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Abstract

Paperfluidic devices consist of patterned microfluidic channels formed on paper or paper-like material. The direction of
surface and bulk liquid flow is typically controlled by patterning hydrophobic barriers on the otherwise hydrophilic paper
substrate. A variety of hydrophobic materials and functional printing methods can be used for the patterning. Unlike con-
ventional graphical printing, hydrophobising ink must penetrate the whole depth of the substrate to form an effective bar-
rier against leakage from the channel. This study focuses on the development of solvent-based hydrophobic inks for inkjet
printing of microfluidic patterning, Hydrophobic inks were produced by dissolving alkyl ketene dimer (AKD) and poly-
styrene (PS) in p-xylene. Hydrophobic test patterns were inkjet printed with these inks on two highly porous filter papers.
The AKD-based ink was found to produce effective hydrophobic barriers but suffered from poorly defined borders. The
PS-based ink produced well defined borders, but could only penetrate the full depth of the substrate on one of the chosen
papers. Adding PS to AKD ink improved jettability. Hydrophobic ink penetration into filter paper was found to take place
as surface film flow over the skeletal fibre structure of the paper. Therefore, paper fibre surface properties and ink surface
tension and viscosity are considered to play controlling roles in determining the penetration depth. Differences seen with
respect to aqueous wicking behaviour at the interface/border between hydrophilic and hydrophobic regions might be due

to the Marangoni derived coffee stain effect and likely to interactions with the fibre surfaces.
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1. Introduction and background

Paperfluidic devices are being developed as a low cost
application for functional microfluidics in the field of
lab-on-a-chip devices, intended to provide simple, trans-
portable, disposable and self-sufficient analytical tools
for a variety of applications including medical diagnos-
tics and environmental monitoring. On such devices,
designed for aqueous liquids, samples flow along hydro-
philic channels through or to assay zones, where they
chemically interact with pre-applied reagents. Results of
such reactions can then be analysed visually based on
colour, or by external instrumentation, to obtain infor-
mation on the contents of the test samples (Ballerini,
Li and Shen, 2012; Liana et al., 2012).

Based on their design, paperfluidic devices can be
divided into three categories of dimensional construc-
tions, i.e., 1D, 2D and 3D devices. In 1D devices, such
as commercially available early pregnancy tests, liquid
is carried only in a single direction (Dharmaraja et al.,
2013). In 2D devices, first introduced in 2007, aque-
ous liquid flows along channels created by patterning

hydrophobic barriers onto an otherwise hydrophilic base
substrate (Martinez et al., 2007). This provides room for
more complicated assays and for multiple assays on a
single device. 3D devices are produced by layering mul-
tiple 2D devices on top of each other, allowing liquid
to flow both within the layers and from one layer to
another (Martinez, Phillips and Whitesides, 2008).

A variety of hydrophobic materials and printing meth-
ods have been recently demonstrated as feasible ways
of producing hydrophobic patterns on highly permea-
ble filter or chromatography papers. The most prevalent
of these methods is inkjet printing, demonstrated with
hot-melt wax (Carrilho, Martinez and Whitesides, 2009),
solvent-diluted polydimethylsiloxane (Maittinen et al.,
2011), UV-polymerising materials (Maejima et al., 2013),
acrylic polymer in solvent-based solution (Apilux et al.,
2013) and paper sizing agents in solvent-based solu-
tion (Li, Tian and Shen, 2010) as well as in the form of
aqueous emulsions (Wang et al., 2014; Xu and Enomae,
2014). Other printing methods typically demonstrated
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include flexographic printing of solvent-based poly-
styrene ink (Olkkonen, Lehtinen and Erho, 2011) and
screen-printing of candle-making wax (Dungchai,
Chailapakul and Henry, 2011).

Unlike conventional graphical printing, in patterning
paperfluidic devices hydrophobising ink has not only
to cover the surface but also penetrate the whole depth
of the hydrophilic substrate in order to produce prop-
erly functioning barriers without leaks (Ballerini, I.i and
Shen, 2012). This full depth penetration can be assisted
by having ready wetting of the substrate by the ink, low
ink viscosity, high substrate permeability or large vol-
ume of applied ink. Wax-printed substrates, for exam-
ple, are heated after printing to melt the wax and make it
penetrate into the pores.

This study, based in part on a thesis work (Koivunen,
2014), focuses on the development of simple low cost
solvent-based hydrophobic inks for inkjet printing of
microfluidic patterning on porous paper substrates. For
this purpose, two different hydrophobising agents, poly-
styrene (PS) and alkyl ketene dimer (AKD — a paper
sizing agent), were used to manufacture inks, both on
their own and combined. So far, studies published about
hydrophobising agents have usually reported results for
only a single material in isolation, with only one pub-
lished study comparing multiple hydrophobising agents,
specifically wax, AKD and methylsilsesquioxane (Wang
et al.,, 2014). Also, no known studies to date have com-
bined multiple hydrophobising materials into a single ink.

Various aspects of these inks and their interaction with
substrates were studied. Firstly, the physical ink proper-
ties and jettability were characterised. Secondly, physical
pattern dimensions achievable by different ink, substrate
and print setting combinations were studied. Thirdly,
functionality and reliability of the printed patterns in
directing flow of aqueous liquid were tested.

Jettability of inkjet inks can be characterised by the

inverse Ohnesorge number Z (Jang, Kim and Moon,
2009), a dimensionless number defined as

Z=— [1]

N
\ ik / [Z]

in which Re stands for the Reynolds number, e the
Weber number, # the characteristic dimension over
which flow occurs (the nozzle radius), g, the ink den-
sity, y the ink surface tension and 7 the ink viscosity. A
good jettability range for Newtonian liquids has been
proposed to be 4 < Z < 14 (Jang, Kim and Moon,

2009), with fluids of higher values of Z exhibiting sat-
ellite droplet formation, while those with lower values
of Z require excessively long periods of time for the
connecting filament to break free from the nozzle, or
possibly do not jet at all.

Inkjet printing of solvents containing PS in solution has
been reported previously (de Gans et al., 2004; Hoath,
Hutchings and Martin, 2009), with molecular weight
demonstrated to have a significant effect on jettability
due to non-Newtonian rheological behaviour of poly-
mer containing solutions in the print head. However,
this viscoelastic behaviour has no significant effect
on drop impact or spreading, at least in the case of a
non-porous substrate (Jung, Hoath and Hutchings,
2013). High molecular weight polymers can also be lia-
ble to degradation by central scission in the print head
(A-Alamry et al., 2011).

The feasibility of using PS-containing ink for hydro-
phobic patterning of paper has, to our knowledge, only
been studied once in the literature, using flexographic
printing as the patterning method (Olkkonen, Lehtinen
and Erho, 2011). In that study, printing had to be cat-
ried out on both sides of a substrate, since insufficient
depth coverage was achieved with single-sided print-
ing. Another known method involving PS is etching
of hydrophilic channels with pure solvent using inkjet
printing onto a sheet of paper that has been impre-
gnated beforehand with PS (Abe, Suzuki and Citterio,
2008). However, this method requires up to ten sequen-
tial printings to re-deposit enough PS from the chan-
nels to their edges, making it a rather slow procedure in
practice.

AKD, chosen as a reference material in this study, has
previously been successfully inkjet printed to produce
paperfluidic devices (Li, Tian and Shen, 2010; Wang
etal, 2014). Alternatively, AKD impregnated paper
has been patterned by using selective plasma treatment
to return areas of paper back to the hydrophilic state
(Li et al., 2008). AKD is a paper sizing agent that reacts
with hydroxyl groups on the cellulose surface, replacing
them with hydrophobic 8-keto ester groups.

Physical resolution and functional dimensions reported
for paperfluidic patterning methods usually include min-
imum widths for reliably working barriers and channels.
Barriers are those hydrophobic structures separating
hydrophilic sections, and the minimum width (nominal
or measured) indicates the pattern width required to
achieve reliable full depth coverage. Channels are hydro-
philic areas limited by the barriers, where liquid will flow
in a controlled fashion. Minimum channel width indi-
cates the mean channel width where liquid will still flow
reliably, and, with channels narrower than this, irregu-
larities in barrier edge definition will start to block the
channel.
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2. Materials and methods
2.1 Inks

The chosen hydrophobising agents used in this study
were 35 kDa molecular weight polystyrene (Sigma-
Aldrich, product code 331651) and solid alkyl ketene
dimer Basoplast 88 (BASF). These were dissolved
in p-xylene solvent (Acros Organics or Fluka) to
produce the hydrophobising inks. This solvent has
a viscosity of 0.648 mPas and the surface tension
2837 mNm™ at 20 °C, making it suitable for the
printer used in this study. Furthermore, p-xylene has
been previously shown to be a suitable solvent for PS
ink printed with flexography (Olkkonen, Lehtinen and
Erho, 2011).

Three inks were produced, with the first one contain-
ing 5% by weight PS, the second one containing 6 %
by weight AKD and the third one containing 2 % by
weight PS and 6 % by weight AKD. These inks will be
henceforth referred to as PS, AKD and AKD-PS inks,
respectively. During the study, a total of 5 batches of PS
ink, 2 batches of AKD ink and 1 batch of AKD-PS ink
were produced.

Cyan and magenta dyes in water were used to visualise
hydrophilic regions. The cyan dye solution consisted
of 0.2 % by weight concentration of nickel(I) phtha-
locyanine-tetrasulphonic acid tetrasodium salt (Sigma-
Aldrich), supplied as dry powder, dissolved in distilled
water. The magenta dye solution consisted of 10 %
by weight concentration of commercial carmine food
colorant (Dr. Oetker), provided as a highly concentra-
ted aqueous solution, diluted accordingly with distilled
water.

2.2 Substrates

Two different commercial filter papers, Whatman grades
1 and 4 (GE Healthcare), manufactured from cotton
cellulose, were selected as test substrates for printing.
Information about technical properties of these sub-
strates, as provided by the manufacturer, is listed in
Table 1.

The porosity ¢ of each substrate was determined by
calculation from the thickness dimension of the sheet
and the physical parameters of the paper constituents,
namely using Equation 3

b

b @ solid

s =1-

3]

where b is the basis weight, / the thickness of the sheet
and g,y the density of the solid phase. For cellulose,
Owia teported in literature is 1540 kgdm™ (Koivula
et al., 2013).

Table 1: Substrate properties

Substrate Whatman 1 | Whatman 4

Thickness (um) 180 205

Basliwelght 38 96

(gm™)

Particle retention

under filtration 11 20-25

(um)

Air flow

permeability 10.5 3.7

(s/100 cm?/in?)

Porosity (%o) 68 70
2.3 Equipment

Ink surface tension was measured with a CAM200 con-
tact angle measurement system (KSV) using the pendant
drop method in a laboratory room maintained at 23 °C.
Ink viscosity was determined using an MCR-300 rheo-
meter (Paar-Physica) with a PP50 flat disc spindle and
a P-PTD 150 Peltier temperature controlled base plate.
Viscosity measurements were conducted at a shear rate
of 100 s™' and with the Peltier base plate set at 30 °C.

The inks were printed with a Dimatix material printer
DMP-2831 (Fujifilm Dimatix), using the manufacturer’s
DMC-11610 ink cartridges with nominal 10 pl drop vol-
ume. Jettability of the inks was studied using the inte-
grated drop watcher camera, observing drop velocity
and satellite droplet formation as functions of drive
voltage and jetting frequency, which were increased in
1V and 2 kHz intervals, respectively.

For image analysis, printed samples were scanned with
an Epson Expression 1680 scanner (Seiko Epson) and
analysed with Image] software version 1.44p (National
Institute of Health) to calculate the dimensions of
printed barriers and channels. The software functional-
ity setting “Analyze particles” was used to measure the
area of a scanned section of channel or barrier. The
area was then divided by the length of the scanned sec-
tion to obtain mean width.

2.4 Print settings and post-print treatment

The inks were printed from the print head, set to 30 °C,
onto the substrates held by vacuum on the mounting
platen, set to 28 °C. The drive waveform “high viscos-
ity short polymer” provided on the Dimatix device was
used in all cases, as it was seen to provide the best jet-
ting, Patterns were printed with a variety of drop spacing
values, ranging from 10 to 50 um (equivalent to 2590 to
518 dpi).
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Prints containing only dissolved PS were ready to use
immediately after the solvent had evaporated. The AKD
containing prints required curing in an oven or on a lab-
oratory hot plate at 100 °C for 10 minutes to ensure that
the AKD had reacted propetly with the substrate cellulose.

2.5 Test patterns

Due to the recent introduction of 2D paperfluidics, no
standard method exists yet for evaluating properties of
printed hydrophilic channels and hydrophobic batri-
ers on porous substrates. Therefore, a test method was
developed for this study, strongly inspired by prior exam-
ples in the literature (Carrilho, Martinez and Whitesides,
2009). For this method, three different test patterns
(“lines”, “channels” and “barriers”) were created, using
the pattern editing software provided with the printer,
and printed on the test substrates with the designed inks.
The printed patterns were effectively invisible when dry,
but became visible when wetted, as demonstrated in
Figure 1. This is due to an opacity change in hydrophilic
regions as pores are filled with water.

Figure 1: Wetting causes a visible opacity change in the hydrophilic
areas; displayed here are two Aalto University logotypes printed with
PS ink, shown dry (lef?) and after dipping in water (right)

For testing how the printed patterns affect liquid trans-
port, cyan dyed water was allowed to wick up along
the hydrophilic regions from the bottom edge of the
printed samples. For this purpose, the test prints were
suspended vertically in jars containing dyed water at
the bottom, as demonstrated in Figure 2. By using dyed
rather than clear water, the results could be more easily
observed during testing and also analysed later on when
the samples were dry.

Figure 2: Excperimental set-ups for testing channels (lef?)
and barriers (right); cyan coloration indicates areas where water has wicked

The first pattern (“/ines”), designed to measure line
spreading, featured ten 35 mm long straight lines. These
varied in nominal width from 0.1 to 1.0 mm in 0.1 mm
increments. Cyan dyed water was allowed to wick up the
channel until it fully surrounded the top of the lines,
after which the samples were dried and scanned to
determine actual line widths on the printed and reverse
(non-printed) sides.

The second pattern (“channels”), designed to measure
working channel widths, shown in Figure 3, featured 22
hydrophilic channels 32 mm long and of varying nom-
inal widths, from 0.5 to 2.6 mm in 0.1 mm increments.
Cyan dyed water was allowed to wick up the channels
for 5 minutes, after which the test samples were dried
and scanned to determine actual channel widths. The
samples were also examined to determine the narrowest
channel where the liquid could travel the full length of
the channel within the given time.

Figure 3: Test patterns for channels (left) and barriers (right); black
indicates the hydrophobic region, white the hydrophilic region, with light
grey indicating the original exposure to an effectively unlimited source of

dyed water as well as the direction of subsequent wicking

The third pattern (“barriers”), designed to measure bar-
rier widths required to contain liquid, also shown in
Figure 3, featured ten hydrophilic channels with barrier
structures of varying widths printed across them, as well
as one control channel without any barrier. For samples
printed with PS containing ink, the barriers ranged in
nominal width from 0.1 to 1.0 mm in 0.1 mm incre-
ments. For samples printed with AKD containing inks,
nominal barrier widths ranged from 0.05 to 0.50 mm in
0.05 mm increments. Dyed water was allowed to try to
wick past the barriers for 30 min, with samples observed
every 5 minutes to determine which of the barriers had
been penetrated. After this, magenta dyed water was
added to the channels that had not been penetrated,
followed by drying and scanning of the test devices to
determine the actual width of the non-penectrated barri-
ers on the printed side.

Studied sample sizes for given ink/substrate/drop spac-
ing combinations were 5 samples for lines, 10 samples
for channels and 10 samples for barriers. For a barrier to
be considered reliable, it needed to resist penetration on
all 10 tested samples. Similarly, for a channel to be con-
sidered reliable, it needed to transport liquid properly on
all 10 tested samples.



R. KOIVUNEN, E. JUTILA, P. GANE — J. PRINT MEDIA TECHNOL. RES. 4(2015)1, 717 11

3. Results
3.1 Ink properties and jettability

The physical properties of the inks, measured from a
single batch per ink, are listed in Table 2. Values for
Z have been calculated according to Equation 1, with
a nozzle radius, @, of 10.5 um. The reported viscosity
values were measured at the relatively low shear rate of
100 s7!, which is not representative of the high shear
rates to be found within the print head, but partly

reflects the close to static viscoelasticity, i.e., the vis-
coelasticity existing under small applied strain contrib-
utes to the apparent shear viscosity at low shear. All of
the inks tested also displayed shear thickening when
tested over the shear rate range of 100 to 1000 s™,
but the available instrumentation, limited to small vol-
umes, did not provide the possibility to test viscous
behaviour at shear rates beyond this shear thickening
region.

Table 2: Ink properties

Ink Ink content Viscosity at 30 °C (mPas) | Sutface tension at 23 °C (mNm™) VA
PS PS (5 %) 1.21 £ 0.07 28.18 £ 0.15 13.2
AKD AKD (6 %) 0.63 £ 0.04 28.54 £ 0.21 25.5
AKD-PS | PS (2 %) and AKD (6 %) 0.90 £ 0.04 28.35 £ 0.12 17.8

Jettability tests showed that the PS ink was jettable up
to 10 kHz, though 6 kHz provided more stable perfor-
mance. The AKD ink was only jettable at 2 kHz, while
the AKD-PS ink was jettable up to 6 kHz. At higher
frequencies than these, jetting tended to become unsta-
ble, easily resulting in nozzle plate flooding. The actual
printing frequency was set at 2 kHz for the AKD ink
and 6 kHz for the PS and AKD-PS inks.

Drop velocities during jetting have been observed to
increase approximately linearly as a function of the jet-
ting voltage (Hoath et al,, 2013). In the present study,
the PS and AKD-PS inks behaved in this fashion.
However, with the AKD ink the velocity peaked at
8 ms™! and could not be increased beyond this level by
further increases in jetting voltage. However, this veloc-
ity was still within the recommended velocity range of
5-10 ms™' for the printer. Based on drop velocity stud-
ies, the drive voltages for the inks for actual printing
were set at 18 V for AKD ink, 16 V for AKD-PS ink
and 28 V for PS ink, resulting in jetting velocities in the
8-9 ms™' range.

Satellite droplets were observed for all inks under all
tested jetting conditions, and could not be fully elimi-
nated in this study. This is not particulatly surprising,
considering the high values of Z for the inks, resulting
from their low viscosities.

3.2 Line spreading

On the printed side, significant line spreading could
be observed for all of the inks. On the reverse (non-
printed) side, the lines on some samples are slightly
narrower than on the printed side, and in some cases
they were discontinuous, indicating that the printed
ink had achieved full depth coverage only locally. The
well-defined and continuous lines tended to have widths

of at least 500 um, with narrower lines displaying
discontinuity.

Closer drop spacing, resulting in a higher volume of ink
being applied for a given nominal line width, resulted in
greater line spreading. Widening the nominal line width
resulted in slightly reduced relative line spreading. Some
examples of the relative line width for PS and AKD
inks as a function of nominal line width are shown in
Figure 4.

)
- |

— PS printed 10 pm
PS reverse 10 pm
4— PS printed 15 um
»— PS reverse 15 pm
-A— AKD printed 20 pm
¥ AKD raverse 20 pm
#— AKD printed 50 um
®— AKD reverse 50 pm

Measured width, relative (%)

| I—
¥
R e e r]

[

0 260 4&0 860 800 1000
Mominal width (um)

Figure 4: Relative line widths, in terms of nominal width, for Whatman 4
[filter paper printed with PS ink at 10 and 15 wm drop spacing, and with
AKD ink at 20 and 50 pm drop spacing

The AKD and AKD-PS inks exhibited roughly similar
line spreading. The PS ink could not be directly com-
pared with the others, due to PS ink requiring a drop
spacing of 15 um or less for full depth coverage. Trying
to print the same test pattern with AKD or AKD-PS
inks with such a close drop spacing resulted in some of
the lines merging with their neighbours, so that widths
of all lines could no longer be measured.
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3.3 Hydrophobic barriers

Barrier penetration was observed at 5 min intervals for
30 min. For most of the barriers that were penetrated
this happened within the initial 5 minutes, with usually
only a small portion of barriers being penetrated after
that. An exception to this was PS ink on Whatman 1,
where a higher level of batrier penetration could be
observed after the initial 5 min period.

For a given barrier to be considered reliable, it needed
to be able to resist penetration for the entire 30 min
period on 10 samples tested in parallel. The PS ink
could only produce teliable barriers on Whatman 4 fil-
ter paper, and only with a drop spacing of 10 or 15 pm.
With a 15 um drop spacing, reliable barriers could be
produced by printing barriers with a nominal width of
400 wm, resulting in actual barriers with a measured
width of 883 £ 91 um, while for 10 um drop spacing, a
nominal barrier 300 um wide was required resulting in
a measured barrier width of 996 * 114 um. Examples
of printed barrier patterns after testing are shown in
Figure 5, where cyan dyed channels indicate ones where
coloured water wicked past the barrier while magenta
dyed channels indicate ones where the barrier was not
penetrated.

When PS ink was used with a drop spacing of 20 um
or more, or with Whatman 1 filter paper, full depth

coverage could no longer be achieved. Instead, the
reverse side of the printed patterns remained partially
hydrophilic, allowing liquid to leak past. This is easily
observable on the reverse side of the samples, as shown
in Figure 6, where the liquid, having penetrated the ini-
tial barrier is not fully contained by the channel beyond
but starts to spread further. This difference in depth
coverage is not due to the thickness of the sheet, since
Whatman 1 is actually slightly thinner than Whatman 4.

AKD and AKD-PS inks could produce reliable bartiers
on both Whatman 1 and Whatman 4 filter papers with
all tested drop spacing values (up to 50 um). The meas-
ured widths for the narrowest reliable barriers for these
inks with different print settings are shown in Figure 7.
Required nominal line widths for these barriers ranged
from 50 to 450 pum, increasing as drop spacing increased.
Notice, that for a number of these samples printed with
close drop spacing, line spreading of the channel walls
constricted the channel beyond the bartier so much that
measuring the actual barrier width reliably was no longer
possible.

As can be seen from Figure 7, there are no clear rela-
tionships between barrier width and drop spacing, paper
type or ink type. Reliable barriers could be produced
with a variety of settings for these inks as long as the
nominal line width would be set large enough to ensure
that a continuous barrier was formed on the reverse side.

Figure 5: Excamples of barrier tests, printed with PS ink at drop spacing of 15 pum on
Whatman 1 (left) and Whatman 4 (right) filter papers;
Jor dlarity, printed barriers have been ontlined with rectangles

Figure 6: Reverse side views of the samples shown in Figure 5; on Whatman 1 (left),
significant liquid spreading on the reverse side can be observed;
barriers have been outlined with rectangles, as in Figure 5
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Figure 7: Measured widths of reliable barriers printed with
AKD and AKD-PS inks

3.4 Hydrophilic channels

For producing narrow, fast wicking channels, the PS ink
performed well. Using Whatman 4 filter paper and

15 um drop spacing, channels down to a measured width
of 680 £ 80 pm on the printed side could be produced,
with dyed water consistently wicking a 30 mm distance
along a channel within 5 minutes on all 10 samples. The
nominal width of these channels was 1300 um, with the
difference being due to line spreading of the surround-
ing barriers.

With AKD and AKD-PS inks, no fast-wicking channels
could be produced. Rather, the water in the channels
travelled so slowly that it could not even reach the top
of the channel when the observation time was extended
to 10 minutes. Close observation of these channels dur-
ing tests indicated that the liquid front did not travel the
whole width of the channel, unlike with channels printed
with PS ink. Instead, the liquid wicked initially along the
middle of the channel and then spread slowly to the
sides of the channel. Even on the post dried sample, as
shown in Figure 8, the wedge-shaped wicking front can
be observed. The wider the channel, the longer the wick-
ing front would advance within the given time.

Figure 8. Excamples of channel tests, printed on Whatman 4 filter paper with AKD ink at
a drop spacing of 45 ym (left) and with PS' ink at a drop spacing of 15 um (right)

4. Discussion
4.1 Ink and substrate properties

In the light of the observations made in the previous
section, the following commentary on correlations
between the applied parameters of the inks, printing
and substrates is offered.

All three inks could be jetted successfully. However,
plain AKD ink featured limited jetting performance,
being restricted to 2 kHz jetting and displaying velocity
peaking, This is likely due to the low viscosity of the
AKD ink, being very close to that of pure solvent.
Adding a small amount of PS as a rheological mod-
ifier to produce AKD-PS ink resulted in a slight pos-
itive increase in low shear viscosity and, consequently,
a significant improvement in jettability. This viscosity-
related improvement in jettability might be partially due
to a resulting viscoelastic behaviour leading to a tempo-
rary elastic response while under high stress in the print

head. While strongly viscoelastic behaviour, such as
exhibited by solutions containing high molecular weight
polymers, can limit jettability (de Gans et al., 2004), a
low level of viscoelasticity might actually improve jetta-
bility of otherwise low viscosity solutions. However, in
this study the actual viscoelasticity of the inks was not
measured.

The PS ink could achieve reliable full depth penetra-
tion on Whatman 4 filter paper, but not on Whatman 1,
indicating that there is a significant substrate property
difference between these two papers. It cannot be
due to thickness, as Whatman 4 is actually the thicker
of the two. Both papers are also reported to contain
fibres of effectively the same dimension (Evans et al.,
2014). Whatman 4, however, has significantly higher air
permeability, which could suggest a correlation, though
as gas and liquid may travel in quite different fashions
through a substrate, this might not apply to all substrates.
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Nevertheless, the path travelled by liquid through the
sheet was presumably more tortuous in Whatman 1.

The AKD ink proved to be supetior in depth penetra-
tion. This is at least partly due to the lower viscosity of
the AKD ink, not only when jetted initially on paper, but
also during the spreading and drying period when liquid
viscosity increases due to solvent evaporation. However,
the penetration might be further aided by the curing
step, where the AKD is heated well above its melting
point of ca. 50 °C, providing it with an opportunity to
spread slightly further than where it was initially depos-
ited during drying. Adding some PS to AKD ink did not
have any significant effect on this spreading behaviour.

The PS ink produced patterns with sharply defined
edges, suggesting that there was a sufficient amount
of PS on the edges of the printed patterns to produce
clear contrast between the untreated and hydropho-
bised regions. Actually, there was some indication that
the PS concentrations might actually be slightly higher
at the edges of the printed patterns, which could be a
result from the “coffee stain” phenomenon, where dry
solids contained within a drying drop are deposited at
the edges, most likely by Marangoni flow. However, this
would require further characterisation before it could be
confirmed.

On the other hand, with AKD and AKD-PS inks the
edge regions were poorly defined, containing a semi-
hydrophobised border area where water could advance
slowly. This border area resulted in slowly wicking chan-
nels, as the central part of the channel also needed to
feed these areas on the sides. This poor edge definition
could be caused by affinity between AKD and fibre sut-
faces, leading to partial separation of AKD from the
ink as it spreads, and resulting in only small amounts
of AKD being deposited at the edges. Again, further
studies would need to be performed to characterise this
behaviour more fully.

4.2 Ink volume versus pore volume

Information provided by the line spreading tests can be
used to calculate the effectively hydrophobised pore vol-
ume, [y for a section of a hydrophobic barrier. In
parallel, the actual ink volume, 7, consumed to print
the same section can be calculated from the print set-
tings. For the following analysis, we choose this barrier
section to consist of a single transverse line of printed

drops.

We can consider this transverse line across a barrier to
consist of a number of printed dots, N, defined by the
drop spacing distance, 4, and the nominal print setting
width of the barrier, w,, and given by Equation 4.

N=w,/d [4]

The N drops, therefore, deliver the volume of ink, 17,
across the barrier width (Equation 5),

I/ink = ZVT/drop [5]

where 7, is the volume of ink jetted in a single drop.

As an aside, we can also determine the available pore
volume 17, that is present underneath this line of
drops, assuming perfect merging of the drops on the
surface (Equation 6),

W ores = Nd*he (6]
where, as before, 4 is the drop spacing, N the number
of drops, 4 the substrate thickness and ¢ its fractional
porosity. This available pore volume is, however, not
necessarily saturated with ink, depending on the flow
properties of the ink inside the substrate structure, and
so we need to consider the realistic situation of dimin-
ishing contacted volume as the ink penetrates.

If we assume that the penetration of the ink reaches
the complete thickness, as required for a satisfactory
barrier, and that the cross-sectional penetrated profile
is, in a first approximation, that of a wedge, as shown
schematically in Figure 9, we may determine the effec-
tively hydrophobised pore volume [, underneath
the printed transverse line by Equation 7,

ll/p + ll/r
T/hporcs =d 5 be [7]

defining , as the transverse line length (width) of the
barrier on the printed side and , the observed barrier
width on the reverse side, created by penetration.

N droplets

d

l.

full penetration

Figure 9: Schematic showing the applied drop volume V,,, with a drop
spacing d, which is applied to the substrate of thickness b to form a
nominal transverse barrier width w, baving a wedge-shaped cross-
section of width w, and w, on the printed and reverse sides, respectively,
such that the pore volume affected by the hydrophobising agent is V).,
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The ratio 1,0/ Vi informs us about the mechanism
of ink distribution and its hydrophobising impact
(Equation 8),

”p +w,

T/hpores _ [{\pores _ [ 2

he >
d"he (wp, +wy)

Vink Z\”/dmp (%jl/dmp

(8]

2w, Vdrop

such that, when the volume of hydrophobised
pores exceeds that of the applied volume of ink,
DVipores/ Vi > 1, we can assume that ink has penetrated,
at least at the latter stages, by film flow without filling
the total available pore volume.

Assuming that the drop volume 17, is the nominal
10 pl and using substrate properties given in Table 1,
Vipores/ Vi values can be calculated for the lines printed
in the present study. They are presented in Figure 10 for
Whatman 4 filter paper. For Whatman 1, the calculated
Vipores” Vi, 1atios are around 14 % lower.

Vm”vmk
g & 8 8
i
,./'/
D T e ]
/
A e

400 600 800 1000
Nominal line width (um)

8

Figure 10. V},,../ Vi ratios for lines printed on Whatman 4
[filter paper, as a function of nominal line width
Jfor a range of inks and drop spacing values

The values of 14,0../V vary quite a bit, from around
5 for PS ink to over 50 for AKD containing inks printed
with large drop spacing. They are all significantly higher
than 1, indicating that the hydrophobising ink does not
completely fill the pore volume available beneath the
applied ink. This confirms the suggestion that the ink
spreading has primarily taken place through film flow on
fibre surfaces, rather than through complete filling of the
pores. Previously, the initial advance of the water front
on un-sized paper has been demonstrated to be similarly
controlled by the surface film flow (Roberts et al., 2003).

Also the pore filling level was studied separately by ink-
jet printing wax, heated to make it melt and penetrate
the full depth of the filter paper, and considering the
weight of the deposited wax into the substrate layer
in relation to the mass that could have been filled into
the total available pore volume. Hydrophobic barriers

covering the full depth of the paper can be produced by
a wax application that fills only 19 % of the paper pore
volume (Wang et al., 2014). While not explicitly stated
by the authors, these results indicate that melted wax
must have spread primarily by surface film flow rather
than by bulk flow within a saturated pore volume.

4.3 Comparison with previous studies

In a previous study, featuring PS as printed hydropho-
bising material, Olkkonen, Lehtinen and Erho (2011)
tested chromatography paper (Whatman grade 1 Chr,
thickness 180 um, basis weight unspecified) and found
that it could not be hydrophobised to a sufficient depth
by applying a single flexographic printing on one side.
Rather, each side needed to be printed, one side with the
actual pattern and the reverse side with 100 % coverage.
However, in the current study, PS could be successtully
used to produce barriers with a single printing, provided
that the substrate allows the ink to penetrate rapidly.
This difference in performance may be attributed to
both a higher volume of ink transferred by inkjet com-
pared to flexography and to differences in ink viscosity
due to ink composition. While both studies used xylene-
based ink with 5 % by weight PS content, the current
study uses PS with a lower molecular weight (35 kDa vs.
290 kDa) to aid mobility further, resulting in a signifi-
cant difference in viscosity (1.2 vs. 6 mPa's). Perhaps
improved penetration depth using flexography could be
achieved by using a lower viscosity PS solution as the
ink. However, it is also possible that the demonstrated
difference in performance might be due partially to the
different substrates used.

AKD containing inks displayed poor edge definition of
printed patterns, a property not reported in a previous
study featuring AKD based ink printed on Whatman 4
filter paper (Li, Tian and Shen, 2010). This prior report
used n-heptane as the solvent, which has higher vapour
pressure and lower surface tension than p-xylene, result-
ing in reduced spreading on the substrate before drying.
This may have resulted in less noticeable unevenness at
the edges. The difference cannot have been due to sub-
strate properties, since identical substrates were used in
both studies.

The barrier and channel dimensions reported in this
study for inkjet printed PS ink are in the same region
as those previously reported for other printing meth-
ods and materials. The channel width of 680 + 80 um,
as reported in the present study, matches the 700 um
channel width reported for inkjet printed PDMS on
Whatman 1 filter paper (Médttinen et al., 2011), while
being slightly wider than the 500 um width reported
for flexographically printed PS (Olkkonen, Lehtinen
and Erho, 2011) and the 561 * 45 um width reported
for inkjet printed hot-melt wax (Carrilho, Martinez
and Whitesides, 2009). Similarly, the barrier width of
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883 £ 91 um is quite close to the 850 * 50 um width
reported for inkjet printed hot-melt wax. Two-sided
flexographic printing with PS ink could achieve nar-
rower 400 um wide bartiers.

Perhaps resolution in the present study could have
been improved by trying two sided printing, with the
reverse side printed using 100 % coverage, but with

5. Conclusions

PS containing solutions can be inkjet printed to provide
well-defined hydrophobic patterning on porous sub-
strates. However, the application window for the studied
PS ink was rather narrow, requiring a suitable substrate
for the PS ink to allow it to penetrate the full depth of
the substrate.

The AKD ink was found to provide superior penetra-
tion and hydrophobising properties when compared
to PS, although it suffered from limited jetting perfor-
mance. The latter could be improved by adding some PS
to the ink as a rheological modifier. However, patterns
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