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ABSTRACT: As paper-based diagnostics has become pre-
dominantly driven by more advanced microfluidic technology,
many of the research efforts are still focused on developing
reliable and versatile fluidic control devices, apart from
improving sensitivity and reproducibility. In this work, we
introduce a novel and robust paper fluidic control system
enabling versatile fluidic control. The system comprises a
linear push−pull solenoid and an Arduino Uno micro-
controller. The precisely controlled pressure exerted on the
paper stops the flow. We first determined the stroke distance
of the solenoid to obtain a constant pressure while examining
the fluidic time delay as a function of the pressure. Results
showed that strips of grade 1 chromatography paper had superior reproducibility in fluid transport. Next, we characterized the
reproducibility of the fluidic velocity which depends on the type and grade of paper used. As such, we were able to control the
flow velocity on the paper and also achieve a complete stop of flow with a pressure over 2.0 MPa. Notably, after the actuation of
the pressure driven valve (PDV), the previously pressed area regained its original flow properties. This means that, even on a
previously pressed area, multiple valve operations can be successfully conducted. To the best of our knowledge, this is the first
demonstration of an active and repetitive valve operation in paper microfluidics. As a proof of concept, we have chosen to
perform a multistep detection system in the form of an enzyme-linked immunosorbent assay with mouse IgG as the target
analyte.

Microfluidic paper-based analytical devices (μPADs) have
been extensively studied due to their unique advantages

over conventional diagnostic systems, which include cost
effectiveness, easy production, ease of use, reagent storage,
biocompatible flexible substrate with high porosity, and power-
free fluid transport via capillary actuation.1,2 With these vast
benefits, a variety of fabrication approaches (e.g., inkjet
printing,3 photolithography,4 stamping,5 and embossing6) and
capabilities (e.g., fluidic timers,7 metering,8 thermochromic
displays,9 and text display10) have been developed and applied
to the analysis of food and beverage contamination and
environmental and biomedical analytes.11−14 Analytical assays
can be classified in a single step and multistep. Most
commercial products are based on the former (e.g., glucose,15

lactate,16 and uric acid assay17) and are, from reagent reaction
to detection, a one-time operation, once a sample is loaded.
Multistep assays, on the other hand, require several sequential
reaction steps between sample introduction and detection. Such
assays have been demonstrated to improve diagnostic perform-
ance, thereby enabling more diverse biochemical analyses, such
as enzyme-linked immunosorbent assay (ELISA).18 Although

this method improves the sensitivity, with every step, it requires
manual manipulation to load the reagents.18−20

To overcome these limitations, there have been several
studies done to minimize the manual steps by developing
paper-based fluidic valves.21−30 These valves can be classified as
either passive or active, according to the operation principle.
While passive valve systems generally operate within autono-
mous structures,31 the specific geometry of the channel,24 or
modified surface chemistry,21 active valve systems are actuated
by mechanical device or external energy,25,32 making valve
control more programmable. Notable passive valves were
developed by Toley et al.33 and Chen et al.21 The former valve
created a toolkit of paper microfluidic valves using movable
paper strips and fluid-triggered expanding elements. The
system comprises a new strategy of multiple functional valve
and calculates automatic valve actuation although it requires a
relatively complicated design because of the necessity of
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actuation channels and only works once. The latter valve, a
“fluidic diode”, relies on patterning wettability on paper by click
chemistry. The system is a two-terminal component that allows
wicking in one direction but stops it in the other direction.
However, surfactants used in this system may affect
denaturalization of proteins. Another passive valve utilizes a
dissolvable bridge as an off switch. The advantage of this valve
is that it is a simple design to manipulate fluid transport but is a
one-time operation and has limited fluid volume.34 Solvent-
dependent on/off valves were introduced by utilizing alkyl
ketene dimer patterning on paper.28 This approach enables
selectively permeable on/off valves over only off switches. But
the use of alcohol might affect interaction with sample reagents
and limit their uses only to specific applications.
Given that studies for paper fluidic active valves have not yet

been extensively developed, compared to passive valves, they
have exhibited relatively simple paper channel geometry and
fast actuation time. Simple, but powerful, active valves were
introduced, among others, thermally actuated wax-ink valves
printed onto the paper or electrical modification of wetting
property by conductive hydrophilic and hydrophobic elec-
trode/valves.32,35 While there are many advantages of
repeatable valve actuation, including ease of fabrication and
system construction, care should be taken when dealing with
temperature-sensitive samples and hydrophobic materials which
could react with wax. Therefore, it is critically important to
develop a novel paper-based fluidic active valve system which
satisfies repeatable, instant, and programmable valve oper-
ations; does not exhibit sample variation due to valve
components; and shows no occurrence of reactions between
sample/biochemical reagents and any materials required for the
valve function.
In this study, we developed a robust and bifunctional

mechanical system for flow velocity control and valve actuation.
Many studies have demonstrated either a delay in flow or an
imperfect flow obstruction by a valve. In contrast, the solenoid
pressure driven valve (PDV) in our system enables not only
flow control but also a complete valve actuation function. Since
the bifunctional valve is operated solely by mechanical pressure,
fluidic control can be performed under normal conditions,
which means that the paper itself does not require any
additional modifications with materials which are either organic,
hydrophobic, and/or hydrophilic. In addition, it does not need
complicated and long paper channels, compared to the μPADs
using passive valves.21 These latter devices require larger
amounts of sample and reagents because of the longer channel
length and, therefore, higher evaporation loss of the fluidic
reagents.
We constructed our PDV system using an Arduino

microprocessor to potentially enable programmable fluidic
control on a mobile platform. The flow was evaluated as a
function of the type and grade of paper, paper width, and
method of channel fabrication, in order to achieve optimal
reproducible conditions. Afterward, we examined the fluidic
time delay according to the applied pressure on the valve and
confirmed the possibility of flow velocity control. Notably,
complete valve actuation was achieved when a pressure over 2
MPa was applied. To illustrate the effectiveness of our PDV
system, we performed an HRP-based ELISA. Having the access
to repeatable actuation means that we are able to construct a
more reliable paper-based in vitro diagnostics tool for more
complex immunoassays, including simplified multistep washing
procedures and reagents.

■ EXPERIMENTAL SECTION

Preparation of Paper Substrates. Bare paper strips with
widths of 2, 4, 6, 8, and 10 mm were cut from chromatography
paper (grade 1, GE Healthcare Whatman, Springfield Mill,
U.K.) and filter papers (grade 1, GE Healthcare Whatman)
using a craft knife. Hydrophilic channels with 2, 4, 6, 8, and 10
mm widths were patterned on each piece of chromatography
and filter paper using a wax printer (ColorQube 8570, Xerox,
CT, USA). We printed wax patterns of 2.6, 4.6, 6.6, 8.6, and
10.6 mm widths onto cut paper, after which hydrophilic
channels were formed by baking the wax-printed papers on a
hot plate (HS-7, IKA, Guangzhou, China) at 150 °C for 1 min.

PDV System. A support was designed by SolidWorks
(Dassault Systemes SE, Velizy-Villacoublay, France) to attach
to a linear solenoid (ZHO-1364S-36A13, Shenzhen Zonhen
Electric Appliances, Shenzhen, China; 4 cm × 3 cm × 10 cm)
and was fabricated using a 3D printer (LM300, K.Clone, South
Korea) with polylactic acid (PLA) filaments (1.75 mm, Esun,
Shenzen, China). The linear solenoid and fabricated support
were put together with screws (2.5 mm diameter).
We used a load cell (TAS-606, HT sensor technology, Xian,

China) fixed to the support below the linear solenoid to
measure the mechanical force of the latter. When a current was
applied to the linear solenoid from a power supply (RDP-303
AU, GEST Co., South Korea), the plunger struck the sensor of
the load cell. The mechanical force of the linear solenoid was
measured by a strain gauge sensor connected to the load cell
amplifier (HX711, AVIA semiconductor, Xiamen, China) at the
center of the load cell. Amplified signals were then digitalized
by a microprocessor (Arduino UNO, Arduino Co., Turin, Italy)
and displayed on an LCD screen (LCM1602 IIC V1, YwRobot,
Shenzhen, China) connected to the microprocessor.
The surfaces of the fabricated support and the plunger head

of the linear solenoid actuator were not smooth, meaning that
the apparatus might incur low reproducibility and effectiveness
when controlling fluids. To improve the performance, we
fabricated a poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow
Corning, MI, USA) cap to cover the plunger head by placing
the plunger head in a mold containing a mixture of PDMS base
and curing agent (Sylgard 184, Dow Corning; 10:1 ratio), after
which the PDMS was cured in a dry oven (JSOF-050, JSR,
South Korea) at 65 °C for 24 h. Finally, the cured PDMS cap
was detached from the mold and used to cover the plunger
head. In the same manner, a PDMS cap for the support was
also fabricated for use in the experiments.

Pressure Measurements of the PDV System. When the
linear solenoid was actuated, the plunger struck the pressure
cap placed on the sensor of the load cell. As described in the
previous section, the mechanical force was converted to an
electrical signal by the sensor of the load cell and displayed on
an LCD. The load cell was only able to measure force in
Newtons and consequently the measured force needed to be
converted to units of pressure. The contact area was fixed to 2.0
× 10−5 m2 (5 mm diameter circle). Therefore, the load pressure
was calculated by dividing the force with the area.

Paper-Based ELISA with PDVs. To construct a paper-
based ELISA device with PDVs, four different functional
membrane pads were prepared. A nitrocellulose paper was
prepared by pipetting 0.2 μL of capture antibody (2.1 mg/mL;
goat anti-mouse IgG (Fc specific) antibody, Sigma-Aldrich, MI,
USA) onto a site at 20 mm from the bottom of nitrocellulose
paper (CNPF-SN12 10 μm, MDI membrane, Ambala, India; 5
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mm × 25 mm) and dried for 10 min at room temperature. The
nitrocellulose was blocked using 0.2% (v/v) Tween 20 (P9416,
Sigma-Aldrich) in 10 mM phosphate buffered saline (PBS;
LB004-02, Welgene, South Korea) with 5% skimmed milk for
30 min, after which the nitrocellulose paper was washed with
0.05% (v/v) tween 20 in 10 mM PBS for 30 min and dried for
1 h at 37 °C. Then, 1 μL of detection antibody (100 μg/mL;
goat anti-mouse IgG-HRP (Fab specific) antibody, Sigma-
Aldrich) in 10 mM PBS containing 0.2% (v/v) Tween 20 and
20% (w/v) sucrose (84100, Sigma-Aldrich) was immobilized
onto a site at 5 mm from the bottom of the nitrocellulose paper
and dried for 10 min at room temperature. Substrate channel (3
mm × 15 mm) and washing buffer channel (3 mm × 35 mm)
were prepared from chromatography grade 1 paper. The
channels were then blocked with 0.2% (v/v) Tween 20 in 10
mM PBS with 5% BSA (A2153, Sigma-Aldrich) for 30 min and
washed with the washing buffer for 30 min after which the
channels were dried for 1 h at 37 °C. The nitrocellulose paper,
sample pad (grade 319, Ahlstrom, Helsinki, Finland), channels
for substrate and washing buffer, and absorbent pad (GB 005,
GE Healthcare Whatman) were assembled on an adhesive
plastic backing with an overlap of about 2 mm.
Two reservoirs (15 mm diameter, 10 mm height) for the

washing buffer and substrate (3,3′,5,5′-tetramethylbenzidine,
TMB; T0565, Sigma-Aldrich) were fabricated by 3D printer
and placed at the end of the washing and substrate channels.
The two PDVs were positioned 10 mm from the end of the
substrate and washing channels.
Image Analysis. At 15 min after opening valve 2,

colorimetric intensity of the test zone was measured using a
digital camera (NX1, Samsung Electronics, South Korea). Gray
scale values of each detection zone were measured by image
analysis software ImageJ and subtracted from the background
signal.

■ RESULTS AND DISCUSSION

Operation of the PDV System. The PDV system was
composed of a support, a linear push−pull solenoid with a
plunger head, and a load cell with a cap to expand and flatten
the contact area with the paper strips. The alignment between

the plunger head and the load cell was critical to obtain
accurate mechanical pressure. With the Arduino micro-
processor, we were successfully able to control the integrated
PDV system and visualize the mechanical force, which was
converted to pressure (Figure 1). As a first step, we applied a
voltage to the linear solenoid and confirmed that the plunger
head was completely occluded by the load cell cap and pressed
against the paper strip. The distance between the linear
solenoid and the load cell cap affected the stroke distance of the
plunger head. We used a linear solenoid with a 10 mm stroke
and set the stroke as 0 mm when the plunger head was not
moving. Results showed that the higher the voltage, the higher
the pressure (Figure 2). While the pressure was almost constant

for strokes between 0 and 8 mm, it significantly increased above
a 9 mm stroke. Based on this result, we set the stroke distance
as 9.5 mm to efficiently deliver pressure onto the paper strips.

Characterization for Fast and Reproducible Fluidic
Control. The principal points in the development of in vitro
diagnostic platforms are to make them fast and reproducible

Figure 1. Operational steps of the proposed method. (A) Operation of the valve using the linear solenoid. A paper strip is placed beforehand onto
the load cell cap capped with a PDMS cover. (B) Sample/reagent is dropped onto the inlet of a paper strip and the linear solenoid actuated. (C)
Flow is then prohibited by the plunger head. (D) Configuration of the PDV system to measure mechanical pressure. When voltage is applied to the
linear solenoid, the plunger presses the paper strip placed on the load cell, after which electrical signals are converted by the microprocessor and the
force of the linear solenoid is displayed on the LCD.

Figure 2. Pressure as a function of the stroke and the applied voltage.
While the pressure was almost constant for strokes between 0 and 8
mm, it significantly increased above the 9 mm stroke.
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with small sample volumes. Therefore, in order to find the
optimal conditions satisfying the above three factors (speed,
reproducibility, and sample usage), we checked the wicking
time (the time taken by the fluid to flow from inlet to outlet)
according to the grade of the paper, channel width, and
fabrication method.
We selected two paper grades (chromatography grade 1 and

filter grade 1) which have faster flow rates than other paper
grades, such as grade 5 and 6 filter papers (see Figure S1 in the
Supporting Information). Differences in flow rate can be
explained by the different pore size and porosities of the paper,

as indicated by the Washburn equation and Darcy’s law (see
eqs 1 and 2 in the Supporting Information). Larger pore size
and/or higher porosity result in higher flow rate. Since
chromatography grade 1 paper has a higher porosity but the
same size of pores, compared to grade 1 filter paper, it should
display a higher flow rate.
The channel widths were chosen as 2, 4, 6, 8, and 10 mm.

We fabricated the paper channels with a typical strip-type form
as well as by wax printing, which is a representative method for
easy and fast fabrication. Each of the manufactured strips of
papers was made with a length of 40 mm and soaked in a 2 mL

Figure 3. Wicking time for width-dependent wax-patterned/bare-strip channels made with chromatography/filter paper (40 mm length). (A)
Wicking time results with wax-patterned filter channels. (B) Wicking time results with bare-strip filter channels. (C) Correlation graph of wicking
time results between wax-patterned and bare-strip channels. (D) Wicking time results of chromatography with wax-patterned channels. (E) Wicking
time results of chromatography with bare-strip channels. (F) Correlation graph of wicking time results between wax-patterned and bare-strip
channels. The error bars represent the standard deviation of the experiments (n = 10).
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green food dye solution. The wicking time was measured at
intervals of 5 mm from the inlet (position, 0 mm) to the outlet
(position, 40 mm) ports. As shown in Figure 3, faster flow was
achieved with chromatography paper and this tendency was
identical in both the bare-strip and wax-patterned channels.
Panels C and F of Figure 3 show the correlation of wicking time
between the bare-strip and the wax-patterned channels. Results
indicate that the slopes of the graphs were greater than 1 for
both filter and chromatography papers. Except for the case of 2
mm wax-patterned filter paper, the average slope converged to
1.2 in most cases, indicating that the flow velocity in the bare-
strip channels was 1.2-fold faster than that in the wax-patterned
channels. Thus, the combination of bare-strip channel and
grade 1 chromatography paper was superior in terms of flow
velocity.
Moreover, we found that channel width was inversely

proportional to wicking time (Figure 3A, B, D, E); i.e., the
wider the channel, the faster the flow rate. This can be
explained by the surface tension that occurs in the hydrophobic
periphery, which acts in opposition to the flow.36 Although a
wider channel exhibited faster flows, it was speculated that it
would consume more reagents and samples. In terms of
reproducibility, the bare-strip channel generally performs better
than the wax-patterned channel. In particular, the bare-strip
channel made of chromatography paper showed the most
reliable reproducibility for all channel widths except 2 mm
(Figure 3E). To summarize, after considering speed, reprodu-
cibility of fluidic transportation, and sample usage, we decided
that the 4 mm wide bare-strip channel made of chromatography
paper was optimal.
Bifunctional PDV System: Flow Velocity Control and

Valve. Mechanical pressure is applied to the paper channel as
the plunger head comes down and contacts the load cell cap.
However, a cap made with a 3D printer might be rough and is
not guaranteed to be sufficiently flat due to poor precision
during fabrication. As the contact areas between the plunger
head and the cap definitely affects the valve’s efficiency, we
fabricated PDMS covers and placed them under the plunger
head and on the cap of the load cell in order to improve valve
efficiency due to the elastic properties of PDMS. After that, the
fluidic time delay was measured and compared between paper
strips with and without the PDMS covers. The chromato-
graphic paper strip was 40 mm long, and the plunger head was
located in the 15−20 mm area away from the inlet. The time
delay was calculated by subtracting the time it took for the fluid
to reach the 25 mm point with no pressure during the
corresponding time. Figure 4 shows the time delay depending
on several pressures with and without PDMS covers. As
expected, we confirmed that the time delay increased as the
pressure became higher, while the PDMS covers significantly
extended it. Notably, not only did the variation of the time
delay decrease but also the relationship between the applied
pressure and time delay became increasingly linear with the
PDMS covers. Therefore, we were able to confirm that the
PDMS covers improved the valve efficiency and reproducibility
of fluidic control.
Based on the previous results, we tried to control the flow

velocity with the PDV on paper. Figure 5A shows the flow
velocity as a function of the pressure, covering the distance
from the valve region to the outlet. The flow velocity was
calculated by dividing the strip length of the strip between L20
and L40 (20 mm) with the time it took for the dye to flow from
L20 to the end of the strip. Pressure was applied to the actuation

point (L15−L20). The results show that the velocity linearly
decreased when the pressure increased. We confirmed that the
PDV system enables quantitative fluidic velocity control even
on paper-based platforms.
Beyond the delay effect, various pressures were applied to

observe the flow in order to confirm whether the platform
could also function as an active valve. At up to 1.5 MPa, the
flow was observed according to the degree of pressure.
However, there was no flow in the actuation point from 2
MPa onward, thus confirming the function of the PDV as a
valve (Figure 5B,C). Thereafter, when the valve was opened,
the fluid flowed fairly well again and the slope of the fluidic flow
was almost equivalent to that of the control.
If it is possible to open and close a single valve many times,

we then envision that repetitive fluidic control can be
performed on one type of reagent, such as multiple washing
steps. This not only makes the device smaller by reducing the
number of identical performing channels but also simplifies the
POC paper device. As shown in Figure 5D, when the valve was
repetitively closed and opened for four times there was an
instant response of the flow, without delay. Moreover, the flow
velocity was confirmed to be similar without reduced velocities
as compared with the control. While most studies on paper
valves have shown techniques to operate single-use valves, one
approach demonstrated a reconfigurable valve allowing multiple
actuation steps.35 However, there was a time delay in actuation
of the wax valve. Moreover, there was concern about the effect
of heating on heat-sensitive biological samples and reagents. To
the best of our knowledge, our PDV system is the first
demonstration that simultaneously achieves not only precise
fluidic velocity control but also active valve actuation with
programmability, repeatability, fast response, and compatibility
with biological samples.

Paper-Based ELISA with PDVs. With the flow control
ability of our PDV system, a multistep assay, such as ELISA, can
be performed. As a proof-of-concept, we conducted HRP-based
ELISA with mouse IgG as a target analyte. As shown in Figure
6A, there is a nitrocellulose paper for target detection in the

Figure 4. Time delay by the pressure driven active valve. The black
solid line shows the time delay of the plunger head with the PDMS
cover, while the red dashed line indicates the time delay with a bare
plunger head. Percentage values represent the CV for each condition.
The error bars represent the standard deviation of the experiment (n =
3).
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center of the device. The black circle indicates the dried
detection antibody (goat anti-mouse IgG-HRP). Capture
antibody (goat anti-mouse IgG) was immobilized onto a site
20 mm from bottom of the nitrocellulose paper (test zone).
Furthermore, perpendicular to the nitrocellulose paper, there
were two channels flanked with their respective 3D-printed
reservoirs. A washing buffer was loaded in reservoir 1, and
substrate (TMB) for colorimetric reaction of HRP was loaded
in reservoir 2. For the timed delivery of the washing buffer and
the substrate, two PDVs (V1 and V2) were placed on the
respective channels.
With the PDVs closed, there was no flow off the reagents to

the detection zone (Figure 6A). First, the sample (mouse IgG)
solution was introduced on the sample pad and flowed toward
the absorbent pad by means of capillary force (Figure 6B). In
this process, mouse IgG interacted with detection antibody
(black circle). Then, the antibody complex was bound to the
capture antibody at the test zone. To wash off unbound
detection antibody at the test zone, a washing step is essential.
Therefore, valve 1 (V1) was opened for 15 min after sample
introduction and excess detection antibodies were washed off
(Figure 6C). To visualize the results, valve 2 (V2) was opened
for 15 min after washing for substrate delivery (Figure 6D).
The HRP labeled detection antibodies reacted with the
substrate complex for 15 min and produced a purple colored
precipitant (Figure 6D; blue circle).
Figure 6E shows the results of paper-based ELISA at six

different sample concentrations of mouse-IgG (0.05, 0.1, 0.25,
0.5, 0.75, and 1 μg/mL). All the colorimetric results were

quantified and plotted (Figure 6F). With this proof-of-concept
we have demonstrated that a PDV-based system can
successfully perform a multistep analytical assay, such as a
paper-based ELISA.

■ CONCLUSIONS

We have demonstrated a novel paper fluidic control system,
enabling not only sophisticated flow velocity control but also
active and repetitive valve actuation. The PDV presents many
advantages, including programmability, reproducibility, fast
response, and compatibility with biological samples, when
compared to conventional devices. With its unique and versatile
performance, we expect the PDV device to become an essential
paper-based fluidic control unit for lateral flow devices used in
point-of-care applications. We envision paper-based cartridges
that can be slotted under the reservoirs containing washing and
detection solution. Then only the sample is required to be
manually loaded.
Although it might be pointed out that adding solenoid

actuators will increase the cost of the lateral flow device, this
can also be claimed for other active paper-based valves. In this
case, not the cost of the paper device will increase but that of
the control system. However, one should keep in mind that the
costs of the reagents far outweigh those of the solenoid.
Moreover, we believe that our PDV-based system will reduce
reagent use, and thereby the cost of operation, justifying the
initial cost of the control system. In addition, we believe that
this approach has significant value in terms of versatility and the

Figure 5. Bifunctional manipulation of flow velocity control and valve actuation based on a paper. (A) Flow results according to the pressure driven
valve on strips when changing the pressure from 0 to 0.5 MPa. Pressure was applied to the actuation point (L15−L20). (B) Flow results according to
the pressure driven valve on strips when changing the pressure from 0 to 2.5 MPa. Pressure was applied to the actuation point (L15−L20). The valve
opened 15 min after valve actuation. The error bars represent the standard deviation of the experiment (n = 3). (C) Time-lapse images of flow on
paper strips with 2.5 MPa applied to the actuation point (L15−L20) and without pressure (control). (D) Repeatability of the pressure driven valve.
The flow instantly responded to the operation of the valve while the velocity did not significantly change with the number of valve operations.
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ability to apply it to more complicated assays on a paper
diagnostics platform.
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