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Abstract

Failure to utilize valving and automation techniques has restricted the complexity of fluidic
operations that can be performed in paper microfluidic devices. We developed a toolkit of paper
microfluidic valves and methods for automatic valve actuation using movable paper strips and
fluid-triggered expanding elements. To the best of our knowledge, this is the first functional
demonstration of this valving strategy in paper microfluidics. After introduction of fluids on
devices, valves can actuate automatically a) after a certain period of time, or b) after the passage of
a certain volume of fluid. Timing of valve actuation can be tuned with greater than 8.5% accuracy
by changing lengths of timing wicks, and we present timed on-valves, off-valves, and diversion
(channel-switching) valves. The actuators require ~30 pl fluid to actuate and the time required to
switch from one state to another ranges from ~5 s for short to ~50s for longer wicks. For volume-
metered actuation, the size of a metering pad can be adjusted to tune actuation volume, and we
present two methods — both methods can achieve greater than 9% accuracy. Finally, we
demonstrate the use of these valves in a device that conducts a multi-step assay for the detection of
the malaria protein PfHRP2. Although slightly more complex than devices that do not have
moving parts, this valving and automation toolkit considerably expands the capabilities of paper
microfluidic devices. Components of this toolkit can be used to conduct arbitrarily complex,
multi-step fluidic operations on paper-based devices, as demonstrated in the malaria assay device.

Keywords
Point-of-care diagnostics; automation; actuators; system integration; 2DPN; wicking flow

Introduction

Paper microfluidic devices enable the controlled movement of microliter quantities of fluids
without pumps. Fluids in these devices move by wicking action, i.e., capillary forces
generated by the substrate porous materials. Because they do not require electricity or
permanent instruments to operate, paper microfluidic devices present a promising platform
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for designing portable, low-cost, technically simple biochemical sensors~4. They provide an
opportunity to conduct healthcare diagnostic assays in remote and low-resource settings,
where constant electric supply and maintenance of sophisticated instruments is a challenge®.
Several paper-based devices have been designed for conducting colorimetric analytical
chemistries6=10 and lateral flow immunoassays'~14. The capabilities of paper microfluidics
were enhanced by two major developments in the field — yPADs (microfluidic paper-based
analytical devices) and 2DPNs (two-dimensional paper networks). UPADs, introduced by
the Whitesides group in 2008, are 2D and 3D paper devices that distribute fluids from a
common source to multiple detection zones and can be used for conducting multiplexed
colorimetric assays!2:15.16, 2DPNs, introduced by our group in 2010, can be used to flow
multiple fluids sequentially to a detection zone and enable conducting highly sensitive,
signal-enhanced immunoassays in paper-based devices, thus transcending the capabilities of
conventional lateral flow immunoassays'’=23 (Here the term ‘paper’ is broadly used to
represent porous materials, including nitrocellulose.)

A major milestone in the development of any microfluidic platform will be when it can
enable conducting a complete ‘sample-in-answer-out’ (SIAO) type diagnostic test in a
portable device operable by an untrained user. SIAO tests typically involve multiple steps to
carry out processes such as sample preparation, assay chemistry, and colorimetric detection.
The flow control and automation capabilities of paper microfluidic devices are currently
limited and such multi-step SIAO assays have not yet been conducted. As the flow-control
capabilities of paper microfluidic devices improve, more complex, multi-step assays can be
conducted. There is dire need of such low-cost technologies for conducting diagnostic tests
in limited resource settings24. Currently, automatic multistep tests can only be conducted in
expensive instruments, usually only available in sophisticated laboratories.

Valves are fundamental for enhancing the fluidic capabilities of any microfluidic platform.
In paper microfluidic devices, valving is a challenge because valves must operate in absence
of instrumented controllers and actuators. Several innovative strategies have been developed
for paper microfluidic valving. Here, we refer to ‘valves’ as any method that can be used to
control the flow rates of fluids in paper devices. Valves developed for paper microfluidics
can be broadly classified into three categories based on the method used to control flow
rates: a) those that use device geometry alone, b) those that make use of chemicals in the
flow path, and c) those that use mechanical means to connect or disconnect channels. A brief
review of these valving methods is presented next.

The simplest geometry-based flow control strategy is changing the width of channels1?:18.22,
Another method is changing the shape of a downstream wicking region?>. Geometry-based
methods of shutting flow off after a programmed volume of fluid flow have been developed.
One method used source pads of different sizes that released a fixed volume of fluid19.23,
Another design used vertical paper legs of different lengths that disconnected from a fluid
reservoir after passage of fixed fluid volumes?L. Controlled flow-delay lines were created by
using pads of porous materials as shunts2. Valves in the second category make use of
chemicals in the flow path to alter flow rates. Controlled delays in fluid flow were obtained
by depositing different amounts of sugar on paper channels2’. Solid sugar blocked flow and
flow resumed after sugar dissolved. Complementary to this, controlled flow shut-off was
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demonstrated by using dissolvable sugar?8 and dissolvable polymeric2? bridges. In both
cases, fixed fluid volumes flowed across the sacrificial bridges. Paraffin wax was used in
one demonstration to alter the rate of fluid flow from a source to multiple target regions on a
paper device30. Chen et al. developed paper microfluidic diodes that made use of surfactant
to bridge a hydrophobic gap in the flow path31:32. In another case, flow rate was controlled
by electrowetting of a dielectric deposited on paper33. The third category of paper
microfluidic valves involves mechanical means to connect or disconnect channels. Several
of these require manual actuation6:34-36_ |n one design, valves were actuated by
electromagnets in response to the arrival of fluid at a certain location on the device3’.

In this article, we present a new strategy of valving and programming automatic valve
actuation in paper microfluidic devices and demonstrate how it can be used to design a
SIAO protein detection device that can be operated by an untrained user. Although some
aspects of the valving strategy were presented in patents published in the early 1990's38-40,
the work was apparently not needed for commercial lateral flow products at the time and
was neither developed nor widely known in academia. Over the last few years, we have
developed valving methods using a related strategy and have designed multiple functional
valves. To the best of our knowledge, these are the first demonstrations of functional paper
microfluidic valves using this strategy. The work described here was conducted in the
context of two projects aimed at developing low-cost, rapid and sensitive infectious disease
diagnostics using paper: one based on nucleic acid amplification and the other based on
protein binding. Both projects use the wicking action of paper-like materials to move fluids
with minimum ancillary equipment and conduct SIAO-type multi-step diagnostic assays in
devices that can be operated by untrained users. In contrast to most other valves that enable
a single fluidic operation, we present an entire toolkit of paper microfluidic flow-control
tools that can be used to design multiple types of valves, i.e., on-switches, off-switches, and
flow-diversion switches. We also present a strategy to automatically actuate these valves
after a chosen period of time or after the passage of a chosen volume of fluid. The valves fall
under the category of mechanical actuation and use fluid-activated expansion of absorbent
materials for actuation (expandable elements activated by pH of process fluids have
previously been used for valving in conventional microfluidic devices*1:42). The design of
these valves and all devices presented in this article is motivated by previously developed
2DPN devices in our group. The primary difference compared to 2DPNs is that, whereas all
channels in a 2DPN reside on a single plane and stay connected throughout a test, the
channels of devices presented here are placed at different heights and connect or disconnect
during the course of the test, which makes these devices three-dimensional. Three highly
desirable characteristics of these valves are i) they do not require batteries or electricity to
operate, ii) they do not introduce chemicals in the flow path, and iii) their actuation can be
pre-programmed so that user intervention is not required. Because it enables automation of
multiple types of valves using a common set of fabrication processes, this toolkit enhances
the capabilities of paper microfluidic devices and enables conducting SIAO tests in paper
microfluidic devices. It is noteworthy that the initial patents on this core technology have
now expired and these valves are available for use by all.
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Results and Discussion

Valving Concept and Classification of Valves and Actuation Methods

The fundamental mechanism of valving utilized here is the displacement of one end of paper
channels causing connection or disconnection with other channels, triggered by the arrival of
fluid at the actuators. Actuation can be automated by designing geometries that control the
arrival of fluid to the actuators. Expandable absorbent materials, such as hydrogels, sponges,
or other porous materials (such as cellulose) constitute one class of actuators. Ideal actuators
would be those that expand reproducibly and fast, and have a high ratio of actuation
displacement to volume of actuation fluid. Here, we tested two materials as actuators —
compressed cellulose sponges and sodium polyacrylate (SP; a superabsorbent hydrogel used
in diapers). We successfully built valves with both actuators. The expansion of compressed
sponges was found to be faster and more reproducible than SP. All valves illustrated in this
article use compressed sponges as actuators. For a comparison of the performance of
sponges with SP, see Supporting Information Sections | and 11.

The different types of valves presented here can be classified into two categories: those that
can be programmed to actuate after a fixed period of time (branch A; Fig. 1) and those that
can be programmed to actuate after the passage of a fixed volume of fluid (branch B; Fig. 1).
These two types of valves use different fluid sources for actuation. Devices with timed
valves contain a timing fluid that flows in the timing channels, which is isolated from the
process fluid that flows in the flow channels. Timing is controlled by the shape and length of
the timing channel. On the other hand, volume-metered valves are designed specifically to
meter the flow of a process fluid. This is achieved by diverting the process fluid to a
metering pad, which is connected to actuators. These valves do not require a separate
actuation fluid. Three types of timed valves are presented: on-switches, off-switches, and
diversion-switches (branches A1, A2, and A3, respectively; Fig. 1). As illustrated in
branches A1-A3 (Fig. 1), when actuated, on-switches start flow, off-switches stop flow, and
diversion-switches divert flow from one channel to another. The most practical application
of an active volume-metered valve is a diversion-switch (volume-metered off-switches such
as dead-end channels and limited volume fluid sources can be constructed in passive
devices; volume-metered on switches cannot be constructed because there must be fluid
flow before valve actuation). Two different designs of volume-metered diversion switches
are presented. As illustrated in branch B, Fig. 1, both methods divert fluid flow from flowing
into a metering pad to flowing downstream in the device. In one method, a paper channel is
displaced to disconnect from the metering pad (branch B1; Fig. 1), and in another method,
the metering pad is displaced to disconnect from the paper channel (branch B2; Fig. 1).

Time-metered Valves

Three types of valves that can be programmed to actuate after a certain period of time were
designed. The valves are demonstrated here in absence of programmed timing first, focusing
on the valving mechanism. An on-switch (branch A1; Fig. 1) starts fluid flow when
actuated. It consists of two collinear flow channels, channel A and channel B, placed at
different heights with one end overlapping, but not touching (Fig. 2A). Channel A is a
cantilever channel, permanently secured to the surface at its left end, placed at a lower
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height than channel B. There is no initial contact between the two channels. The right end of
channel A is attached to an impermeable fluid barrier, which is attached to the surface over a
square cavity. This bond is not permanent; it breaks when the actuator expands. The purpose
of the bond is to secure the end of channel A before valve actuation. The cavity contains a
compressed sponge actuator (Fig. 2A). An actuation channel connects to the actuator from
below (Fig. 2A). When the actuating fluid reaches the actuator, the actuator expands, lifts
the right end of channel A, and establishes its contact with channel B (Fig. 2A; bottom
panel). The impermeable barrier ensures that actuating fluid does not enter the flow
channels.

We present one specific implementation of an on-switch in which channels A and B are
made of 4.5 mm-wide plastic-backed nitrocellulose (Fig. 2B; Movie S1 in Supporting
Information). The height difference between the channels is 1.5 mm, and they are oriented
such that their nitrocellulose sides face each other. The actuation channel is also 4.5 mm
wide and is composed of high permeability glass fiber. Glass fiber channels were selected
over nitrocellulose or cellulose (filter paper) channels because they delivered fluid to the
actuator faster, which enabled faster valve actuation. The actuator is a 4.5 mm square piece
of compressed cellulose sponge, 2.3 mm tall, placed in a 5.6 mm square cavity, 2.5 mm
deep. Channel A and the actuation channel were connected to fluid reservoirs. When a
yellow process fluid (1 mg/ml solution of phenol red at pH 8) was introduced in channel A
at time t = 0, it flowed toward the end of the channel until the channel was saturated (Fig.
2B; left panel). As long as the actuation channel was dry, the sponge remained compressed,
and there was no further flow in the flow channels (Fig. 2B). Fig. 2C shows the speed of the
fluid front as a function of time. The reduction of flow rate from 0 — 5 minutes is a
characteristic of wet-out flow, during which, fluid is imbibed into paper channels, and is
explained by the Lucas-Washburn equation?2:43-45 according to which the speed of the
fluid front is related to time, t, as t™0-5. In this example, channel A saturated at around 6
minutes after introduction of the process fluid, at which time, the flow rate became zero
(Fig. 2C; pink zone). The valve was held in this position for 5 minutes and then water was
introduced in the actuation channel. The water reached the actuator at ~12.5 minutes and
actuated the valve. Upon actuation, process fluid started flowing from channel A to channel
B (Fig. 2B; right panel). The step change in flow rate after valve actuation is seen in Fig. 2C
(transition from pink to green zone). The subsequent reduction in flow rate is due to wet-out
flow (Fig. 2C; green zone). The actuators are fast and reproducible. The time required for
the process fluid to enter channel B after the actuating fluid reached the actuator was 3 — 6
seconds (N=6). The average time required for the process fluid to flow 1 cm into channel B
after actuating fluid reached the actuator was 1.9 minutes with a standard deviation of 9
seconds (coefficient of variation (CV) = 8%; N=6). This measurement excludes the variation
in time required for the actuating fluid to flow through the actuation channel, thus, is a
measure of the reproducibility of the actuator alone. Actuation time of these valves can be
further reduced by reducing the size of the actuator, which will reduce the amount of fluid
required for actuation. However, there is a lower limit on the size of the actuator below
which the actuator may not generate enough force. While designing these valves, it must be
ensured that an excess volume of actuation fluid is available because sponge actuators cease
to expand if the supply of fluid is stopped prematurely.
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The next type of valve is an off-switch (branch A2; Fig. 1), which stops fluid flow when
actuated. It consists of two perpendicular channels, channel A (cantilever style) and channel
B (Fig. 2D). The two channels are placed at the same level. Where they cross, channel A
makes contact with channel B placed under it, and extends slightly over channel B (Fig.
2D). The overhanging section of channel A is attached to an impermeable fluid barrier,
which is attached to the surface over a square cavity containing the actuator (Fig. 2D). An
actuation channel connects to the actuator from below. Upon actuation, the right end of
channel A is lifted up and disconnected from channel B (Fig. 2D; bottom panel). Similar to
the on-switch demonstrated above, an off-switch can be constructed with two plastic-backed
channels of nitrocellulose with their nitrocellulose sides facing each other. However, in
order to use an electrochemical band marking setup® to track fluid velocity over time, the
top surface of channel A needed to be exposed. To satisfy this, in this implementation
channel A was constructed of 4.5 mm wide unbacked nitrocellulose (Movie S2 in
Supporting Information). All other materials and dimensions were identical to the on-switch
example. When a yellow process fluid was introduced into channel A, it flowed through
channel A into channel B (Fig. 2E; top panel). Flow was sustained by a cellulose wicking
pad attached to the end of channel B (Fig. 2E). Fig. 2F shows the linear velocity of the fluid
as a function of time as measured by tracking colored bands generated by the band-marking
setup. The reduction in speed expected for Lucas-Washburn flow can be seen from 0 — 20
minutes (Fig. 2F; pink region). After ensuring sustained flow from channel A to channel B
(Fig. 2F; pink zone), water was added to the glass fiber actuating channel at 19 minutes and
reached the actuator at 20 minutes. Valve actuation stopped the flow of process fluid (Fig.
2E; bottom panel and Fig. 2F; green zone). In all 5 repetitions, the velocity in channel A
dropped to below 10% of the velocity at the time of actuation within 4 minutes. The slow
bleed of flow after valve actuation was caused by unsaturated zones (dead volume) in
channel A downstream the region where it crossed channel B and occurred after the two
channels had disconnected. An alternate design, in which, the overhanging part of channel A
is eliminated by moving the actuator upstream the intersection of channels, can eliminate
this dead volume. The two channels can also be placed collinearly in this alternate design.
However, we found that the design presented here facilitates better initial contact between
channels.

A flow-diversion switch (branch A3; Fig. 1) is a combination of an on-switch and an off-
switch and diverts fluid flow from one channel to another when actuated. It consists of three
channels — a source channel A (cantilever style), and two sink channels, B and C (Fig. 2G).
The design of this valve is identical to the off-switch, with the addition of a third channel,
channel C (Fig. 2G). Expansion of the actuator causes channel A to disconnect from channel
B and connect to channel C (Fig. 2G; bottom panel). Because channel A must make contact
with both channel B placed under it, and with channel C placed above it, it is imperative that
channel A be made of an unbacked material. In the example presented here, channel A is
made of unbacked nitrocellulose, while channels B and C are made of plastic-backed
nitrocellulose, oriented such that their nitrocellulose sides face channel A (Movie S3 in
Supporting Information). All other materials and dimensions are identical to the off-switch
example presented above. When a yellow process fluid was introduced in channel A, it
flowed through channel A into channel B, but not into channel C (Fig. 2H; left panel). Water
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was then introduced into the actuation channel and reached the actuator at 20 minutes. After
valve actuation, fluid stopped flowing into channel B and started flowing into channel C
(Fig. 2H; right panel). A representative side view of the valve shows the displacement of
channel A between positions 1 and 2 (Fig. 21). The electrochemical band marking setup was
used to measure fluid linear velocities. The step changes in flow rates between the two valve
positions are seen in Fig. 2J — flow rate in channel B drops to zero and flow rate in channel
C rises from zero to a higher rate on valve actuation.

Programming timing of valve actuation

Time-metered valves can be programmed to actuate automatically by controlling the time at
which actuation fluid arrives at the actuators, for example, by using serpentine actuation
channels of different lengths. In these designs, fluids are simultaneously introduced into the
flow channels and the actuation channels of valves. This simplifies the operation of such
devices to a single user step of initial fluid addition. Fig. 3A shows the automatic actuation
of an on-switch with a pre-programmed time delay (Movie S4 in Supporting Information).
The on-switch was constructed similar to the on-switch in Fig. 2B, but with a 2.9 mm-wide
serpentine glass fiber actuation channel (Fig. 3A). A yellow fluid was introduced in a
reservoir at time, t = 0, which initiated simultaneous flow of the fluid in channel A and the
actuation channel (Fig. 3A; 1.5 min; note that the fluid appears darker in the thicker glass
fiber channels compared to the nitrocellulose channels). Process fluid reached the end of
channel A at 4.3 minutes and stopped (Fig. 3A; 4.3 min). Note that fluid flowed faster
through the actuation channel compared to the flow channel because of different material
properties, for example, higher permeability of the actuation channel compared to the flow
channel. At 10 minutes, the actuation fluid reached the actuator (Fig. 3A; 10 min) and
actuated the on-switch. At 13.5 minutes, the process fluid front can be seen in channel B
(Fig. 3A; 13.5 min). In 5 replicates of this design, the on-switch actuated at a mean time, t =
10.2 minutes, with a standard deviation of 42 seconds (CV = 6.9%; N=5). Timed and
reproducible valve actuation can thus be achieved. One implication of increasing the length
or decreasing the width of actuation channels is that it increases the resistance imposed on
the actuation fluid. This decreases the rate at which fluid is delivered to the actuators, which
decreases the rate of their expansion. In these valves, the time required for fluid to enter
channel B after the actuation fluid reached the actuators was in between 30 — 50 seconds,
which was greater than 3 — 6 seconds for valves shown in Fig. 2B. Assuming an infinite
supply of fluid, valve actuation time can be tuned by changing the length of actuation
channels. In order to determine the tunability and reproducibility of timing that can be
achieved using glass fiber actuation channels, the time, tgeiay, required for fluid to flow
through different lengths, L, of glass fiber actuation channels was measured (Fig. 3B). For
five different channel designs, A-E (Fig. 3B), time delays ranging from 4.1 min to 23.8 min
were achieved with better than 8.5% accuracy (except design A; Fig. 3B). See Supporting
Information Section IV for details. Note that delays of the order of tens of minutes are
necessary for conducting nucleic acid amplification assays*® or protein detection assays
requiring sequential delivery of multiple reagents23, as we demonstrate below in an assay
device.
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This strategy of timing valve actuation can also be used to actuate multiple valves on a
device sequentially. Fig. 3C shows a device with two on-switches actuated sequentially. It
consists of three nitrocellulose flow channels, A, B, and C, placed at three different levels.
On-switches lie between channel A and channel B (Valve 1; dotted rectangle; Fig. 3C), and
between channel B and channel C (Valve 2; dotted rectangle; Fig. 3C). Because channel B
makes contact with channel A placed below it and channel C placed above it, it was made of
unbacked nitrocellulose. A 2.9 mm wide serpentine glass fiber actuation channel originated
at the fluid reservoir, passed through Valve 1, and terminated at Valve 2 (Fig. 3C). Channel
A and the actuation channel were inserted into a common fluid reservoir, which was filled
with a yellow fluid at time, t = 0. Fig. 3C shows time-lapse images of the device in
operation. At 9.3 minutes, the process fluid had reached the end of channel A but actuation
fluid had not reached Valve 1. Valve 1 actuated at 15 minutes. At 17.6 minutes, actuation
fluid had crossed Valve 1 and the process fluid front was in channel B. At 37.5 minutes,
process fluid had reached the end of channel B, but the actuating fluid had not reached
Valve 2. Valve 2 actuated at 50.5 minutes. At 52.3 minutes, the process fluid front can be
seen in channel C. This demonstrates controlled incubation and subsequent movement of
fluid into different zones of a paper microfluidic device. This method can also be used to
implement sequential delivery of fluids over a detection zone, as demonstrated in a protein
detection assay below. This could be the basis of conducting automated multi-step
biochemical assays in paper microfluidic devices.

Volume-metered valves

Volume-metered valves are useful for any washing operation where the important parameter
is wash volume as opposed to reaction time. In such cases, these methods eliminate the need
for using timing wicks. The particular application for which we developed these valves was
in the context of a sample purification method in which the components of interest from a
fixed sample volume are captured over a zone upstream from the valve, followed by elution
of the captured components and their transport downstream from the valve, where they can
be used for analysis. The sample fluid from which the components are captured is routed to
a waste pad (the metering pad), which becomes disconnected from the system after valve
actuation. Two types of volume-metered diversion switches are presented. The design of the
first type of volume-metered switch (branch B1; Fig. 1) is similar to the time-metered
switches presented above, i.e., it consists of two flow channels, A and B, placed at different
heights (Fig. 4A). The valve actuates when one end of channel A is lifted up by the
expansion of the actuator and makes contact with channel B (Fig. 4A). The primary
difference compared to time-metered valves is that as opposed to using fluid in a separate
actuating channel, volume-metered valves divert the process fluid towards the actuator. A
metering pad in between the flow channel and the actuator is used to meter the volume for
valve actuation. Specifically, channel A makes contact with a metering pad placed under it
near one end (Fig. 4A). The channel extends over the metering pad and connects to an
impermeable fluid barrier, attached on top of a cavity containing the actuator (Fig. 4A). The
bottom surfaces of the metering pad and the actuator are connected with a connector pad
(Fig. 4A). Fluid introduced in channel A flows into the metering pad, then into the connector
pad, and then into the actuator. Expansion of the actuator disconnects channel A from the
metering pad and connects it with channel B (Fig. 4A; right panel).
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A specific implementation of a volume-metered diversion switch with 1 cm wide
nitrocellulose channels is presented here (Fig. 4B; Movie S5 in Supporting Information).
Channel A was made of unbacked nitrocellulose because it must make contact with the
metering pad and channel B placed on either sides. Channel B was made of plastic-backed
nitrocellulose, and placed 2 mm above channel A. The metering pad and connector pads
were 1 cm wide and made of cellulose. One of the requirements of this design is that the
metering pad must be thick enough to protrude above the surface to contact channel A (Fig.
4A; left panel). The protrusion should be approximately equal to the thickness of the
impermeable fluid barrier to ensure good contact with channel A (Fig. 4A, left panel). To
attain the appropriate height, here, the thickness of the metering pad was adjusted by
stacking 2.70 mm and 0.87 mm thick layers of cellulose. The actuator was made of 1 cm
wide, 2.3 mm thick compressed cellulose sponge. The width, W, of the metering pad and the
actuator (Fig. 4B) was used as a parameter to tune actuation volume. Two designs with W=
0.5 and 1 cm were fabricated. Time-lapse images of the valve with W= 1 cm are shown in
Fig. 4B. Channel A was inserted into a fluid reservoir where a yellow fluid was added at
time t = 0. The electrochemical band marking setup was used to track fluid velocity. Att=4
and 57 minutes, respectively, fluid flowed into channel A and into the metering pad (Fig.
4B). The valve actuated at t = 60 minutes. At t = 65 and 79 minutes, channel A had
disconnected from the metering pad and fluid flowed into channel B and the cellulose
wicking pad attached to it (Fig. 4B). The velocity through channel A for this valve was
tracked as a function of time, t. After the initial decreases in velocity during wet out (t < 10
min), a nearly constant velocity was maintained in channel A while fluid flowed into the
metering pad (Fig. 4C; pink zone). During actuation, the velocity into the metering pad
decreased to zero over 4 minutes (Fig. 4C; rightmost region of pink zone). After actuation,
flow entered channel B and a nearly constant velocity was maintained in the device (Fig.
4C; green zone). Finally, reproducibility and volume tunability of this valve are
demonstrated. Volume before actuation was measured as area under the speed-time curve
(Fig. 4C; pink zone). When Wwas changed from 1 cm to 0.5 cm, the volume required for
valve actuation decreased to very close to half (Fig. 4D). For W= 1 and 0.5 cm, the mean
actuation volumes were 197 ul (N=4) and 95 pul (N=5) with standard deviations of 7 and 14
ul, respectively.

The second type of volume-metered switch (branch B2; Fig. 1) is based on the displacement
of metering pads and has fixed paper channels. The basic idea is shown schematically in a
transverse view of this valve (Fig. 5A; left column). A metering pad with embedded
expanding actuators is placed on top of a flow channel. The actuators extend out below the
metering pad and are inserted in cavities on the surface. For this design, the properties of the
metering pad relative to the flow channel must be such that the process fluid directly under
the pad preferentially flows into the pad; there should be no flow in the channel downstream
of where the pad contacts it. This occurs when the capillary forces generated by the wicking
pad, Fpad, are considerably higher than those generated by the channel, Fehannel- FOr @
detailed discussion of fluid flow in such assemblies, refer to Toley et al.26. If this condition
is satisfied, after a certain volume of fluid accumulates in the metering pad, it reaches the
actuators, which expand and lift the metering pad (Fig. 5A; left bottom panel), allowing
fluid to flow downstream of the valve region. Flow diversion can thus occur using a single
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flow channel and one metering pad. When the flow channel is composed of nitrocellulose, a
common material used in paper microfluidics, a modification to this basic design is
necessary. Nitrocellulose generates large capillary forces and the necessary condition, Fpaq
> Fchannel, 1S not satisfied for most combinations of pad materials and nitrocellulose.
However, this problem can be resolved by inserting an adapter channel between two
nitrocellulose channels, A and B, as shown in the lateral view of the schematic (Fig. 5A;
right column). The adapter channel is made of glass fiber, generates lower capillary forces
than nitrocellulose, and preferentially delivers fluid to a cellulose metering pad with little
leakage downstream. Before valve actuation, fluid introduced into the nitrocellulose channel
A flows into the metering pad through the adapter channel (Fig. 5A; top right panel). After
actuation, fluid in channel A flows into channel B (Fig. 5A; bottom right panel).

A specific implementation of this volume-metered switch is shown in Fig. 5B (Movie S6 in
Supporting Information). It consists of two 1 cm wide plastic-backed nitrocellulose
channels, A and B, connected with a 1 cm wide glass fiber adapter channel. The metering
pad was a 3 cm x 1.5 cm, 0.87 mm thick cellulose pad and had two 2.3 mm thick square
sponge actuators of side 4.5 mm inserted within it (Fig. 5B). An adhesive Mylar layer was
placed on top of the metering pad to hold the assembly together. A transparent block of poly
(methyl methacrylate) (PMMA) was attached on top of this as weight to ensure good contact
between the metering pad and the adapter channel. Four PMMA support posts were built
around the metering pad to constrain its horizontal motion during valve actuation. Channel
A was connected to a fluid reservoir, in which yellow fluid was added at time, t =0. Att =
15 min, fluid had flowed into the metering pad, through channel A and the adapter channel,
but had not reached the sponge actuators (Fig. 5B). At t = 38 min, fluid had reached the
actuators, the metering pad had lifted off, and fluid had flowed into channel B (Fig. 5B).
Side view shows the compressed sponge before actuation and expanded sponge after
actuation (Fig. 5B). Note that there was a darker fluid front downstream from the valve after
actuation (Fig. 5B; t = 38 min; top view). We believe that this is a result of a)
chromatographic separation caused by the adapter channel, and b) an increase in pH of the
phenol red solution in the adapter channel (alternate adapter channel materials may
eliminate this effect, but we have not tested other materials in this work). Flow rates (linear
velocities) were measured in channel A (va) using the electrochemical band marking system
and in channel B (vg) by tracking the yellow fluid front. The flow rate into the metering pad,
Vpads Was determined as Vipag = Va - V. A plot of flow speed as a function of time shows
initial reduction during wet out (t < 5 min; Fig. 5C) followed by sustained flow into the
metering pad. Close to t = 18 min, flow rate into the metering pad started decreasing and
flow rate in channel B started increasing slowly (Fig. 5C). At t > 26 min, flow rate into the
metering pad became zero and flow rate in channel B increased to a steady rate (Fig. 5C;
green zone). The mean volume that flowed into the metering pad before the valve actuated
was 145 pl with a standard deviation of 12 pl (CV = 8.3%; N=3). The time betweent =18 —
26 minutes can be designated as the actuation period of this valve. Compared to volume-
metered valves using cantilever channels (Fig. 4C), the actuation of this valve was less sharp
and there was slight leakage into channel B before valve actuation was complete (dotted
rectangle; Fig. 5C). However, for applications where slight leakage can be tolerated, this
valve provides a simpler design for volume metering because the flow channels are fixed.
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The PMMA weight may be replaced by a spring or a similar tension-mount assembly, which
will make the design more compact. The actuation volume of this valve could be tuned by
changing the geometry of the metering pad, the location of the actuators within the pad,
and/or by stacking multiple metering pads on top of each other. Note that for volume-
metering valves, sample viscosity may affect the time at which valves actuate, but volume
for actuation is governed by the size of the metering pads and should be less sensitive to
sample viscosity.

Demonstration of a protein detection assay

We demonstrate the use of sponge-based valves in a portable device for the detection of the
malaria protein, Plasmodium falciparum histidine rich protein 2 (PfHRP2), using a signal
amplified ELISA based on sequential delivery of reagents to a detection zone. The device
has a footprint of 7.5 cm x 5.2 cm, smaller than a credit card, and is 2 cm tall at its highest
point. All assay reagents are stored dry on the device. A top view of the device is shown in
Fig. 6A. The base of the device is a 1.1 cm acrylic block with a fluid reservoir near one end.
The test strip is made of 4-mm-wide plastic-backed nitrocellulose, porous side facing down.
It is attached to a cellulose wicking pad at one end and to a sample inlet port on the other.
Three on-switches, Von 1, Von 2, and Vop 3, When actuated, connect dry reagent-containing
glass fiber legs 1, 2, and 3, respectively, to the test strip. Dried reagents on these legs are
rehydrated by a glass fiber feeder channel that is connected to the fluid reservoir. An off-
switch, Vogg, when actuated, disconnects the feeder channel from the three legs, converting
them into limited volume fluid sources. A 2.5-mm-wide glass fiber timing wick, connected
to the fluid reservoir, times the actuation of the 4 switches on the device. The shape of the
wick is shown in Fig. 6B. The wick splits at the point indicated by a green asterisk (*; Fig.
6B); one branch carries fluid to Vopr and the other branch carries fluid to the three on-
switches that are actuated in the order: Vo 1, Von 2, and Vo 3. Each on-switch actuation
connects one leg to the test strip and delivers a reagent to the detection zone. The sequential
actuation of valves results in sequential delivery of reagents. The user initiates the test
simply by introducing 30 pl sample into the sample port, and 2 ml water into the fluid
reservoir (Fig. 6C). All subsequent operations happen automatically, and a test result
appears in the detection zone of the device after ~20 minutes (Fig. 6C).

The operation of this device is first demonstrated using colored dyes (Movie S7 in
Supporting Information). 30 pl solutions of yellow food color with 4% trehalose and 0.1%
BSA, TBST (Tris buffered saline with 0.1% tween 20), and green food color with 4%
trehalose and 0.1% BSA, were dried on legs 1, 2, and 3 respectively (Fig. 6A). Time-lapse
images of the device in operation are shown in Fig. 6D with the status of valves tabulated at
each time point. Check marks indicate actuated valves. At time, t = 0, a 30 ul solution of red
food color was introduced into the sample port (Fig. 6D; t = 10s). Immediately after this, 2
ml DI water was added into the fluid reservoir (not shown in figure). Addition of water
engaged the feeder channel and the timing wick. The feeder channel delivered water to the
three legs and rehydrated the dried reagents while red fluid from the sample port continued
to flow through the detection strip into the detection zone and the wicking pad (Fig. 6D; t =
5 min). None of the four valves had actuated at this point. Valves Voy 1 and Vogr actuated
at 5.17 and 5.67 min, respectively. Actuation of Vg 1 delivered yellow fluid to the

Lab Chip. Author manuscript; available in PMC 2016 March 21.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toley et al.

Page 12

detection zone (Fig. 6D; t = 10 min). Valves Voy 2 and Voy 3 actuated at 10 and 15.5 min,
delivering wash solution and green fluid, respectively, to the detection zone (Fig. 6D; t = 14
and 23 min). A montage of time-lapse images of a rectangular region, approximately 4 mm
x 4 mm (highlighted by a yellow rectangle in Fig. 6D; t = 23 min), shows sequential
delivery of four fluids over the detection zone (Fig. 6E) over 23 minutes.

Finally, we demonstrate a signal amplified ELISA test for PFHRP2 on this device. A detailed
description of this assay is provided in Fu et al.23 and in Supporting Information, Section V.
The assay follows a standard sandwich format. A murine antibody to PfFHRP2 was spotted in
the detection zone as a capture agent. Another murine antibody to PfHRP2 conjugated to
gold nanoparticles was used as the labeling agent and dried in leg 1. An anti-mouse antibody
was spotted downstream of the capture spot as a control spot. A solution of TBST wash
buffer was dried in leg 2 and gold signal enhancement reagents were dried in leg 3. The test
was initiated by introducing a 30 pl solution of 5 pg/ml PfHRP2 (150 ng total) in fetal
bovine serum to the sample port, followed by adding 2 ml DI water to the fluid reservoir.
Fig. 6F shows time-lapse images of the detection zone with different reagents flowing over
it — no reagent/dry (t = 10 s), sample (t = 5 min), labeling antibody conjugated to gold
nanoparticles (t = 10.3 min), wash buffer (t = 16 min), and gold enhancement reagents (t =
23 min). A standard lateral flow assay would have only provided the test result shown at t =
10.3 min (Fig. 6F). This device enables subsequent delivery of wash fluid and gold
enhancement reagents, which improves the sensitivity of the assay23.

There are several advantages of using this device for conducting sequential delivery-based
assays. First, the number of pipetting steps is minimized, making it simple for operation by
untrained users. The number of user steps in this device is equal to or less than several FDA
approved home test kits, e.g. BinaxXNOW® Malaria (Alere, Waltham, MA). Further, the
number of fluids delivered sequentially can be increased by increasing the number of legs,
without increasing the number of pipetting steps. Second, the volumes delivered through
each leg are fully customizable. The same test strip geometry can be used to deliver different
volumes of fluids through the legs by changing the size of the legs and the shape of the
timing wick. Finally, the performance of this device is robust and reproducible. In the last 6
runs, the CV's in valve actuation time of the four valves on the device were <10% and
sequential delivery of the four fluids was successful on all the devices.

The valving toolkit presented here is comprehensive and enables multiple types of
automated fluidic operations. One of the salient features of these valves is that they do not
introduce any chemicals in the flow path and thus will not affect chemical compatibility of
paper microfluidic devices. The use of mechanical actuators and moving paper channels
makes these designs more complex compared to paper devices without moving parts.
However, fluidic capabilities increase considerably with these valves; capabilities
comparable to those achievable in micromachined or PDMS microfluidic devices are
imparted to paper microfluidic devices. Even though they may be more complex, they are
reasonably easy to construct and involve simply stacking layers of adhesive-backed plastic,
PMMA slabs, and paper. Sponge actuators are extremely low cost — the volume amount of
sponge required for a 4.5 x 4.5 mm? actuator was purchased at a retail cost of ~$0.003 US.
Retail cost of all materials and reagents used for the PfHRP2 test device was ~$6.8 US, out
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of which, $4.7 US was the cost of plastic (see Supporting Information, Section VI for a
detailed cost analysis). The only machine required to fabricate these parts was a CO laser
cutter, which are rapidly becoming cheaper and more accessible. If manufactured in large
scale using injection molding, the cost of plastic parts will reduce to well under a dollar,
using a conservative estimate. Thus a device for conducting a multistep ELISA assay can be
fabricated for under $3 US. Compared to conventional microfluidic devices, the critical cost
saving associated with paper microfluidic devices is the operational cost. Such a paper-based
device would not require electricity, batteries, permanent instruments, maintenance, or
trained personnel for operation.

Sponge actuators do not spontaneously compress when dried; actuation is irreversible, so
these are single-use valves. For most biochemical assays that involve either sequential
delivery of fluids to a detection zone, or the controlled movement and incubation of a plug
of fluid into different zones of a device, single-use valves work well. The volume of
actuating fluid required by these valves can be high. Even though the volume required to
expand the actuators is only ~30 pl for time-metered switches, the volume required to wet
the glass fiber timing channels is ~500 pl for the longest channel (design E; Fig. 3B).
However, as demonstrated in the protein assay device, such large volumes can easily be
accommodated in portable test devices. If desired, this volume can be reduced by timing
channels made of thinner materials or slower-wetting materials. Before proceeding, it must
be ensured that the alternate materials have reproducible flow and a sufficient rate of fluid
delivery to the sponge actuators. Another possibility is to use alternate actuators that are not
based on fluid absorption. A variety of such alternate strategies may be utilized — the end
result should be mechanical motion triggered by the arrival of fluid. Because actuation of
these valves is coupled with the arrival of fluid at actuators, they can be used as ‘logic gates’
in paper microfluidic circuits and lay the ground for development of highly integrated paper
microfluidic systems.

Experimental

Paper Materials

Plastic-backed and unbacked channels were made of nitrocellulose FF80HP and AE100,
respectively (GE Healthcare; Waukesha, WI). Test strip used in the protein detection assay
was made of nitrocellulose HF120 (Millipore, Billerica, MA). The adapter channel for
volume-metered valves with displaceable metering pads was made of glass fiber grade 691
(VWR, Radnor, PA). All cellulose pads were made of 0.87 mm thick CFSP223000
(Millipore, Billerica, MA), except a 2.7 mm thick cellulose 320 (Ahlstrom, Helsinki,
Finland) pad that was used for the volume metering valve with cantilever channel. Glass
fiber actuation channels and all glass channels in the protein assay device were made of
GR8964 (Ahlstrom). Actuators were made of 2.3 mm thick compressed cellulose sponge
#43CC (Sponge Producers Company, St. Louis, MO). All thicknesses reported here are of
dry materials.
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Device Fabrication

Devices were constructed by stacking layers of 10-mil thick adhesive-backed Mylar
(Fralock, Valencia, CA), slabs of poly (methyl methacrylate) (PMMA; McMaster-Carr,
Elmhurst, IL), and paper channels. Designs were drawn using DraftSight (Dassault
Systemes HQ, France) and all parts were cut using a 42-W CO, laser cutter (M360,
Universal Laser Systems, Scottsdale, AZ). Individual layers of plastic and paper were cut to
desired shapes before stacking. The detailed procedure for cutting nitrocellulose channels
was described previously#’. Compressed sponges were also laser cut to the desired
dimensions. The actuator cavity was laser cut in a 2.5 mm thick PMMA layer. Height
difference between flow channels was maintained by a 1.5 or 2 mm thick PMMA layer. To
create a cantilever channel, laminate protecting the adhesive on a Mylar layer was
selectively removed from under one end of the channel by laser cutting; the other end was
not adhered to the surface and was free to move. This movable end of the channel was
attached to an impermeable fluid barrier, which was a flap made of 10-mil thick double
adhesive backed Mylar. The channel adhered to this flap on its top surface and the bottom
surface of the flap adhered over the cavity containing the actuator. There was no adhesive on
the bottom surface of the sponge actuator or on the glass fiber actuation channel; good
contact between the actuator and the actuation channel was maintained by reducing the
width of the actuation channel under the actuator to half, in order to expose the adhesive on
the surrounding Mylar. Actuators were adhered on top of actuating channels in this way.
Schematics of part-by-part assembly of a device and geometric details of various parts
around the actuator are provided in Supporting Information, Section I11. Unbacked
nitrocellulose channels tended to warp when wet, which resulted in improper contact. To
avoid this, unbacked channels were laminated with adhesive-backed 4-mil thick Mylar films
at places where they did not make contact with other channels from both sides. For volume-
metered valves with displaceable metering pads, the weight and support posts were
constructed by stacking three 3.8 mm thick PMMA parts after laser cutting to desired shape.

Experimental Setup, Image Acquisition and Analysis

All devices (except the protein detection device) were set on a 19.1 mm thick black PMMA
block with a fluid reservoir etched near one edge. Channel A and timing/actuator channels
of all devices extended out into the fluid reservoir. Some valves used different fluids in the
actuation and flow channels. For these, the actuation channels extended into a separate
cylindrical fluid reservoir attached to the side of the block. The electrode for the
electrochemical band marking system that created pink bands in the yellow fluid (phenol red
solution; described by Kauffman et al.18) resided on top of channel A just downstream the
fluid reservoir. A custom-made humidity chamber with multiple sources of water was used
to raise the relative humidity to 75% before addition of fluids into the devices. Images were
acquired at intervals of 10 or 15 seconds using a Logitech Pro 9000 (Logitech, Newark, CA)
webcam operated using HandyAvi (AZcendant, Tempe, AZ). The location of fluid fronts
and pink bands were tracked over time using ImageJ (NIH Research Services Branch).
Speed (cm/min) at any instant, t (min), was calculated by measuring the distance (cm)
traveled by fluid fronts or bands between t to t+1 min. Volume (ul) passed until time, t, was
calculated as area under the speed-time curve (cm) from O to t, multiplied by the width (cm)
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of the channel and absorption capacity (ul/cm?) of the channel material. Area under the
curve was approximated by the trapezoidal rule. Absorption capacity of nitrocellulose
materials was experimentally determined2® to be 10 pl/cm?. The protein detection device
was run on a tabletop at ambient temperature and humidity to demonstrate its standalone
operation.

Protein Detection Assay

See Supporting Information, Section V.

Conclusion

We have, for the first time, demonstrated functional mechanically actuated valves that can
be programmed to actuate automatically in paper microfluidics. We also demonstrated the
use of these valves in designing portable devices that can be operated by untrained users to
conduct complex detection chemistries. These valves are enabling for the two ongoing
projects in our laboratory aimed at developing paper-based diagnostic devices for
conducting nucleic acid amplification or protein binding assays. Broadly, this valving and
automation toolkit will enable researchers to conduct complex multi-step fluidic operations
in paper microfluidic devices while maintaining their fundamental advantage, i.e., fluid flow
without pumps and electricity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PAPER MICROFLUIDIC
VALVING AND AUTOMATION TOOLKIT
BASED ON EXPANDING ACTUATORS
Metering
A parameter B
Varying length of  Tuning TIME VOLUME Tuning  Varying size of
triggering wicks (using external fluid) (using internal fluid) absorbent pads
A1 Az Fumol | ag 1 Function
( l 1 Diversion switch
On-switch Off-switch Diversion switch - Mechanism
Pad
:.% M PN V= § — N § — N B1 B2
J 1 | 1 ¢ 3}
. - o Sk Movable Movable
SIi=N= & M § - M — gi= M="" paper channels volume-metering pads
Figure 1.

The valving and automation toolkit. All valves make use of absorbent expandable elements
as actuators. Valves can be broadly classified into two categories — A. those that actuate
after a fixed period of time and make use of an external fluid for actuation, and B. those that
actuate after a fixed volume of fluid flow and make use of an internal process fluid for
actuation. Time-metered valves consist of A1l. On-switches that start fluid flow between two
channels, A2. Off-switches that stop fluid flow between two channels, and A3. Diversion-
switches that divert fluid flow from one channel to another. Volume-metered valves
demonstrated here are diversion switches that use two different mechanisms: B1. Moving
channels with fixed volume-metering pads, and B2. Fixed channels with moving volume-
metering pads.
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Figure2.

The three types of time-metered valves — on-switch (A-C), off-switch (D-F), and diversion
switch (G-I). These valves consist of nitrocellulose flow channels (containing yellow fluid)
and glass fiber actuation channels (containing water), separated by an impermeable fluid
barrier (see legend). Water is added to the actuation channels manually after a certain period
of time to actuate valves. A. Schematic of an on-switch. It consists of two flow channels, A
and B, placed at two different levels. Upon actuation, one end of channel A is lifted up to
connect to one end of channel B. B. Images of the on-switch before and after actuation. C.
Speed of the fluid front in the flow channels as a function of time shows the step increase in
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the flow speed on valve actuation. D. Schematic of an off-switch. It consists of two
perpendicular flow channels, A and B, placed on one level and initially connected at one
end. Upon actuation, channel A is lifted up to disconnect from channel B. E. Images of the
off-switch before and after actuation. F. Flow rate (linear velocity) as a function of time, as
tracked by an electrochemical band marking setup, shows a rapid drop on valve actuation.
G. Schematic of a diversion switch. It is a combination of an on-switch and an off-switch
that diverts fluid flow from channel B to channel C. H. Images of the diversion-switch
before and after actuation. I. Flow rate (linear velocity) as a function of time shows a sharp
drop for channel B and a sharp rise for channel C on valve actuation. All scale bars are 1 cm.
In C, F, and I, curves were added to guide the eye.
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Figure 3.
Programming valve actuation time. A. Time-lapse images of an on-switch with a serpentine

actuation channel that times valve actuation. Channel A and the actuation channel were
connected to a common fluid reservoir. Yellow fluid was added in the reservoir at time, t =
0. The fluid reached the end of channel A at 4.3 min. Fluid in the timing/actuation channel
reached the actuator at 10 minutes and actuated the valve. Note that the fluid appears darker
in the actuation channel because it is thicker than channels A and B. B. Time required for
fluid to traverse the length of different lengths of serpentine glass fiber channels. Percent
values are coefficients of variation (N=6). C. Time-lapse images of a device consisting of
two on-switches (valve 1 and valve 2; dotted red squares) that actuate sequentially by a
common timing/actuation channel. Valves actuated when fluid in the timing channel reached
the corresponding actuators.
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LEGEND: VALVE REGION
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Figure4.
Volume-metered valve with a cantilever channel. A. Schematic of a volume-metered flow-

diversion switch. It consists of two channels, A and B, placed at two different heights.
Channel A connects to a metering pad placed under it, which delivers fluid to an actuator,
through a connector pad. After the passage of a certain volume of fluid, the actuator
expands, disconnects channel A from the metering pad and connects it to channel B. B.
Time-lapse images of the valve. The length of the metering pad and actuator, W, was 1 cm
for this design. Before actuation (4 and 57 min), fluid in channel A flowed into the metering
pad. After actuation (65 and 79 min), fluid was diverted into channel B. Scale bar is 1 cm.
C. Linear velocity as a function of time for the device shown in B showed a steady flow into
the metering pad (solid circles; red line) before actuation. During actuation, the velocity into
the metering pad decreased to zero, and after actuation, velocity into channel B (hollow
circles; green line) increased from zero to a positive value. D. Normalized mean volumes of
fluid flow before valves actuated, as a function of W. Percent values are coefficients of
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variation. Mean volumes of actuation are provided next to the data points (N =5 for W=1
cmand N =4 for W= 0.5 cm). In C, curves are added to guide the eye.
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Time, ¢ (min)

Volume-metered valve with a moveable metering pad. A. Schematic of the volume-metered
flow-diversion switch showing transverse and lateral views. It consists of a metering pad
with actuators inserted in it, resting on top of a flow channel. Actuators extend out of the
metering pad into cavities on the surface. Firm contact between the flow channel and

metering pad is ensured by a weight att

ached on top of the pad. Fluid in the channel flows

into the metering pad initially, until actuators expand and lift the pad off. After actuation,
fluid flows downstream the valve in the flow channel. The lateral view shows the schematic
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of this valve with two flow channels, A and B, with an adapter channel in between. B. Top
and side views of the valve before (t = 15 min) and after (t = 38 min) actuation. Fluid flowed
into the metering pad before actuation (t = 15 min; top view) and into channel B after
actuation (t = 38 min; top view). Scale bar is 1 cm. Side view shows the sponge actuator
before (t = 15 min) and after (t = 38 min) actuation. Scale bar is 1 mm. C. Flow rates (linear
velocity) of fluid flowing into the metering pad (solid circles; red line) and channel B
(hollow circles; green line) as a function of time. Graphs show steady flow into the metering
pad and channel B, before and after actuation, respectively. There was slight leakage of fluid
into channel B before actuation, between t = 18 and 25 min (dotted rectangle).
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Figure®6.

Protein detection device. A. Top view of the device showing important parts. The device
consists of one nitrocellulose test strip, and three source legs, one feeder channel, and one
timing wick, all made of glass fiber. There are three on-switches, Von 1, Von 2, Von 3.
between the test strip and source legs 1, 2, and 3, respectively, and an off-switch, Vg, that,
when actuated, disconnects the feeder channel from all three source legs. Scale bar is 1 cm.
B. The shape of the glass fiber timing wick and the location of the four valves. The wick
splits at the point indicated by the green asterisk — one branch actuates Vg and the other
actuates the three on-switches sequentially. C. Schematic of a step-by-step procedure of
conducting the protein detection test. The test is initiated by adding 30 ul sample in the
sample inlet port and 2 ml water in the fluid reservoir. No further user steps are required and
the result can be read in the detection zone after 20 minutes. D. The operation of the device
is demonstrated using colored fluids. Time-lapse images show the sequential flow over the
detection zone of i) red fluid introduced through the sample port (t = 5 min), ii) yellow fluid
(t = 10 min), iii) a wash fluid (t = 14 min), and iv) green fluid (t = 23 min), rehydrated from
legs 1, 2, and 3, respectively. The status of valves is tabulated at each time point; a green
check indicates an actuated valve. Scale bar is 1 cm. E. Montage of time-lapse images over a
square region indicated by the yellow box (t = 23 min) in the detection zone. F. Time-lapse
images of the detection zone of the device that was used to conduct a PfFHRP2 protein
detection assay. The two spots represent test result (bottom) and control (top). The sample
flows over the detection zone first (t = 5 min), followed by the labeling antibody (t = 10.3
min), wash buffer (t = 16 min), and gold enhancement reagents (t = 23 min).
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