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Abstract
We describe the development and characterization of pneumatically actuated “lifting gate”
microvalves and pumps. A fluidic layer containing the gate structure and a pneumatic layer are
fabricated by soft-lithography in PDMS and bonded permanently with an oxygen plasma
treatment. The microvalve structures are then reversibly bonded to a featureless glass or plastic
substrate to form hybrid glass-PDMS and plastic-PDMS microchannel structures. The
breakthrough pressures of the microvalve increase linearly up to 65 kPa as the closing pressure
increases. The pumping capability of these structures ranges from the nanoliter to microliter scale
depending on the number of cycles and closing pressure employed. The micropump structures
exhibit up to 86.2% pumping efficiency from flow rate measurements. The utility of these
structures for integrated sample processing is demonstrated by performing an automated
immunoassay. These lifting gate valve and pump structures enable facile integration of complex
microfluidic control systems with a wide range of lab-on-a-chip substrates.
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Introduction
Microvalves and pumps are essential components for many microfluidic bioanalysis
applications including genomic analysis,1-4 pathogen detection,5-7 immunoassays,8-10 high-
throughput cellular analysis11-14 and automated sample processing.15 Mechanisms for
microvalve actuation including electrical, thermal, chemical and pneumatic means have
been developed and utilized for sample delivery and flow rate control.16 Pneumatically-
actuated microvalves and pumps have been most widely employed for assay automation
with large scale integration because this fabrication is simple and inexpensive.

The two most frequently used pneumatically-actuated microvalves and pumps were
developed by the Quake group17, 18 and Mathies group19, respectively. Both use a flexible
polydimethylsiloxane (PDMS) layer for actuation. In one case, overlapping multilayer soft
lithography channel structures are used to form normally open microvalves in which a
pressure applied to one channel expands into and pinches off the second channel. In
contrast, normally closed monolithic membrane valves employ glass-PDMS-glass
hybrid8, 19, 20 or PMMA-PDMS-PMMA structures with featureless membrane layers.21 This
type of valve effectively closes against high pressures and enables precise control of
nanoliter scale volumes. However, integration of these structures with downstream analyses
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often requires the fabrication of via holes in the solid substrates for access between layers.22

The resulting increases in the dead volumes of the device and fabrication complexity are
often problematic. Furthermore, patterning of surfaces within a microchannel with
additional structures often requires intensive fabrication, and limits the reusability of the
device.23

Recently, a different normally-closed, pneumatically actuated microvalve design has been
proposed by the Kenis group and utilized to control vacuum driven fluid flow.24 This valve
structure utilizes a flexible PDMS membrane with microfabricated barrier features (gates)
that are lifted away from a substrate by vacuum to enable fluid flow. However, integrated
fluid pumping and transport has not been demonstrated or characterized with this
microvalve design.

In this paper, we demonstrate and characterize the integrated pumping capabilities of lifting
gate microvalves (Figure 1A) and demonstrate the utility of these structures for facile
integration with patterned, solid substrates. A pump is formed using a linear array of three
microvalves in series with cyclic actuation. These unique structures enable direct integration
with a broad range of substrates, thereby reducing microfabrication complexity. To
demonstrate the utility of these microvalves and pumps, we perform an automated
microparticle based immunoassay using a polyester terephthalate (PET) substrate. These
microvalves and pumps are capable of highly efficient, automated fluidic transport and
address several limitations of multilayer PDMS valves and monolithic membrane valves
described above.

Materials and methods
Fabrication of lifting gate microvalves and pumps

A soft-lithography method using SU-8 molds was used to prepare channel features in PDMS
layers. Figure 2 presents the steps employed for device fabrication and assembly. For fluidic
and pneumatic layers, SU-8 molds were fabricated to obtain a 25 urn and 60 urn feature
height, respectively. After silanizing the SU-8 molds using chemical vapor deposition
(CVD), the mold for the fluidic layer was spin-coated with a 10 (base material): 1(curing
agent) ratio of PDMS (Dow Corning, USA) and thermally cured at 65 °C. PDMS thickness
as a function of angular velocity was characterized to fabricate this system. (Figure S-1) In
this study, the fluidic mold was spun with 350 rpm to fabricate the 200 μm thick PDMS
membrane structure. For the pneumatic layer mold, PDMS was poured on the mold and
cured on a 65 °C hotplate for one hour. Holes were punched in the PDMS replica for
pneumatic connections and then it was permanently bonded to a PDMS channel layer using
oxygen plasma activation (PETS Inc., USA). To evaluate the valving and pumping
efficiency, the microvalves and pump structures were then bonded to the glass substrate by
UV- ozone treatment.25

Operation and characterization
Lifting gate microvalves and pumps were operated by applying a vacuum or pressure to
inlets on the pneumatic layer (Figure 1B). The valves are actuated by a series of off-chip
solenoid controllers using a vacuum pump (-87 kPa) and various closing pressures. Prior to
operation of the devices, all microvalves were opened in the absence of fluid to reduce the
bonding between glass and PDMS to increase the ease of actuation. To measure the break-
through pressure of the micro valve, inlet and outlet valves were opened and the middle
valve was held closed with various pressures (5∼60 kPa). By varying the fluidic pressure on
the inlet side, we determined the critical pressure required to initiate flow through the 2.25
mm diameter valve. To evaluate the pumping capability, five different sized pumps were
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used to characterize the dependence of displacement chamber volume on pump
performance. As described previously, the volume pumped per cycle depends on the volume
of the center valve (manifold valve) in a three valve pump. The theoretical maximum
volume pumped per cycle (Vmax) also depends to a lesser extent on the volume of the fluidic
region on the downstream side of the gate since the PDMS can be deflected into this region.
Taking this into account, Vmax was calculated as:

where dmaniflod, Dchamber, dfiuidic and Ai are the depth of the manifold valve displacement
chamber, diameter of the manifold valve displacement chamber, depth of fluidic channel,
and a half area of fluidic chamber, respectively (Figure 1 and Table S-1). Each of the input
and output valves has an identical diameter (Dchamber = 750 μm). Standard 5-step pumping
programs19 were used and volumetric flow rates were adjusted by changing the actuation
time and closing pressure during the pumping programs.

Automated microparticle label immunoassay
To demonstrate the utility of the lifting-gate microvalves for integration and reusability with
plastic substrates, a device was designed and fabricated as described above. In the first step
of the assay, 100 μg/mL of streptavidin (Sigma Aldrich, USA) was non-specifically
adsorbed onto the polyester terephthalate (PET) film (Rogers Corp., IL, USA) for 2 hours in
a 37 °C oven prior to assembly of the device. After UV ozone treatment of the PDMS layer,
it was attached to the streptavidin treated polyester terephthalate (PET) substrate. One
percent bovine serum albumin (BSA), biotinylated capture antibodies (Anti-mouse IgG–Fc
specific from Thermo-Fisher Scientific Inc., USA), target sample (Mouse IgG, Thermo-
Fisher Scientific Inc., USA), anti-mouse IgG conjugated microparticles (Abcam Inc. and
MyOne Invitrogen Inc., USA) and washing buffer were selected via bus valves and pumped
to the reactor to perform the immunoassay. To remove the unbound beads, hydrodynamic
washing was performed for 2 minutes with a flow rate of 2.2 μL/min. After collecting the
images using a bright field microscope (Nikon Eclipse E800), the number of beads was
counted using a segmentation algorithm in a Matlab program. To reuse the microfluidic
control system, the solid substrate is peeled away from the fluidic layers, and the fluidic
device is rinsed with IPA and DI water sequentially. For the next assay, a new solid
substrate is bonded as described above.

Results and Discussion
Lifting gate microvalves and pumps were developed and characterized for break-through
pressure and pumping efficiency. Figure 3 presents a characterization of the fluid flow
through a lifting gate microvalve. The closing pressure required to hold off an applied
fluidic pressure increases linearly with the applied pressure. The maximum break-through
pressure observed was 65 kPa with a 50 kPa closing pressure.

Pumping rates (nL/s) as a function of closing pressure and actuation time were measured
gravimetrically (see supporting information). The actuation time is the length of time each
valve remains opened or closed for a given step of the program. The volume pumped per
cycle was then calculated using the measured pumping rate. Figure 4A shows volume
pumped per cycle as a function of actuation time and closing pressure for the pump
containing a 3.75 mm diameter diaphragm valve (pump 5 in Figure 1B). At fixed actuation
times, the volume pumped per cycle increases with increasing closing pressure. It can be
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inferred that low closing pressure results in some backflow in the pump while high closing
pressure increases the efficiency of fluid transfer between valves. When the closing pressure
approached 45 kPa and the actuation time exceeded 600 ms, the volume pumped per cycle
reaches a maximum level of 680 ±2.4 nL(86.2 ±0.72 % Vmax) This maximum efficiency is
slightly higher than that previously reported for monolithic membrane valves (82% Vmax).19

At fixed closing pressures greater than 10 kPa, the volume pumped per cycle increased with
increasing actuation time and approached the maximum efficiency since sufficient actuation
time is required for complete filling or emptying of the diaphragm valve. As the closing
pressure increased, the actuation time required for maximum efficiency decreased as
expected. In addition, the diameter of the diaphragm valve was found to affect the pumping
efficiency in terms of volume pumped per cycle. As the diameter of diaphragm valve
decreases, the actuation time required for maximum efficiency decreases (Figure S-2).
Smaller sized microvalves have sufficient time to transfer the liquid while closing the gate
structure under lower closing pressure. As expected, a longer actuation time is necessary to
achieve maximum efficiency for larger microvalves at low closing pressure.

The maximum volume pumped per cycle was determined for each pump by varying the
actuation time at 30 kPa closing pressure. The maximum volume pumped per cycle
increases linearly with the volume of the diaphragm displacement chamber. Regardless of
diaphragm valve size, the maximum volume pumped per cycle was found to be 86.2% Vmax
(Figure 4B). Using this relationship, we can design the required chamber size for precise
metering of nanoliter scale volumes.

To demonstrate the utility of the lifting gate microvalves and pumps, we fabricated a
programmable sample processing system with an integrated bioreactor for solid phase
capture immunoassays (Figure 5). In this example, the lifting gate microvalves were used to
automate each of the steps in a microparticle label immunoassay for mouse IgG detection.
Using streptavidin functionalized PET as a solid support, biotinylated anti-mouse Ig-Fc, 1%
BSA, mouse IgG and anti-mouse IgG conjugated microparticle were pumped sequentially
through reaction chamber. Washing of unbound microparticles was performed
hydrodynamically by pumping buffer through the reaction chamber. Figure 5B shows the
results of the 15 minute assay for a negative and 1 μg/mL mouse IgG target concentration
using a single device. Using this device, a signal to noise of 7.39 ±0.37 was achieved. These
results indicated that the lifting gate microvalves are useful for automated immunoassay
applications with significantly reduced fabrication complexity. The increase in bead density
for the positive sample can also be observed with the naked eye, enabling rapid and portable
biomarker analysis. Since lifting gate microvalves can be directly bonded to a variety of
substrates, they can be used as a control system for other microdevices using this modular
assembly. We previously demonstrated an automated, microfluidic microparticle labeled
immunoassay platform using normally closed monolithic membrane valves.10 This
microfluidic platform required additional layers for integration and more complex
fabrication processes such as glass etching, thin PDMS film formation, and drilling via-
holes in glass. The lifting gate microfluidic control system has significantly reduced
fabrication complexity, facile integration with plastic substrates, and high-performance
bioassay capabilities.

We have demonstrated that pneumatically actuated lifting gate microvalves and pumps can
be directly integrated with a wide range of substrates. The use of closing pressures in the
range of 30-45 kPa significantly reduces the hysteresis previously reported for similar
microvalves26 and enables high-efficiency, integrated pumping operations. These structures
also enable separate fabrication of the microfluidic platform and functional surface, thereby
simplifying the process for device fabrication and assembly. The modular design and
assembly of such systems provides an appropriate format for a disposable microfluidic
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sample processing system and/or a point-of-care diagnostic device. Furthermore, by
adjusting the height of the lifting gate, we can fabricate both normally-closed and normally-
open microvalves. This ability is especially useful for the filtration of particles such as cells
by precisely controlling the actuation pressure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Cross-sectional view of normally closed PDMS “lifting gate” microvalve. Displacement
chambers formed in a PDMS pneumatic layer are aligned and permanently bonded with a
PDMS fluidic layer containing gate structures. The opposite side of the fluidic layer can be
bonded to a variety of substrates to form hybrid channels. Application of a vacuum to the
displacement chamber pulls the gate structure away from the substrate, filling and allowing
fluid flow through the microvalve. (B) Layout of micropumps formed from three PDMS
gate lifting microvalves in series used for testing. Ai (i= 1∼5) presents a half of fluidic
chamber area.
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Figure 2.
Illustration of fabrication process for PDMS lifting gate microvalves. The fluidic and
pneumatic layers are created using a soft-lithography method. For the pneumatic layer,
uncured PDMS is poured onto a SU8 mold to create a ∼ 4 mm thick layer. For the channel
layer, uncured PDMS was spun onto a mold at 350 rpm to achieve ∼200 μm thick films with
the channel structures. The two layers are bonded together after oxygen plasma treatment
and then attached to a selected substrate.
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Figure 3.
Fluid pressure required to initiate flow through a valve being held at the indicated manifold
(closing) pressure with a 2.25 mm diameter microvalve (N=4).
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Figure 4.
(A) Volume pumped per cycle as a function of actuation time and closing pressure for pump
5 (3.75mm diameter) in Figure 1B. Valve actuation vacuum was -87 kPa and pressure was
varied from 0 to 60 kPa. (B) Maximum volume pumped per cycle as a function of
diaphragm chamber volume for pumps 1 through 5 shown in Figure 1A. Valve actuation and
pressure were -87 and 30 kPa, respectively.
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Figure 5.
(A) Automated microparticle based immunoassay with lifting gate microvalves and pumps.
After UV ozone treatment of the PDMS layer, it was manually bonded to a polyester
terephthalate (PET) substrate treated with streptavidin. Four bus valves were used for
selecting buffer and reagents while flow through the reactor was controlled by the pumping
valves. (B) Results of the automated microparticle label immunoassay for 1 μg/mL mouse
IgG and blank samples. The number of beads specifically bound to surfaces was counted
from optical micrographs (N=3).
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