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This technical note describes a detailed study on wax
printing, a simple and inexpensive method for fabricating
microfluidic devices in paper using a commercially avail-
able printer and hot plate. The printer prints patterns of
solid wax on the surface of the paper, and the hot plate
melts the wax so that it penetrates the full thickness of
the paper. This process creates complete hydrophobic
barriers in paper that define hydrophilic channels, fluid
reservoirs, and reaction zones. The design of each device
was based on a simple equation that accounts for the
spreading of molten wax in paper.

This technical note describes a simple method, which we term
wax printing, for fabricating microfluidic paper-based analytical
devices (uPADs) by patterning hydrophobic walls of wax in
hydrophilic paper using a commercially available printer and hot
plate. The fabrication process involves two core operations: (i)
printing patterns of wax on the surface of paper and (ii) melting
the wax into the paper to form complete hydrophobic barriers
(Figure 1). Wax printing is rapid, inexpensive, and particularly
well-suited for producing large lots (hundreds to thousands) of
prototype uPADs. This work was carried out independently of a
similar and complementary study by Lu et al.,' in which waxed-
based printing was also used to fabricate uPADs. Herein, we
describe the procedure for patterning paper by wax printing, we
derive a simple model to account for the spreading of molten wax
in paper that facilitates the design of uPADs, we define the
resolution of the fabrication method, and we demonstrate four
examples of uPADs fabricated by wax printing: (i) a modified 96-
zone paper plate with microfluidic channels for sample distribution;
(i) the equivalent of a 384-zone microtiter plate made in patterned
paper; (iii) a device for detecting glucose, cholesterol, and proteins;
and (iv) a three-dimensional uPAD made by stacking layers of
patterned paper and double-sided adhesive tape.

We and others are developing uPADs as platforms for
diagnostic devices and for other applications in analysis.?* Micro-
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PADs are typically small, portable, and fabricated from inexpensive
materials. Because they can operate without any supporting
equipment, we believe they will be well-suited for diagnostic
applications in developing countries, in the field by first respond-
ers, or in home healthcare settings. Thus far, uPADs have been
fabricated by photolithography,?*° plotting,® plasma oxidation,”
cutting,® and inkjet printing.® Each method has its own set of
advantages and limitations, but wax printing involves the fewest
number of steps and is best suited for fabricating large numbers
(>100) of uPADs in a single batch. With wax printing, we can
pattern approximately 100—200 xPADs on an 8.5 in. x 11 in. sheet
of paper with a single print and heat cycle in <5 min. Micro-PADs
can be fabricated for ~$0.001/cm? using Whatman chromatog-
raphy paper (~$7/m?). The cost of the solid ink is ~$0.0001/
cm? of paper assuming 20% coverage of ink. In other words,
the material cost of the device depends almost entirely on the
type of paper that is used and can be $0.001 or less for devices
made from inexpensive papers like paper towels (~$0.2/m?).2

The features made using wax printing are not as highly
resolved as those generated by photolithography,? but they are
adequate for most applications of uPADs. When the wax on the
surface of the paper melts, it spreads vertically as well as laterally
into the paper. The vertical spreading creates the hydrophobic
barrier across the thickness of the paper. The lateral spreading
decreases the resolution of the printed pattern and results in
hydrophobic barriers that are wider than the original printed
patterns. Paper is usually anisotropic, the fibers tend to be more
horizontal than vertical, and as a consequence, lateral spreading
of fluids in paper is usually more rapid than vertical spreading.
This effect produces hydrophobic barriers that are wider on the
front face of the page, where the line was printed, compared to
the back face of the page. The spreading of molten wax in paper
complicates the design of uPADs since the dimensions of the
printed features on paper do not translate directly to the dimen-
sions of hydrophobic patterns in paper. We studied the spreading
of molten wax in paper and derived an expression that relates
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Figure 1. Patterning hydrophobic barriers in paper by wax printing. (A) Schematic representation of the basic steps (1—3) required for wax
printing. (B) Digital image of a test design. The central area of the design was magnified to show the smaller features. (C) Images of the test
design printed on Whatman no. 1 chromatography paper using the solid ink printer. The front and back faces of the paper were imaged using
a desktop scanner. (D) Images of the test design after heating the paper. The dashed white lines indicate the original edge of the ink. The white
bars in the insets highlight the width of the pattern at the position indicated by the arrows.

the width of a hydrophobic barrier to the width of the original
printed line. This relationship helps to calculate the dimensions
of a printed pattern required to produce a given uPAD.

Model to Account for the Spreading of Molten Wax in
Paper. The spreading of molten wax in paper is a process of
capillary flow in porous materials that is described by Washburn’s
equation (eq 1):'°

L = (yDt/4n)"* Q)

where L is the distance that a liquid of viscosity # and surface
tension y penetrates a porous material with an average pore
diameter D in time ¢. The viscosity of the wax is a function of the
temperature, and a uniform and well-controlled heat source is
required for reproducible results. Assuming the paper is kept at
a constant temperature throughout the heating step, all of the
parameters in eq 1 are fixed in our experiments and the distance
that the wax will spread in the paper from the edge of the printed
line will be constant, regardless of the width of the printed line,
so long as the amount of wax is not limiting, which is the case
for thin lines. The width of the hydrophobic barrier is thus related
to the width of the printed line by eq 2:

where Wy is the width of the barrier, Wp is the width of the
printed line, and L is the distance that the wax spreads from
the edge of the printed line (all given in micrometers), in a
direction perpendicular to the line (Figure 2A). The value of L
can be determined experimentally by measuring the width of
printed lines and the width of the resulting hydrophobic barriers.
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To calculate the width of a hydrophilic channel defined by two
parallel hydrophobic barriers, we use eq 3:

We =W, — 2L @3)

where W¢ is the width of the hydrophilic channel and W is
the space between the two printed lines (also in micrometers),
measured on the edge of the line.

EXPERIMENTAL DESIGN

Choice of Paper. We used Whatman no. 1 chromatography
paper in most of this study because it is hydrophilic, homoge-
neous, pure, reproducible, biocompatible, and available. It is also
relatively inexpensive, costing approximately $7/m?. It is available
in sheets of 460 mm x 570 mm, which fits four U.S. Letter
sheets, 215 mm x 280 mm, that can be fed directly into the
printer. We also tested the method with regular print paper
and TechniCloth.

Choice of Printer and Heat Source. We used a Xerox Phaser
8560N color printer because it is designed to print a wax-based
ink. The print head dispenses ink (melted wax) as liquid droplets
of approximately 50—60 um in diameter on the surface of the
paper, where they cool and solidify instantaneously without further
spreading. The ink is made of a mixture of hydrophobic carbam-
ates, hydrocarbons, and dyes that melts around 120 °C and is
then suitable for piezoelectric printing.'!

We used a digital hot plate because it provides a flat, uniformly
heated surface for heating the paper. Other heat sources, such
as ovens or heat guns, can also be used for wax patterning.

Measuring the Spreading of Molten Wax in Paper. We
designed a series of lines of varying widths (100—800 um, in
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