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Abstract

Pneumatically actuated, non-elastomeric membrane valves fabricated from polymerized
polyethylene glycol diacrylate (poly-PEGDA) have been characterized for temporal response,
valve closure, and long-term durability. A ~100 ms valve opening time and a ~20 ms closure time
offer valve operation as fast as 8 Hz with potential for further improvement. Comparison of
circular and rectangular valve geometries indicates that the surface area for membrane interaction
in the valve region is important for valve performance. After initial fabrication, the fluid pressure
required to open a closed circular valve is ~50 kPa higher than the control pressure holding the
valve closed. However, after ~1000 actuations to reconfigure polymer chains and increase
elasticity in the membrane, the fluid pressure required to open a valve becomes the same as the
control pressure holding the valve closed. After these initial conditioning actuations, poly-PEGDA
valves show considerable robustness with no change in effective operation after 115,000
actuations. Such valves constructed from non-adsorptive poly-PEGDA could also find use as
pumps, for application in small volume assays interfaced with biosensors or impedance detection,
for example.
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1. Introduction

Microfluidics is an expanding and vibrant field of research that spans multiple scientific
disciplines, including physics, engineering, chemistry, biology, and medicine [1-3]. Areas
of emphasis range from materials development [1, 4] and device fabrication [5, 6] to
biosensing [7, 8] and point-of-care diagnostics [9, 10]. Some advantages of microfluidics are
small sample and reagent volumes, potential for mass production to create low-cost devices,
reduced distance for diffusion, high surface-to-volume ratios, and the ability to integrate
multiple processes in a single device [1].
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An important facet of microfluidic systems is the need to control the movement of fluid.
Many methods have been used to control liquids in microdevices including voltage [11, 12],
valves [13-15], and channel geometry [16, 17]. Active valves are particularly promising for
fluid manipulation due to the ability to rapidly switch between open and closed positions
[10]. Microfabricated valves first introduced by Unger et al. [14] were fabricated using two
embedded channels in polydimethylsiloxane (PDMS). When pressure was applied to the
upper control channel, the flexible PDMS between the channels collapsed into the lower
channel and closed it; the valve reopened when the control pressure was released. Later,
Grover et al. [15] demonstrated a ~250 pm thick membrane valve that consisted of a middle
PDMS elastomeric layer sandwiched between two rigid glass layers. Flow through the valve
was prevented when pressure was applied to the membrane, pushing it against a pedestal
within the fluid channel (e.g., blue inset, Figure 1A). The valve was opened with an applied
vacuum to lift the membrane off the pedestal. Membrane valves can also be used in pumps
[18, 19]. A key focus of current microfluidics research is integration of multiple processes
(e.g., sample preparation, separation, and detection) to provide a complete sample analysis
package, requiring minimal user intervention. Microfabricated valves find use in integrated
devices ranging from automated systems, such as those where valves are utilized to control
and direct fluid for small molecule analysis in the search for life on Mars [20], to
physiological mimicry, such as in a microvasculatory microchip system [21].

Ideally, valves should have a small volume (< 1 nL), be non-adsorptive, resist swelling, and
be easily fabricated. PDMS is a common valve material because it is easy to mold; however,
it is prone to nonspecific adsorption of proteins and permeation of hydrophobic molecules
[22], which is problematic for bioanalytical applications and nonideal for valves. In response
to this disadvantage, other materials (fluoroelastomers [23-25] and thermoplastic elastomer
[26]) have been explored as valve membranes in conjunction with rigid fluidic substrates of
cyclic olefin copolymer, poly(methyl methacrylate), or glass. Fluoroelastomers, while
resistant to nonspecific adsorption, are normally opaque and difficult to bond. Thermoplastic
elastomers, although an improvement over PDMS, are still prone to nonspecific adsorption
without chemical modification [27]. Polycarbonate, a non-elastomeric polymer, has been
used as a valve membrane in a genetic sensor for tuberculosis; in this setup a solenoid
mechanically forced the valve closed [28]. More recently, Chen et al. [29] demonstrated a
pneumatically actuated polystyrene valve for oral fluid analysis. However, polycarbonate
and polystyrene are both prone to nonspecific adsorption, and require large valve areas (>3
mm?2) that lead to greater dead volumes that limit device miniaturization. Polymerized
polyethylene glycol diacrylate (poly-PEGDA), another non-elastomeric polymer, is innately
resistant to nonspecific adsorption and small molecule permeation [22]. Although this
polymer has a higher elastic modulus (>0.1 GPa) [30, 31] than elastomers, its non-
adsorptive nature makes it attractive as a material for monolithic membrane valves.

Here we demonstrate for the first time the construction of all-poly-PEGDA membrane
valves for microfluidics. These valves have an 8x smaller area footprint (0.38 mm?) than
previously demonstrated non-elastomeric (and typically adsorptive) membrane valves. Our
valves are actuated via standard pressurized control, but do not require an elastomeric
membrane material. We have evaluated several different valve designs, including
rectangular and circular geometries. Moreover, we have characterized the temporal response
and flow performance of these poly-PEGDA valves over a range of pressures and number of
actuations.
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2. Materials and methods

2.1. Reagents and materials

Azobisisobutyronitrile (AIBN), polyethylene glycol diacrylate (PEGDA, M.W. 258), and
2,2’-dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma Aldrich
(Milwaukee, WI). Phosphate buffered saline (PBS, 10x) was obtained from Fisher Scientific
(Pittsburgh, PA) and diluted to 1x by adding deionized (DI) water (18.3 M) from a
Barnstead EASY pure UV/UF compact reagent grade water system. Perfluorosilane,
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane, was purchased from UCT
Specialties (Bristol, PA). SU8 photoresist (2005, 2010, 2025, and 2050) was obtained from
Microchem (Newton, MA).

2.2. Device fabrication

Thermally initiated prepolymer solutions were prepared by mixing 0.01 % w/w AIBN in
PEGDA. Photoinitiated prepolymer solutions were prepared by combining 0.015 % w/w
DMPA with PEGDA. Solutions were vortexed for 15 s, sonicated for 15 min, and
subsequently refrigerated until use.

Poly-PEGDA valves were fabricated in three general processes: thermal polymerization of
control and fluidic layers, photoinitiated polymerization of the membrane layer, and final
device assembly and bonding (Figure 2). The molds for thermal polymerization were formed
using a clean silicon wafer (Figure 2A) on which SU8 features (~80 pum thick for the control
layer and ~30 pm thick for the fluidic layer) had been photolithographically patterned
(Figure 2B) [22]. The mold was placed inside a glass container containing one drop of
perfluorosilane, which began to evaporate when heated to 70°C [32]. The perfluorosilane
was vapor deposited onto the surface for 10 min to ease polymer removal from the mold.
Poly-PEGDA spacers (~500 um) were used to define the mold height (Figure 2C), and a
3.5” glass wafer was used as a cover (Figure 2D). Prepolymer containing AIBN was then
introduced into the cavity (Figure 2E), and the entire mold was placed into an oven at 80°C
for 1-2 hr until polymerization was complete (Figure 2F). The glass cover slide was
carefully removed to avoid breaking the wafer (Figure 2G), and the polymerized layers were
subsequently removed, diced, and cleaned with acetone and 2-propanol (Figure 2H).

Membrane fabrication was accomplished in a similar fashion, but photopolymerization was
used. A clean glass slide was placed on a silicon wafer (Figure 2A), and Mylar spacers (42
pum) were used to define the mold height (Figure 2C). A glass slide was placed on top
(Figure 2D), and 70 pL of prepolymer containing DMPA was introduced into the mold
cavity (Figure 2E). UV exposure at 365 nm (560 mJ/cm?) for 110 s was used to polymerize
the membrane (Figure 2F). The top surface of the membrane was exposed by removing the
glass slide (Figure 2G) immediately before bonding to the control layer (Figure 21). A clamp
was used to hold the layers in contact during two subsequent UV exposures at 365 nm: the
first was at 1.84 J/cm? for 6 min in a Karl Suss mask aligner and the second was a 12 J/cm?
exposure for 4 min using a Spectroline SB-100PR UV lamp. Once these layers were bonded,
input/output holes were laser cut for the fluid channel, and the bonded control/membrane
layer was removed from the glass slide and rinsed with 2-propanol (Figure 2J). The control/
membrane layer was then aligned to the fluid channel layer and clamped together (Figure
2K). Vacuum was applied to the control/membrane layer during alignment and bonding (see
Appendix A, Figure Al) to prevent the membrane from being polymerized to the pedestal
during the final bonding step. A 42 J/cm? UV exposure for 14 min using the Spectroline UV
lamp was used to bond the fluid layer and form the completed device (Figure 2L).

Several different valve geometries were explored. Rectangular valves (700 pm x 600 um)
with 5, 15, and 30 pm pedestals were fabricated, as were circular valves with a 350 pm
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radius and 5, 15, 30, and 125 pm pedestal widths). The width of the fluid channels in the
circular valves was 100 pm (see Figure 1); the fluid channel width in the rectangular valves
expanded from 100 pm to 600 pm to match the valve dimensions. Channel depths in these
devices ranged between 25-35 pm, membranes were ~40 pm thick, and the control channel
height was 55-80 pm.

2.3. Device characterization setup

Three-layer poly-PEGDA devices were evaluated for functionality, response, and
performance. Water contact angles were measured using a Ramé-Hart goniometer (model
100) with 10 pL water droplets. In previous work [22] we used Nanoports (Upchurch
Scientific, Oak Harbor, WA) to connect external fluid lines to poly-PEGDA microfluidics.
Herein, a piece of PDMS was clamped on top of a completed device, and hollow metal pins
were used to connect the fluid and air lines to the device (see Figure A2 in Appendix A),
similar to what has been done in some conventional PDMS microfluidic devices [33, 34]. A
syringe pump with an inline pressure sensor (Honeywell 24PCFFA6G) was used to supply
fluid to the valve. Regulated, pressurized air with an inline pressure sensor (Honeywell
24PCFFH6G) provided pressure to the control layer. Solenoid valves (Clippard
EVO-3M-24) were used to switch control layer pressure for valve actuation. Valves were
evaluated by comparing the fluid pressure required for flow to commence at a given control
pressure. Video was recorded of meniscus movement in the output tubing and processed
using custom LabView code to determine linear flow velocity, which was then converted to
volumetric flow rate. When fluid flow through the valve was >0.02 pL/min (0.2% of the
syringe pump driven 10 pL/min flow rate), the valve was considered to be open.

The Young’s modulus for poly-PEGDA was determined from the pressure needed to deflect
~190 pm thick circular membranes with a 870 pm radius a distance of 20 pm (for linear
deflection up to one half of the membrane thickness) using equation (1) [35], where P is the
applied pressure in Pa, E is the elastic modulus in Pa, r is the membrane radius in m, h is the
membrane thickness in m, v is the Poisson’s ratio (estimated to be 0.35 from data reported
for poly(methyl methacrylate) or PMMA [36]), and y is the deflection (in m) at the
membrane center.

prt 16y T—v [(y\?
4: 2 + <_) (1)
Er* 3(1—v?)h 3(1—v) \h

The pressure needed to deflect thinner and smaller circular membrane valves with radii of
350 pm and thicknesses of 45 um was also determined. We measured a range of deflection
distances by using different thicknesses (5, 9, and 22 um) of patterned SU8 spacers.

The temporal response of valves was measured using a high-speed camera (Photron
FASTCAM SA3). We determined the change in grayscale intensity in the images, which
was then related linearly to the percent deflection at the center of the valve during actuation.
A valve actuation rate of 1 Hz with a 30% duty cycle and 200 kPa control pressure was used
to evaluate the fall (closure) and rise (open) time of valves. The rise time was given by the
time required for the valve position to go from 10-90% of its range of motion, and the fall
time was determined from the time required for the valve position to drop from 90-10% of
its motion range.

Valve performance was evaluated over a range of control pressures (0—200 kPa) and as a

function of number of actuations. PBS (~250 pL) was flowed through the fluid layer of each
device before evaluating valves. Control and fluid pressures were raised incrementally from
lower to higher (0, 70, 150, 200 kPa). Each valve was actuated at 1 Hz and a 50% duty cycle
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in increments of 500 for initial testing and larger increments (up to 100,000) for long-term
testing. Each valve was retested over the same range of pressures after each series of
actuations. Circular valves with both 15 and 30 pm pedestal widths were used in duty cycle
tests.

3. Results and discussion

3.1. Device characterization results

Figure 1 shows an overview of monolithic membrane valves fabricated entirely from poly-
PEGDA. Applied pressure is used to close the valve, preventing fluid from flowing through
(Figure 1A), and the valve is opened by releasing the control pressure, and allowing fluid
pressure to deflect the membrane up, resuming flow. Top-view images of the valve with
green colored dye in the fluid channel demonstrate the opening and closure of a valve with a
700 pm diameter and a 30 pm pedestal (Fig. 1A-right images). The membrane is deflected
up during fabrication, to prevent bonding to the valve seat (Figure 1B). An SEM image
shows a cross-sectional cut through a poly-PEGDA valve (Figure 1C) demonstrating the
three-layer fabrication with the deeper control layer channels on top, the poly-PEGDA
membrane in the middle, and the shallower fluid channel on the bottom. Our measured
water contact angle of 55° for poly-PEGDA indicates a more hydrophilic surface compared
to PMMA (68°) [37] and PDMS (100°) [38].

We determined the elastic modulus for poly-PEGDA to be 0.13 £ 0.03 GPa, based on
membrane deflection under applied pressure (data used in our calculations are provided in
Table Al in Appendix A). This modulus is too high for poly-PEGDA to form self-
collapsible valves like ones that have been made from PDMS, which has a formula-
dependent Young’s modulus of 0.05-4 MPa [39]. However the elastic modulus of poly-
PEGDA is acceptable for its application in membrane valves.

We characterized circular valves with 5, 15, 30, and 125 pm pedestals, and ~30 um deep
fluid channels. With these device dimensions, the 5 pm pedestals became damaged during
fabrication such that functional devices were difficult to achieve. However, valves with
pedestal widths of 15, 30, and 125 pm all demonstrated similar properties and function.
Since valves with larger pedestals (>100 um) occupy more device space, we focused on
characterizing circular valves with 15 pm and 30 pm pedestals. Rectangular valves (see
Appendix A, Figure A3) were also characterized but did not maintain a linear relationship
between the control pressure and fluid pressure to initiate flow, unlike circular valves. A
summary of results for the various valve parameters tested is presented in Table 1.

The temporal response of circular valves demonstrated rapid and repeatable actuation
(Figure 3). A fall time of 0.019 s to close the valve was determined from the time for the
membrane to move from 90% deflected to 10% deflected upon switching on the control
pressure. The time required to open the valve after switching off the control pressure (rise
time) was 0.105 s. We used the smoothed data in this calculation due to minor noise in the
position measurement as it approached 90% deflection. These rise and fall times are
sufficiently rapid for utilization in microfluidic systems for actuation rates up to 8 Hz. Faster
opening times could likely be achieved with either backpressure on the pumped fluid or the
application of vacuum to the valve in the opening step.

Valves were evaluated by monitoring fluid pressure and flow for a given control pressure. In
Figure 4, a circular valve with a 30 um pedestal was tested after the valve had been actuated
~5,000 times. The control pressure was held constant at 97 kPa, and after 30 s fluid was
pressurized into the valve by a syringe pump at 10 pL/min. The 30 s delay in the syringe
pump activation provided a baseline for the fluid pressure. Once flow was initiated, the fluid

Sens Actuators B Chem. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rogers et al.

Page 6

pressure increased until it exceeded the control pressure, at which point the valve opened,
providing an outlet for the pressure and resulting in flow that rapidly increased towards the
pump rate. Monitoring of fluid and control pressures as well as meniscus movement, was
used in evaluating >40 different valves, all of which demonstrated similar behavior. Similar
tests were done multiple times for each valve geometry and pedestal width across a range of
pressures and a number of valve actuations. In conjunction with the experimental data, we
also calculated the membrane deflection as a function of applied pressure using equation (2),
which is a rearrangement of equation (1) with the other variables set equal to P:

_ Ehy ((v*—6v—T7)y?—16h?)

P
3r4(v2-1)

@

In Figure 5 we plot this pressure versus membrane deflection relationship for a typical
microvalve design, with a 45 pm thick circular membrane having a 350 pm radius, an elastic
modulus of 0.13 GPa, and a Poisson’s ratio of 0.35. Figure 5 also shows experimental
deflection results for poly-PEGDA membranes having the same thickness and radius as for
the calculated curve, and the experimental data agree well with the calculated result. These
experimentally measured deflections show a similar trend to the calculated data, with
increasing pressure (17, 30, and 111 kPa) required to deflect a membrane over greater
distances (5, 9, and 22 pm, respectively). Importantly, only a <9 kPa difference in pressure
is needed for the membrane to deflect >2 um, which is more than sufficient for flow. This
result agrees very well with the experimental data in Figure 4: when the fluid pressure is less
than the control pressure, no flow is observed up to 95 kPa (~98% of the 97 kPa control
pressure). Flow then rapidly increases from ~0.02 pL/min to >10 pL/min as the fluid
pressure is raised by 10 kPa to 105 kPa, in excellent correlation with our calculation.

The relationship between the control pressure and the fluid pressure at which flow
commenced was determined in multiple devices and after various numbers of actuations.
Valves were expected to open once the fluid pressure exceeded the applied control pressure.
However, for newly fabricated devices a ~50 kPa excess fluid pressure was required to
initiate flow through valves (Figure 6A). One possible explanation of this initial pressure
offset is stiction between the membrane and the pedestal. However, there was no clear trend
in initial pressure offset as pedestal width varied from 15-125 um. When the valve was
actuated 500-1500 times, the fluid pressure required to open the valve decreased toward the
control pressure until the plot of fluid vs. control pressure reached a slope of 1 after 2000—
1500 actuations. Realignment of polymer chains in the device after multiple valve actuations
[40] could increase the elasticity of the membrane, thereby making it easier to close. We
have further evaluated valves for long-term robustness after very large numbers of
actuations (Figure 6B). After 5,000, 15,000, and even 115,000 actuations, the fluid vs.
control pressure plot maintained a linear relationship with a slope of 1, thus demonstrating
considerable repeatability and potential for long-term use. Since 1000-1500 actuations were
needed for valves to show the expected fluid vs. control pressure relationship, we
preconditioned our valves by performing 1500 actuations before use.

Several different valve designs were evaluated (see summary in Table 1). Rectangular
valves with 5, 15, and 30 pm pedestals were tested. As with circular valves, rectangular
valves with 5 pm pedestals were easily damaged during fabrication. Unlike in circular
valves (Figure 1), the fluid channel was widened in rectangular valves to match the control
layer design (Appendix A, Figure A3). Rectangular valves did not follow the linear fluid vs.
control pressure relationship observed for circular valves in Figure 6B. In addition, the
rectangular valve designs were not as effective as circular ones in valve closure at low
control pressures (<70 kPa). The better performance of the circular valves is likely due to
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the larger surface area of the valve seat in contact with the membrane, which helps the
membrane to remain planar in the closed state. In contrast, the valve seat contact area with
the membrane is limited to the pedestal only in the rectangular valve design, so the
membrane may deflect partially into the fluid layer. Valves remained functional, without
irreversible membrane deformation, for fluid pressures up to the maximum tested (400 kPa)
and flow up to the maximum used (150 pL/min).

3.2. Device prospects

Three-layer poly-PEGDA valves have reliable fabrication, fast response times, and
robustness over a large number of actuations. Valves with pedestal widths down to 15 um
have been successfully made and operated. Possible improvements to these valves include
smaller diameters (<200 pm) and fluid channel widths (<50 um), and thinner membranes
(<20 pm), all of which would further reduce dead volume and improve performance. With
combined application of control pressure and vacuum to control lines and appropriate device
layouts, arrays of these poly-PEGDA valves have potential for application as peristaltic
pumps [18, 19]. Poly-PEGDA valve integration with functional or sensing components in
other materials, such as silicon or glass, is also attractive. Finally, the fabrication of
embedded electrodes into devices would enable conductivity or impedance detection, as
well as valve closure determination.

Poly-PEGDA valves with their intrinsic resistance to nonspecific adsorption are ideally
suited for biomolecular and protein assays. One example would be the analysis of Tau
protein in cerebrospinal fluid for brain trauma diagnosis [41, 42] via an on-chip
microdialysis system [43] that extracts small volumes of cerebrospinal fluid, which could
then be fluorescently labeled and purified on-chip [44] for subsequent electrophoretic
separation and detection. Similarly, thymidine kinase I in blood serum, which shows
promise in diagnosis of hematological cancers [45], could be captured on-chip using
immobilized antibodies [46], and then reacted with a fluorescently labeled secondary
antibody for detection using laser induced fluorescence [47]. A final example is the
quantitative analysis of pre-term birth biomarkers in blood serum [48, 49], utilizing poly-
PEGDA valves to control sample introduction and pumping for secondary flow required for
nanospray mass spectrometry [50]. In these examples, a non-adsorptive device material
would enable more of the analyte of interest to be available for detection and provide
symmetrical separation peaks.

4. Conclusions

Poly-PEGDA with inherent nonspecific adhesion resistance properties has been used to form
microfluidic valves. Multiple device geometries were tested; a circular design had a linear,
slope of one, fluid versus control pressure plot over different pedestal widths. A valve
opening time of ~100 ms and a closure time of ~20 ms offer valve operation as fast as 8 Hz
with potential for further improvement. A number of replicate measurements after a series of
actuations and over a range of pressures demonstrated the functionality and robustness of
these poly-PEGDA valves.

The multi-layer fabrication method developed here for valves can be adapted for on-chip
pumping, which could aid in the integration of automated on-chip sample preparation with
electrophoretic separation. Such pumps could also provide a mechanism for solution mixing,
or find use in a closed system where small-volume specimens could be recirculated over a
sensor, improving sampling. Finally, attachment of these valve systems to silicon or glass
devices could be explored to enable interfacing with micro- and nano-sensors such as
microcantilevers, silicon ring resonators, nanowires, etc.
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Refer to Web version on PubMed Central for supplementary material.
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Control
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Figure 1.
Schematic of a three-layer poly-PEGDA valve. (A) The left blue inset is a cross sectional

view along the dashed blue line for an open or closed valve. Top-view images on the right
show an open (top) and closed (bottom) valve with green dyed fluid added for contrast.
Valve diameter (D) is 700 um, pedestal width (P) is 30 pm, and the fluid channel width is
100 pm. (B) Top-view photomicrograph of a valve before filling with liquid. Interference
fringes indicate that the membrane is deflected upward after the final bonding step. White
scale bar is 200 um. (C) SEM of a three-layer valve device cross-section along the dashed
blue line in (B).
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Figure 2.
Overview of poly-PEGDA valve fabrication. The top box demonstrates fabrication of the

polymerized control (top), membrane (middle), and fluidic (bottom) layers. Final assembly
is shown in the bottom box. (A) Clean silicon wafers. (B) SU8 patterns define features. (C)
Spacers define poly-PEGDA thickness. (D) Glass wafer forms top of mold. (E) Prepolymer
is introduced. (F) Polymerization of poly-PEGDA. (G) Glass cover wafer is removed. (H)
Finished poly-PEGDA is removed, diced, and cleaned; an input hole is cut into the control
layer. (I) The just-released top surface of the membrane layer (G, middle) is bonded to the
control layer (H, top). (J) The bonded control and membrane layers are removed and (K)
bonded under vacuum to the fluidic layer using UV light, (L) resulting in a completed valve
device.
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Figure 3.

Valve temporal response. Valve was actuated at 1 Hz and 30% duty cycle. Fall time (valve
closure) was 0.019 s and rise time (valve opening) was 0.105 s. No vacuum was used to
open the valve, and the fluid backpressure was negligible in these experiments.
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Fluid pressure and volumetric flow rate as a function of time for a constant control pressure.
Sensors in the fluid and control lines monitor pressures, and meniscus tracking on the fluid
output allows for flow measurement. The flow rate increases rapidly once the fluid pressure

exceeds the control pressure at ~240 s.
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Figure5.

Calculated (line) and experimentally measured (circles) deflection via applied pressure, for a
45 um thick circular membrane with an elastic modulus of 0.13 GPa, a 350 um radius, and a
Poisson’s ratio of 0.35. Calculated data are from Equation 2. Very low pressure (~9 kPa) is
required for significant membrane deflection (>2 um).
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Valve performance after a number of actuations as a function of control pressure. (A) Initial
valve testing shows a higher fluid pressure is required to open the valve for a given control
pressure. After ~1500 actuations, the fluid pressure to open a valve decreases to match the
control pressure. A circular valve with a 15 um pedestal width was used for this test. (B)

Valves maintain this linear fluid vs. control pressure relationship to at least 115,000

actuations. A different circular valve with a 30 pm pedestal width was used for this test.
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Summary of results for each valve geometry.

Circular Valve Square Valve
5pm Pedestalsbroke | Pedestals broke
15pm | Functional valves | Valvesleaked
30 pum | Functional valves | Valvesleaked

125 pm | Functional valves Not tested
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