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Abstract: Microfluidic paper-based analytical devices (microPADs) have emerged as a promising
platform for point-of-care diagnostic devices. While the inherent wicking properties of microPADs
allow for fluid flow without supporting equipment, this also presents a major challenge in achieving
robust fluid control, which becomes especially important when performing complex multi-step
assays. Herein, we describe an ideal method of fluid control mediated by wax-printed fluidic time
delays. This method relies on a simple fabrication technique, does not utilize chemicals/reagents that
could affect downstream assays, is readily scalable, and has a wide temporal range of tunable fluid
control. The delays are wax printed on both the top and bottom of pre-fabricated microPAD channels,
without subsequent heating, to create hemi-/fully-enclosed channels. With these wax printed delays,
we were able to tune the time it took aqueous solutions to wick across a 25 mm-long channel between
3.6 min and 13.4 min. We then employed these fluid delays in the sequential delivery of four dyes to
a test zone. Additionally, we demonstrated the automation of two simple enzymatic assays with this
fluid control modality. This method of fluid control may allow future researchers to automate more
complex assays, thereby further advancing microPADs toward real-world applications.
Keywords: microfluidic paper-based analytical devices; microPADs; µPADs; wax printing; multi-step
assays; fluid control

1. Introduction
Accurate and timely diagnosis is a vital first step toward the treatment of a disease. As of 2013, at
least 400 million people worldwide are classified as low income and without access to essential health
services, including diagnostic technologies [1]. The development of cost-effective point-of-care (POC)
diagnostic tests is therefore critically important, especially in these low resource settings. As outlined
by the World Health Organization (WHO), the ideal POC diagnostic test should meet the ASSURED
criteria: affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable
to end users [2]. In this article, we describe a new technique for tuning wicking rates in microfluidic
paper-based analytical devices (microPADs). The ability to control wicking rates in paper-based
channels can be harnessed for the automation of multi-step assays, which may ultimately enable the
development of improved POC diagnostic devices.
Since their inception in 2007, microPADs have emerged as a promising platform for POC
diagnostics because they were designed to meet the ASSURED criteria [3–7]. Paper is an ideal platform
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for diagnostic assays because it is affordable, widely available, and hydrophilic in nature, thereby
allowing fluids to flow through its porous structure via capillary action. In microPADs, fluid flow is
controlled by patterning the paper with hydrophobic materials to create hydrophilic channels and
reservoirs bounded by hydrophobic barriers [3]. A simple method of patterning paper is wax printing,
which typically involves printing wax on the surface of paper using a solid ink printer, followed by a
brief heating step to melt the wax into the paper [8–10].
While the inherent wicking properties of microPADs allow for fluid flow without supporting
equipment (i.e., no external pumps), this also presents a major challenge in achieving robust fluid
control [6]. Fluid control becomes especially important when performing complex multi-step assays,
sometimes requiring extended incubation periods [6,11]. While many complex laboratory-based
diagnostic tests are automated, this level of automation and complexity has been difficult to achieve in
microPADs [6]. Examples of multi-step assays performed on microPADs range from simple enzymatic
assays [12–14], to more complex paper-based enzyme-linked immunosorbent assays (ELISAs) for
diagnostic applications [15–19]. Two examples of multi-step enzymatic assays that we explored in this
work include a horseradish peroxidase (HRP) assay [13,20–22], and an enzyme inhibition assay for
toxic heavy metal ions [23,24]. The HRP assay requires a multi-step process in which a chromogenic
reagent is first incubated with HRP, followed by a sulfuric acid quench. While the HRP assay alone
can be used to study enzyme stability [21], it is more commonly used in coupled reactions [14], or as
a reporter enzyme in microPADs [13,22]. The enzyme inhibition assay can be used to determine
the concentration of toxic heavy metal ions, such as silver (I) and mercury (II), in water samples
with limits of detection as low as 0.001 ppm [23]. In these assays, samples containing the metals are
incubated with the reporter enzyme β-galactosidase (β-gal), followed by the addition of the enzyme
substrate, chlorophenol red-β-D-galactopyranoside (CPRG), to measure the activity of the enzyme
following inhibition by the metal [23]. With improved methods of fluid control, we may be able to
better automate multi-step assays, such as the HRP and enzyme inhibition assay, on paper.
The need for increased fluid control in microPADs has led to the development of active and
passive fluid control systems [6]. Active fluid control systems typically rely on valves and allow for
the direct control of fluids based upon an external input. While active fluid control has many potential
advantages, there are relatively few reported methods of active control, and the available methods
are often complex to operate, require significant external equipment, are not compatible with high
volume fabrication, or are otherwise too impractical to be used in POC devices [6,25,26]. For example,
a common form of active valve involves mechanical switches, whereby some form of paper folding,
sliding, or removal is used to facilitate fluid transport [27–30]. While these are simple to operate,
they rely on the end-user accurately controlling the timescale of the assay, and scalability of these
devices would likely be difficult.
In their most common form, passive fluid control systems in microPADs are used to control fluid
flow rate within a channel. Passive fluid control systems do not require external inputs, are typically
easier to fabricate than active control systems, and often do not require any additional equipment
when operating the device, which makes them better-suited for POC applications. In their simplest
form, changing channel geometry (i.e., width and length) leads to changes in fluid flow [29,31–35].
However, these techniques have a limited range of fluid control [6,31,34]. While there are many
additional methods of passive fluid control in microPADs (e.g., fluidic diodes, delay shunts, altering
pore size, ionogel passive pumps, laser direct writing, sucrose delays, chemical modifications,
dissolvable/erodible bridges) [6,11,36–46], all of these have significant limitations, such as the
extensive use of additional fabrication materials or equipment beyond what is required for wax
printing (e.g., laser cutters, plastic sheets, or adhesives) [39,40,44,45], use of reagents that could impact
downstream assays (e.g., sugars, polymers, or surfactants) [11,38,42,43,46], or the use of techniques
not compatible with high-volume fabrication [36,37,41].
Ultimately, the ideal method of fluid control would utilize a simple fabrication technique, have
a wide temporal range of tunable fluid control, be readily scalable, not use additional chemicals
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that could affect downstream processes, and could be used to automate complex multi-step assays.
The purpose of our investigation was to develop a passive fluid control system in microPADs that fits
all these criteria via the creation of wax-printed fluidic time delays. First, we explored the effect of
these delays on fluid flow rate. Second, we used the delays to automate the sequential delivery of
multi-colored dyes to a test zone. And finally, we applied this technology to automate two simple
enzymatic assays on paper.
2. Materials and Methods
2.1. Fabrication of MicroPADs with Wax-Printed Fluidic Delays
MicroPADs were designed on the computer (Affinity Designer v1.6.5, Nottingham, England, UK)
and printed on Whatman no. 1 chromatography paper (GE Healthcare Life Sciences, Marlborough,
MA, USA) using a solid ink printer (Xerox Phaser 8560, Norwalk, CT, USA) [8]. The paper was then
baked at 195 ◦ C for two minutes (compact forced air convection oven, MTI Corporation, Richmond,
CA, USA), thereby allowing the wax to transverse the width of the paper and create hydrophilic
channels and reservoirs bounded by hydrophobic wax barriers.
To fabricate wax-printed fluidic time delays, another layer of wax was deposited on the top
and/or bottom of each channel by performing additional cycles of wax printing using the same solid
ink printer (Figure 1a,b). This layer of wax was not baked and therefore did not permeate through
the channel (Figure 1a). The amount of wax deposited was defined in terms of percentage channel
coverage, with 200% being assigned to the fully-enclosed channel (Figure 1a,b). Wax-printed fluidic
delays were first deposited on the back side of the microPAD (0–100% coverage) prior to printing on
the top side of the channel (125–200% coverage) (Figure 1b). Example design files for microPADs with
wax-printed fluidic time delays are included with the supplementary materials.
A 0.6 mm-wide wax line was printed on the threshold of the top side of the channel for the 0–100%
wax channels to act as a choke valve and shunt the fluid into the paper prior to wicking along the
channel (Figure 1b). The choke valve prevented fluid from wicking across the surface of the paper,
which negated the effects of the wax-printed fluidic time delays. The wax-printed choke valve was not
considered when calculating the reported percentage of wax channel coverage. The microPADs were
suspended in the air by taping them to an open frame, which prevented fluid from wicking onto the
surface below.
2.2. Effect of Wax-Printed Fluidic Time Delays on Fluid Flow Rate and Wicking Distance
Standard fluidic channels (3 mm × 30 mm) were fabricated. Wax-printed fluidic time delays
ranging from 0–200% (25% increments) were tested (Figure 1b). The wicking times of 30 µL of a
1.25-mM solution of Allura Red (Sigma-Aldrich, 458848, St. Louis, MO, USA) to select distances along
the channel (5–25 mm in 5 mm increments) were measured (n = 3).
The effect of wax-printed delays on wicking distance was also measured. Ten microliters of a
1.25-mM solution of Allura Red was added to channels with 0–200% wax coverage (Figure 1b) and
allowed to wick until dry (n = 3). The final distance wicked by the solution was recorded. Time-lapse
photos were taken for the duration of each test.
2.3. Sequential Delivery of Dyes to a Test Zone Mediated by Wax-Printed Fluidic Time Delays
A microPAD with four channels (15 mm × 4 mm) was fabricated with varying percentages of
wax channel coverage (0%, 75%, 125%, and 200%) to enable the sequential addition of multi-colored
dyes to a test zone (Figure 2a). Eight microliters each of four different aqueous dyes were pipetted
simultaneously into each of the loading inlets (1.25-mM Allura red, 1.25-mM Erioglaucine blue
(Sigma-Aldrich, 861146), green (mixture of blue and 1.25-mM Tartrazine yellow, Fisher Scientific,
AAA1768214, Waltham, MA, USA), and purple (mixture of red and blue dyes)) (Figure 2b). Time-lapse
photos were taken throughout the duration of the experiment.

function of increasing percentage wax coverage (Figure 1c, Table A1). Using a short 5 mm channel,
there were minimal differences in wicking times between 0% and 200% covered channels: 7.3 ± 1.2 s
and 13.3 ± 0.9 s, respectively (Figure 1c, Table A1). However, with a longer 25 mm channel, there
were significant differences in wicking times: 216.3 ± 9.7 s (3.6 min, 0% wax) and 806.0 ± 70.0 s (13.4
min,
200% wax). Across all wicking distances, wicking time decreased with increasing wax coverage
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Figure 1. Paper-based channels with wax-printed fluidic time delays. (a) Diagram of MicroPAD
Figure 1. Paper-based channels with wax-printed fluidic time delays. (a) Diagram of MicroPAD crosscross-section displaying regular channels (exposed to ambient environment), hemi-channels (wax on
section displaying regular channels (exposed to ambient environment), hemi-channels (wax on one
one side), and fully-enclosed channels (wax on both sides). (b) MicroPAD top view diagram (front &
side), and fully-enclosed channels (wax on both sides). (b) MicroPAD top view diagram (front & back
back sides). The black wax represents a standard microPAD channel, while the yellow wax represents
sides). The black wax represents a standard microPAD channel, while the yellow wax represents
fluidic time delays (measured as % coverage of the paper channel). As shown, a fully-enclosed channel
fluidic time delays (measured as % coverage of the paper channel). As shown, a fully-enclosed
was defined as 200% wax coverage. The wax choke valve (not accounted for in % wax channel coverage
channel was defined as 200% wax coverage. The wax choke valve (not accounted for in % wax channel
calculation) was used to direct the fluid into the paper channel and prevent wicking along the top
coverage calculation) was used to direct the fluid into the paper channel and prevent wicking along
surface of the paper, which can negate the time delay effects of the wax printed features. (c) Graph
the top surface of the paper, which can negate the time delay effects of the wax printed features. (c)
of wicking distance over time (channel width = 3 mm, n = 3). A greater percentage wax coverage of
Graph of wicking distance over time (channel width = 3 mm, n = 3). A greater percentage wax
channels resulted in decreased wicking rates. For example, it took 806 s (~13.4 min) for fluid to wick
coverage of channels resulted in decreased wicking rates. For example, it took 806 s (~13.4 min) for
25 mm in a 200% covered channel, and 216 s (~3.6 min) in a standard channel. Error bars were omitted
fluid to wick 25 mm in a 200% covered channel, and 216 s (~3.6 min) in a standard channel. Error bars
for clarity, please see Table A1 for exact values and standard error.
were omitted for clarity, please see Table A1 for exact values and standard error.
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To display the effect of smaller gaps between percentages of wax coverage across the channels, a
3.2. Sequential Delivery of Dyes to the Test Zone Mediated by Wax-Printed Fluidic Time Delays
second microPAD with four channels (15 mm × 4 mm) was fabricated with 25%, 50%, 75%, and 100%
wax channel coverage and was tested with the same four aqueous dyes (Figure A2).

resulted in faster fluid arrival at the test zone (Figure 2a,b), with appreciable differential fluid delivery
to the test zone (Figure 2b–d). Of note, the time-controlled sequential arrival of each of the four
colored dyes to the center of the test zone (white circles) was achieved (Figure 2c). Finally, larger
differences in percentage wax coverage between channels on a microPAD allowed for larger gaps
between arrival times, and more significant differences in fluid coverage in the test zone (Figure 2b–
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(diagramed in part a). Fluid applied to channels with lower wax percentages arrived first at the test
in part a). Fluid applied to channels with lower wax percentages arrived first at the test zone. (c) Time
zone. (c) Time lapse images of the test zone from the microPAD depicted in parts a and b. The four
lapse images of the test zone from the microPAD depicted in parts a and b. The four dyes arrive at
dyes arrive at the center of the test zone in the predicted sequential order, as indicated by the color of
the center of the test zone in the predicted sequential order, as indicated by the color of dye in the
dye in the white circle at each time point. (d) Table of observed versus expected values for wicking
white circle at each time point. (d) Table of observed versus expected values for wicking times
times through each of the channels depicted in parts a–c. (e) Time lapse images of a microPAD with two
through each of the channels depicted in parts a–c. (e) Time lapse images of a microPAD with two
channels with 0% wax coverage and one channel with 200% wax coverage (a total of three channels,
channels with 0% wax coverage and one channel with 200% wax coverage (a total of three channels,
each 7.5 mm × 4 mm) displaying the simultaneous arrival of two dyes (red & green) at the test zone
each 7.5 mm × 4 mm) displaying the simultaneous arrival of two dyes (red & green) at the test zone
from the 0% channels, followed by the later arrival of the third dye (blue) from the 200% channel.
from the 0% channels, followed by the later arrival of the third dye (blue) from the 200% channel. (f)
(f) Table of observed versus expected values for wicking times through each of the channels depicted
in part e. Abbreviations: Obs. means observed, Exp. means expected, * means expected calculated
based on the results from Figure 1c & Table A1. The dimensions of the channels and volumes of fluids
used in the two experiments were different, however, these values allow for an approximate prediction
of wicking time given the channel length and % wax coverage.

2.4. Automated Multi-Step Enzymatic Assays
Automated multi-step enzymatic assays (HRP and enzyme inhibition assay) were performed to
demonstrate the efficacy of wax-printed fluidic time delays for assay automation. MicroPADs were

Automated multi-step enzymatic assays (HRP and enzyme inhibition assay [23]) were
performed on microPADs with two channels to demonstrate the efficacy of wax-printed fluidic time
delays for assay automation (Figure 3). As an initial validation of a two channel (0% & 200%) device
design, a 12 s delay of arrival to the test zone was demonstrated using blue and red dye applied
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Figure 3. Automated multi-step enzymatic assays via wax-printed fluidic time delays. (a) Time-lapse
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with a lower amount of HRP deposited (1.25 µL of 14.6 U/mL HRP). This reaction produced a reduced
color intensity as compared to the higher HRP concentration. (d) Time-lapse images of an automated
enzyme inhibition assay for Ag(I) ion [23]. β-galactosidase was added to the right channel (0% wax),
CPRG (colorimetric substrate for β-gal) was placed in the left channel (200% wax), and 1 ppm Ag(I) ion
was deposited in the center test zone. β-gal inhibition by the Ag(I) ion indicates successful automation
of the assay. Lighter yellow color in the 900 s images as compared to the 780 s image is due to the
drying of the CPRG solution. Abbreviations: HRP refers to horseradish peroxidase, TMB refers to
the colorimetric substrate for HRP, RXN means reaction, β-gal = β-galactosidase, CPRG refers to the
colorimetric substrate for β-gal, Ag(I) =is silver (I) ion (heavy metal), Obs. means observed, Exp. means
expected, * means expected calculated based on the results from Figure 1c & Table A1. The dimensions
of the channels and volumes of fluids used in the two experiments were different, however, these values
allow for an approximate prediction of wicking time given the channel length and % wax coverage.

For the enzyme inhibition assay, a protocol was adapted from Hossain and Brennan [23]. A 1-ppm
silver (I) ion (AgNO3 , Macron Chemicals, 2169-03, Avantor Inc., Radnor, PA, USA) solution was
prepared in water. An aliquot (1 µL) of the Ag(I) solution was spotted onto the middle test zone of a
device and allowed to dry for 10 min (Figure 3d). Next, a 200-U/mL solution of β-galactosidase (β-gal)
(MP Biomedicals, 104939, Santa Ana, CA, USA) was prepared in a 50-mM phosphate buffer (pH 7.3)
containing 0.1-mM Mn2+ and 10-mg/mL bovine serum albumin (BSA, Fisher BioReagents BP9705100,
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Waltham, MA, USA). The β-gal (8 µL) was added to the 0% covered channel, while 9-mM chlorophenol
red-β-D-galactopyranoside (8 µL, CPRG) (Sigma-Aldrich, 220588) (a colorimetric substrate for β-gal)
solution prepared in 50-mM phosphate buffer (pH 7.3) was simultaneously added to the 200%
wax-covered channel. As a negative control, this protocol was repeated with nanopure water used
instead of 1 ppm silver (I) ion. Time-lapse images were taken throughout the duration of both assays.
Design files for the microPAD displayed in Figure 3 are included with the supplementary materials.
2.5. Statistical Analyses
Statistical analyses were performed in JMP (v12.1, SAS Institute, Cary, NC, USA). A one-way
analysis of variance (ANOVA) was performed to determine if there was any significant difference in
wicking distance across the varying percentages of wax channel coverage (Figure A1). Tukey’s honest
significant difference (HSD) post-hoc analysis was performed to determine which wicking distances
were significantly different from one another.
3. Results
3.1. MicroPAD Channels with Wax-Printed Fluidic Time Delays
Fluidic time delays were introduced on microPADs by printing an additional layer of wax
above and/or below the paper channel (Figure 1a,b). These wax features were not heated so as to
prevent the wax from permeating into the paper channel (Figure 1a). Various percentages of wax
coverage (0–200%) on the channels were explored, where 0% is defined as an open paper channel,
100% is a fully wax-backed channel (hemi-channel) and 200% is a fully-enclosed channel (Figure 1a,b).
Intermediate wax percent coverages were achieved by printing interspaced wax segments (Figure 1b).
These wax-printed fluidic time delays resulted in a measurable reduction of wicking speed, as a
function of increasing percentage wax coverage (Figure 1c, Table A1). Using a short 5 mm channel,
there were minimal differences in wicking times between 0% and 200% covered channels: 7.3 ± 1.2 s
and 13.3 ± 0.9 s, respectively (Figure 1c, Table A1). However, with a longer 25 mm channel, there
were significant differences in wicking times: 216.3 ± 9.7 s (3.6 min, 0% wax) and 806.0 ± 70.0 s
(13.4 min, 200% wax). Across all wicking distances, wicking time decreased with increasing wax
coverage (Figure 1c, Table A1).
Additionally, all the wax-printed fluidic time delays (25–200%) reduced wicking distance
(~26.7 mm avg. (n = 3), 10 µL dye applied) in microPAD channels (3 mm wide) as compared to a
standard open channel (33.5 mm, 0% wax) (p < 0.05). However, there were negligible wicking distance
differences between the higher percentage wax channel coverages (~25.7 mm wicking distance for
75%-200% wax (n = 3), p > 0.25) (Figure A1).
3.2. Sequential Delivery of Dyes to the Test Zone Mediated by Wax-Printed Fluidic Time Delays
Wax-printed fluidic time-delays were incorporated on three and four-channel microPAD designs
and monitored for the sequential delivery of colored dyes (Figure 2). Time-lapse images of a microPAD
with four channels (15 mm × 4 mm) indicated that a lower percentage of wax coverage resulted in
faster fluid arrival at the test zone (Figure 2a,b), with appreciable differential fluid delivery to the test
zone (Figure 2b–d). Of note, the time-controlled sequential arrival of each of the four colored dyes
to the center of the test zone (white circles) was achieved (Figure 2c). Finally, larger differences in
percentage wax coverage between channels on a microPAD allowed for larger gaps between arrival
times, and more significant differences in fluid coverage in the test zone (Figure 2b–d vs. Figure A2).
Time lapse images of a microPAD with 3 channels (7.5 mm × 4 mm) are shown in Figure 2e.
This microPAD allowed for the simultaneous delivery of two dyes (green & red, 0% wax channels),
followed by the delayed arrival of a third dye (blue, 200 % wax channel) to the test zone, displaying
the high degree of customizability associated with this fluid control technique. See the supplemental
video for a time-lapse of devices depicted in Figure 2.
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3.3. Automated Multi-Step Enzymatic Assays via Wax-Printed Fluidic Time Delays
Automated multi-step enzymatic assays (HRP and enzyme inhibition assay [23]) were performed
on microPADs with two channels to demonstrate the efficacy of wax-printed fluidic time delays for
assay automation (Figure 3). As an initial validation of a two channel (0% & 200%) device design, a 12 s
delay of arrival to the test zone was demonstrated using blue and red dye applied simultaneously
(Figure 3a). Of note, the earlier arrival of the red dye in the test zone creates a fluidic-barrier that
further delays the advance of the blue dye across the test zone (Figure 3a, 50 s image), thus enabling
longer reactions times between incoming reagents (represented by the red dye) and any reagent(s)
that may have been pre-dried/deposited in the test zone [47]. HRP was deposited in the middle
test zone of the microPAD, followed by the simultaneous addition of TMB (colorimetric substrate for
HRP) to the right channel (0% wax) and H2 SO4 (quencher) to the left channel (200% wax). Successful
automation of the multi-step assay was confirmed through the initial color change to blue in the test
zone upon TMB arrival and reaction with HRP (120 s), followed by delayed quenching of the enzymatic
reaction by H2 SO4 (300 s), resulting in the observable color change to yellow (840 s) (Figure 3b). Higher
HRP concentrations (Figure 3b) produced more colored product as compared to lower concentrations
(Figure 3c). Observed wicking times through channels were similar to expected values (Figure 3).
As a demonstration of an enzyme inhibition assay, Ag(I) ion (heavy metal, enzyme inhibitor being
tested) was deposited in the middle test zone of the microPAD, followed by the simultaneous addition
of β-galactosidase to the right channel (0% wax), and CPRG (colorimetric substrate for β-gal) to the
left channel (200% wax) (Figure 3d). The lack of purple color in the test zone, as compared to the
control without Ag(I) ion, displays successful automation of the assay. See the supplemental video for
a time-lapse of the assays depicted in Figure 3.
4. Discussion
The inherent capillary action of paper has led to the emergence of microPADs as platforms
for POC assays, however, achieving robust fluid control has been a significant challenge on these
devices since their inception [6]. This is a particularly important challenge when it comes to the
automation of multi-step assays on microPADs [6,11,29]. While there are many published methods
of fluid control in this category of diagnostic devices, each comes with their set of limitations which
ultimately prevent their utilization in real-world settings and include: the extensive use of additional
fabrication materials or equipment (beyond what is used to fabricate the initial device), use of reagents
and materials that could impact downstream assays, or the use of techniques not compatible with
high-volume fabrication [6]. In this study, we achieved robust, passive fluid control in microPADs
through the deposition of varying amounts of wax overlays on the device, resulting in regulated and
predicted time-delays of fluid, which allowed for the implementation of automated multi-step assays.
This method of fluid control was designed to fit the following idealized criteria for passive fluid control
systems in microPADs: (1) has a simple fabrication process; (2) can be readily scaled; (3) requires no
additional chemicals that could affect downstream processes; (4) has a wide temporal range of tunable
fluid control; and (5) can be used to automate complex multi-step assays.
MicroPADs and the corresponding wax time delays were readily fabricated through multiple
cycles of wax printing, which is both a simple and scalable fabrication modality [8]. This process
required no additional chemicals or reagents for fabrication (Figure 1a,b), which means that samples
wicking across channels containing wax time delays will not be contaminated with any additional
substances that could affect downstream reactions. It is important to note that after fabricating
the wax barriers in the paper, subsequent printing cycles required careful alignment to ensure the
wax time delays were printed in the correct position on the page and were aligned with the wax
barriers. However, once the alignment was optimized for a particular device, we found that we could
consistently fabricate multiple copies of that device.
Wax-printed time delays allowed for a wide temporal range of tunable fluid control (Figure 1c,
Table A1). The results of the characterization of the time delays can be used to determine the channel
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length and percent wax coverage necessary to achieve a desired time delay for a reagent in a device.
We applied the results from the characterization experiments toward the design of the devices shown
in Figures 2 and 3, and these devices performed as expected and matched the predicted wicking times
with relative accuracy (Figure 2d,f and Figure 3). This was in spite of the fact that the characterization
experiments were performed with a different fluid volume (30 µL) and different channel dimensions
(3 mm wide) compared to the devices in Figures 2 and 3. These results suggest that other researchers
could use the characterization results to reasonably predict the necessary channel length and percent
wax coverage for their specific applications. We did find that the presence of these wax-printed
time delays did cause a reduction in total wicking distance (Figure A1). However, the difference
was minimal, and could be overridden by using slightly larger fluid volumes for longer channels
(i.e., >30 mm). Furthermore, we did not examine multiple patterning schemes to achieve the same total
wax coverages (e.g., 4 vs. 5 segments totaling 50% wax coverage) (Figure 1b), so we cannot comment
on the potential effects of changes in wax patterning.
The wax-printed time delays were able to mediate the sequential delivery of dyes to a test zone
(Figure 2), shown by the passing of all four colored dyes through a central location of the test zone
(white circle in Figure 2c). While this device will probably not be useful for performing an actual
assay, it does serve to illustrate the potential for using wax time delays to deliver fluids to a test zone
in a timed, sequential manner. Currently, we envision two distinct methods for using these time
delays in assay automation: 1) make the time delay equal to the intended incubation period, or 2)
use the time delay to allow for disproportional fluid coverage in the test zone (a.k.a., paper-based
micromixer [47]). For example, in the first method, if you needed a 10-min incubation period of two
reagents prior to adding a third reagent, you would want to add the third reagent to a 25 mm-long
channel with 125% wax coverage (time delay = 9.5 ± 0.8 min) (Table A1). With this method, channel
geometry would have to be precisely calculated to ensure the proper sequential delivery of reagents in
the desired assay. Alternatively, in the second method, you could incorporate a shorter time delay (e.g.,
the 12 s delay in Figure 3), which would thereby allow for differential fluid coverage in the test zone
(Figure 3a). If the first reagent that reaches the test zone occupies that space (e.g., red dye, Figure 3a),
then the second reagent cannot occupy the space as well (e.g., blue dye, Figure 3a). In this scenario,
a slight excess volume of each fluid can be used, but the volumes would also need to be optimized
as these would influence the time for the assay to complete. This second method of timed reagent
application was demonstrated through the automation of a simple HRP assay (Figure 3b,c), as well
as an enzyme inhibition assay for environmental heavy metal monitoring (Figure 3d). The major
drawback of this method is that reagents can mix prematurely, however, we did not want to alter
channel geometry (i.e., length) in order to isolate the effects of the wax-printed time delays, and
therefore chose this second method of assay automation. Ultimately, these wax-printed fluidic time
delays may allow researchers to better automate more complex, multi-step assays on microPADs, such
as paper-based ELISAs.
One previously published method of fluid control that meets many of the idealized criteria
for a passive fluid control modality in microPADs was demonstrated by the Yager group [29,31,34].
They were able to successfully automate multi-step assays through the alteration of channel geometry
(i.e., channel length & width), thereby allowing for the timed addition of reagents to a test zone. While
changing microPAD channel geometry meets nearly all the criteria of an ideal passive fluid control
modality, it has a clearly limited temporal range of tunable fluid control. For example, if you wanted
to control fluid flow through a 20 mm channel by changing channel width, you would only have a
range of about 100–200 s [31,34]. In contrast, with the wax-printed fluidic time delays, you can tunably
control fluid flow through the same 20 mm channel in a range of 118 to 402 s, dependent on percentage
wax coverage (Table A1, Figure 1c). This temporal range of tunability then increases to up to 806 s
(~13.4 min) in a 25 mm channel (Table A1). A similar temporal range can be matched by altering
channel length, but this would require significantly longer channels and larger fluid volumes [29,34].
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Finally, it is important to note that the alteration of channel geometry could easily be combined with
our wax-printed fluidic time delays to further increase the temporal range of fluid control.
The most similar methods of fluid control to the method presented in this work are those published
by Noh & Phillips [48,49], Jang & Song [47], and Weng et al. [50]. These groups all investigated the
deposition of various concentrations of wax, followed by heating, as a fluid control mechanism.
They all observed decreased flow rates with decreased permeability (i.e., more wax). This relationship
is predicted by Darcy’s Law [47], which describes fluid flow through a porous medium, as follows:
Q=−

kwh dp
µ dx

Darcy0 s Law.

(1)

where Q is the flow rate, k is permeability, w is the channel width, h is the channel height, µ is the
viscosity of the fluid, and dp/dx is the pressure gradient in the flow direction. In these scenarios,
the authors hypothesized that paper permeability (k) would decrease with increased wax deposition,
thereby decreasing flow rate (Q) [47–50]. While it is difficult to compare the temporal range of fluid
control in the works published by Noh & Phillips and Jang & Song as they used significantly different
device designs (e.g., 3D channels) [48,49], or did not track time [47], the range of control presented
by Weng et al. appears to be similar [50]. For example, they reported fluid control in a range of
approximately 30 to 120 s in a 7 mm × 9 mm channel. Whereas we report fluid control in a range of 31
to 67 s through the first 10 mm of our channel (3 mm wide), and between 87 to 335 s through the next
10 mm of channel (Table A1). However, it must be noted that these are extremely rough comparisons
given that channel dimensions (w & h), paper permeability (k), and pressure gradient (dp/dx), were all
different in our device designs as compared to those published by Weng et al. (Equation (1)). Finally,
while altering paper permeability via wax printing could meet our idealized criteria of a passive fluid
control system, the devices designed by these groups were not suited for high volume fabrication
as they either used tape to hold paper layers together [48,49], utilized multiple overlapping paper
types [47], or required paper devices to be assembled by inserting channels into precut holes in adjacent
paper features [50]. As a final comparison, none of these reported devices were applied toward the
automation of multi-step assays. Once again, it is worth noting that this method of fluid control could
also be used in conjunction with the method presented in this work.
While previous groups have manipulated flow rates in microPADs by changing paper
permeability (k) [47] or channel width (w) [34], we hypothesize that we were able to change flow
rate through the alteration of channel height (h). Even though our wax-printed fluidic time delays
were not heated (Figure 1a,b), deposited wax from wax printing is known to slightly permeate the
surface of the paper [8]. Therefore, by decreasing channel height (h) throughout the channels, we will
also decrease flow rate (Equation (1)).
Finally, we are not the first group to create hemi and fully-enclosed channels in microPADs
(Figure 1a) [51–54]. Enclosing paper-based microfluidic channels has been previously shown to
reduce contamination, contain and protect stored reagents, increase ease of operation, and reduce
evaporation [51]. Of particular importance, utilizing a hemi-channel (at minimum) (Figure 1a) allows
for significantly increased ease of operation by allowing microPADs to be handled more facilely, as well
as allowing them to be run in direct contact with adjacent surfaces. In standard microPADs, channels
are exposed to the environment, which means they must often be run in suspension so that fluids
cannot wick onto the surface below. Any channel with greater than 100% wax coverage would not
need to be run in suspension.
5. Conclusions
Robust fluid control remains a significant problem in microPADs. While there have been numerous
studies published examining various fluid control mechanisms, none currently meet the criteria of
an ideal passive fluid control modality: simple fabrication technique, no use of additional chemicals
that may affect downstream reactions, readily scalable, wide temporal range of tunable fluid control,
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and can be used to automate multi-step assays. Herein we present a simple method of passive fluid
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Table A1. Raw data for graph in Figure 1C (n = 3). Wicking time increases with both % wax coverage
Table A1. Raw data for graph in Figure 1C (n = 3). Wicking time increases with both % wax coverage
and channel length. Standard error also tends to increase for longer time points. Channels were 3 mm
and channel length. Standard error also tends to increase for longer time points. Channels were 3 mm
wide. SE = standard error of the mean.
wide. SE = standard error of the mean.
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Figure A2. Time lapse images of sequential dye delivery to the test zone in an additional 4-channel
Figure A2. Time lapse images of sequential dye delivery to the test zone in an additional 4-channel
(15 × 4 mm) microPAD with differing percentages of wax coverage (25–100%) as compared to
(15 × 4 mm) microPAD with differing percentages of wax coverage (25–100%) as compared to Figure
Figure 2a–c. Multi-colored dyes were added simultaneously to the loading inlet. The dyes reached
2a–c. Multi-colored dyes were added simultaneously to the loading inlet. The dyes reached the test
the test zone at more similar times as compared to Figure 2a–c. Abbreviations: Obs. means observed,
zone at more similar times as compared to Figure 2a–c. Abbreviations: Obs. means observed, Exp.
Exp. means expected, * means expected calculated based on the results from Figure 1c & Table A1.
means expected, * means expected calculated based on the results from Figure 1c & Table A1. The
The dimensions of the channels and volumes of fluids used in the two experiments were different,
dimensions of the channels and volumes of fluids used in the two experiments were different,
however, these values allow for an approximate prediction of wicking time given the channel length
however, these values allow for an approximate prediction of wicking time given the channel length
and % wax coverage.
and % wax coverage.
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