intrinsic 

material properties of the polymer (water contact angle of 68°) without surface modification.

Zhao et al. Page 5

J Microelectromech Syst. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Three pairs of the passive alignment structures (pin-in-V-groove structures with 

hemispherical tipped posts and V-grooves) and four pairs of magnets were utilized during 

assembly of both the multi-port chip and the modules-on-a-motherboard systems. The 

passive alignment structures allowed not only exact constraint alignment of the two chips but 

also the nominal gap of 10 μm. The disk magnets provided enough assembly force between 

the two multi-port chips as well as the modules with the motherboard. Yuen [12] had 

previously reported the use of magnets for assembly, but they were centered around the fluid 

interconnect, which still incorporated a gasket material. Figure 4(a) shows two multi-port 

chips fabricated in PMMA using hot embossing with micromilled brass molds before 

assembly. The two chips were assembled for the gasketless fluid interconnects with an 

assembly time of less than 3 sec (see Figure 4(b)). Figure 4(c) shows two modules and one 

motherboard fabricated in PMMA using hot embossing with micromilled brass molds. The 

modules and motherboard were also assembled demonstrating the gasketless fluid 

interconnects between the motherboard and the modules within 3 sec (see Figure 4(d)).

The gap between the multiport chips or between the modules and the motherboard, and the 

alignment accuracy of the fluidic ports in the multi-port chip system and the modules-on-a-

motherboard system are critical for reliable fluidic passages in modular microfluidic 

systems. The gaps were measured by SEM and port-to-port misalignment was measured by 

a confocal microscope, and the results were summarized in Table I. The gap for the multi-

port chip system (13 ± 3 μm) and modules-on-a-motherboard system (11 ± 2 μm) agreed 

well with the nominal gap distance of 10 μm. The port-to-port misalignment was 53 ±17 μm 

for the multi-port chip system and 45 ± 13 μm for the modules-on-a-motherboard system. 

The high-density, rapidly assembled, gasketless interconnect technology is applicable for 

chip-to-chip fluid transport in complex microfluidic assemblies.

B. Flow tests and pressure measurements with water

When the gasketless fluid interconnects in the multi-port chip system were filled with DI 

water mixed with methylene blue, liquids flowed between the two microfluidic chips, 

passing sequentially through up to ten gasketless interconnects (see Figure 5). The close-up 

view of the microfluidic gasketless fluid interconnects confirmed no leakage at the gap 

between the two multi-port chips (see Figure 6). Without the superhydrophobic films, the 

interconnects in an identical multi-port chip system leaked immediately at the first 

interconnect (see Figure 7). The multi-port chip system allowed all fluids (DI water, ethanol/

water mixture, or plasma) to successfully pass through all ten fluid interconnects without 

leakage up to a maximum flow rate of 100 μl/min.

The performance of the gasketless superhydrophobic fluid interconnects in the mini-uMPS 

was evaluated with DI water mixed with methylene blue. The superhydrophobic, gasketless 

interconnects did not leak for fluid flow between the motherboard and two modules for the 

cell capture and solid phase extraction in the mini-uMPS at flow rate of 20 μl/min and a 

pressure drop of 3.71 psi (see Figure 8).
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C. Flow tests and pressure measurements with different surface tension liquids

Many microfluidic systems with fluidic interconnects use reagents with lower surface 

tensions. In order to demonstrate working gasketless interconnects at a wide range of surface 

tensions, liquids with surface tension of 72.75 mN/m, 56.41 mN/m, 48.14 mN/m, 42.72 

mN/m, and 38.56 mN/m were obtained by adding 0%, 5%, 10%, 15%, and 20% of ethanol 

in DI water, respectively. The variations of leakage pressure of the multi-port chip system 

were measured with respect to the surface tension of the sample liquid (see Figure 9). Three 

pairs of chips were tested for each liquid at each surface tension. As the surface tension of 

the liquid decreases, the static water contact angle on the superhydrophobic coated substrate 

also decreases, which leads to lower leakage pressures for the gasketless interconnects. A 

smaller gap between the chips or between a module and a motherboard, can be utilized for 

higher leakage pressure of the gasketless interconnects when low surface tension sample 

liquid is used [16].

IV. CONCLUSIONS

Rapid sealing for modular microfluidic systems was demonstrated with microfluidic 

gasketless interconnects. The interconnects were gasketless with liquid bridges formed 

between the two fluidic ports and sealed by capillary forces generated by superhydrophobic 

surfaces. The novel superhydrophobic surfaces on polymers were transparent and 

mechanically robust against manual contact during the assembly process, especially for non-

expert users.

In order to demonstrate gasketless superhydrophobic fluid interconnects (GSFIs) for lab-on-

a-chip applications, two test platforms were designed, fabricated, and tested: a multi-port 

chip system with ten interconnects and a modules-on-a-motherboard system (or a mini-

uMPS) with four interconnects in series. The use of the embedded magnets and passive 

alignment structures (pin-in-V-groove structures) enabled rapid alignment and assembly 

(less than 3 sec). Three pairs of pin-in-V-groove structures with hemispherical tipped posts 

and V-grooves allowed for the gap distance of 10 μm between the chips (or between the 

modules and the motherboard). The flow tests in the multi-port chip system with different 

liquids confirmed no leakage through the ten gasketless superhydrophobic fluid 

interconnects up to a flow rate of 100 μL/min. The mini-uMPS demonstrated no leakage of 

DI water at the flow rate of 20 μL/min and a pressure drop of 3.71 psi. The variations of 

leakage pressure were investigated with respect to the surface tension of the sample liquid in 

the multi-port chip system, and it was found that the lower surface tension of the liquid 

resulted in a lower static water contact angle on the superhydrophobic substrate and a lower 

leakage pressure for the gasketless interconnects.

The gasketless superhydrophobic fluid interconnects will be applicable to higher density 

interconnects for integration of multiple modules on mixed scale motherboards with simple 

and rapid assemblies.
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Fig. 1. 
Schematic showing liquid flow from one microfluidic chip to the other; the lateral expansion 

of the liquid bridge was prevented by capillary forces induced by the superhydrophobic (SH) 

coating.
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Fig. 2. 
3-D schematics of the multi-port chip system including coversheets and substrates in PMMA 

and magnets (a) before and (b) after assembly; The right top in Fig. 2(b) shows one of the 

three pin-in-V-groove alignment structures shown in red squares. Ten interconnects are 

shown in red circles. (c) 2-D schematic of the modules-on-a-motherboard system with four 

gasketless superhydrophobic fluid interconnects.
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Fig. 3. 
SEM images of (a) the edge of a through-hole, and (b) a close-up view of the 

superhydrophobic coating surface with mixtures of silica particles and epoxy resin.
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Fig. 4. 
The multi-port chip system fabricated in PMMA by double-sided hot embossing with two 

brass molds (a) before and (b) after assembly, and (c) Two modules and one motherboard in 

PMMA fabricated by double-sided hot embossing with two brass molds for the mini-uMPS; 

(d) The modules and motherboard after assembly by passive alignment structures and 

magnets.
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Fig. 5. 
DI water flow through ten gasketless superhydrophobic fluid interconnects in the multi-port 

chip system; Methylene blue was added to DI water to aid visual clarity.
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Fig. 6. 
Microfluidic superhydrophobic fluid interconnects with microchannels in the upper and 

lower chips (left) and a close-up view of a gasketless interconnect (right), which show no 

leakage at the gap between two chips of the multi-port chip system.
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Fig. 7. 
Fluidic leakage observed for the gasketless interconnects without being sealed by 

superhydrophobic surface.
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Fig. 8. 
DI water flow through the cell capture module and the solid phase extraction module on the 

motherboard in the mini-uMPS at 20 μl/min showing no leakage at the four gasketless 

superhydrophobic fluid interconnects.
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Fig. 9. 
The variation of leakage pressure of the multi-port chip system as a function of the surface 

tension of the sample liquid. The liquids of surface tension of 72.75 mN/m, 56.41 mN/m, 

48.14 mN/m, 42.72 mN/m, and 38.56 mN/m were obtained by adding 0%, 5%, 10%, 15%, 

and 20% of ethanol in DI water, respectively.
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Table I

Chip-to-chip gap distance, and port-to-port misalignment on the multi-port chip system and the module-on-

amotherboard system (mini-uMPS)

Gap (μm) Misalignment (μm)

Multi-port chip system 13 ± 3 53 ± 17

Mini-uMPS 11 ± 2 45 ± 13
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