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Abstract

This study focuses on the development of  highly wicking coated substrates for microfluidic devices with enhanced resolu-
tion compared to current filter paper-based devices. Four highly absorbing pigments, fumed silica (FS), modified calcium 
carbonate (MCC), natural diatomite (ND) and flux-calcined diatomite (FCD), as well as three binders, styrene-acrylate (SA) 
latex, polyvinyl alcohol (PVOH) and carboxymethyl cellulose (CMC), were used to form coating structures with different 
wicking properties. Studies include characterisation of  the pigment particles and thin layer wicking (TLW) experiments, 
in which wicking height of  liquid in coatings is measured as a function of  time. The results show that the choice of  coat-
ing pigment and binder as well as the binder amount has a significant effect on wicking characteristics of  a coating. The 
introduction of  diatomite pigments into blends with MCC improved the wicking capabilities of  the coating, especially in 
the case of  ND. Latex was found to inhibit wicking of  liquid the least, followed by PVOH and CMC. Increased binder 
amounts reduce wicking due to reduced pore connectivity and binder-filled pores. It was found that the wicking resistance 
of  pigment alone is too high for rapid analysis over long distances in thick coatings. Once optimised for binder type and 
amount, these coating structures could be utilised as high resolution microfluidic analysis elements, i.e. test cells, incorpo-
rated either into a wicking channel matrix or placed at junctions of  microfluidic channels derived from controlled hydro-
phobic/oleophobic printing or designed shrinkage fracture geometries.
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1. Introduction 

Microfluidic analytical devices represent one of the 
most promising future applications in functional print-
ing. Paper-based devices are not only inexpensive and 
portable, but they can be modified easily and can pro-
vide a fast and simple analysis through capillary absorp-
tion without external instrumentation. Furthermore, 
the microfluidic character of  the devices enables small 
sample volumes and simultaneous multianalyte sensing 
(Abe, Suzuki and Citterio, 2008). Researchers contribut-
ing to the majority of  the prior art utilise cellulose-based 
chromatographic and filter papers, in which the sample 
wicks along cellulose fibres (Khan et al., 2010; Martinez 
et al., 2010; Yetisen, Akram and Lowe, 2013). Despite 
the practical advantages, current paperfluidic devices 
have limitations such as accuracy and sensitivity (Liana 
et al., 2012). By adopting porous coated substrates it 
may be possible to fabricate narrower, better spatially 
resolved channels, and so enhance the resolution and 
enable smaller volumes of  sample to be applied, as well 

as provide better colour contrast during optical sensing. 
The term resolution in this context refers to the degree 
of  control of  the spreading of  liquids and printing inks, 
such as containment channel walls and sites used as test 
cells containing analytes in reaction areas, on the sub-
strate used in microfluidic devices. Speciality coated 
substrates provide better resolution than uncoated filter 
paper devices, due to increased control over spreading 
via detailed design of  pore structure and surface free 
energy. Previous attempts to use coated paper in paper-
fluidics, however, have proven unsatisfactory due to 
heterogeneous colour distribution in the reaction area 
and low wicking capabilities of  coated paper (Määttänen 
et al., 2011; Zhong, Wang and Huang, 2012). 

1.1 Background

A plain paper substrate can be transformed into a diag-
nostic device by printing functional components, such as 
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hydrophilic channels that guide polar fluid flow through 
analysis regions, points or cells to perform chemical 
assays, and by depositing chemical reagents into those 
test stations, the resultant components of  which may 
even flow further into detection zones (Martinez et 
al., 2007; Mukhopadhyay, 2010). The main advantages 
of  employing paper as a base material include its low 
cost, availability, portability and ease of  modification. 
In addition, paper-based microfluidics function without 
external pumps, instrumentation or power, and provide 
a fast and simple analysis (Martinez et al., 2007), even 
remotely, if  combined with an imaging device (Martinez 
et al., 2008; Yetisen, Akram and Lowe, 2013).

Low cost diagnostics are especially needed in under-
privileged and developing countries, where people 
suffer from high levels of  infectious diseases such 
as HIV, malaria and tuberculosis (Lee et al., 2010; 
Lisowski and Zarzycki, 2013) as well as in remote or 
other resource-limited areas distanced from healthcare 
establishments or electricity (Maxwell, Mazzeo and 
Whitesides, 2013). The microfluidic character of  the 
devices enables reducing sample volume down to micro-
litres and, therefore, these devices offer a superior solu-
tion compared to conventional diagnostic tools, which 
often require large reagent and sample quantities as well 
as specific laboratory conditions and accomplished pro-
fessionals for the analysis (Whitesides, 2013).

The basic principle of  paperfluidic devices embod-
ies the following three phases (Mukhopadhyay, 2010). 
First, a drop of  sample, for example a bodily fluid, 
such as blood, is either placed on the device (planar 
laminar flow) or the device is dipped into the sample 
(wicking vertical flow). Secondly, the paper wicks the 
fluid through walled channels, derived from hydro-
phobic containment. Finally, the sample is guided into 
discrete detection zones. Most researchers utilise enzy-
matic or colour detection (Lisowski and Zarzycki, 2013), 

though adopting gold nanoparticles (Mukhopadhyay, 
2010) or electrochemical analysis offers an alternative 
detection method (Maxwell, Mazzeo and Whitesides, 
2013; Yetisen, Akram and Lowe, 2013). Several research 
groups, including George Whitesides’ research group 
at Harvard University (Martinez et al., 2007; 2010), Wei 
Shen’s research group at Monash University (Khan et al., 
2010; M. Li et al., 2012), as well as the Sentinel Bioactive 
Paper Network in Canada (Sentinel, 2015), amongst 
others, are actively developing simple devices for paper-
based point-of-care (POC) diagnosis, food monitoring 
and environmental screening. Figure 1 shows a proto-
type of  a paper-based device developed at Harvard 
University.

Despite the promising future of  paper-based diagnos-
tics and their many advantages, limitations such as accu-
racy and sensitivity still show that further development 
is required (Liana et al., 2012). The hydrophobic walled 
channels guiding the fluid flow are relatively wide, often 
greater than 200 µm, hindering the liquid flow length 
for limited volume application. In addition, sample 
retention and evaporation during liquid transport result 
in insufficient sample delivery (Glavan et al., 2013; Li, 
Ballerini and Shen, 2012), and the resolution of  the cel-
lulose-based chromatographic or filter paper utilised by 
most researchers depends on the size and rather unsta-
ble dimensional stability of  cellulose fibres in contact 
with water. Furthermore, swelling of  cellulose fibres 
may further inhibit capillary flow (Yetisen, Akram and 
Lowe, 2013). By adopting coated substrates it may be 
possible to fabricate narrower, better spatially resolved 
channels, and so enhance the resolution and enable 
smaller volumes of  sample to be applied. Also, paper 
thickness and colour may play a significant role in the 
analysis of  the results (Yetisen, Akram and Lowe, 2013).

Previous attempts to use coated paper as a base mate-
rial in printed microfluidic diagnostics have, however, 

Figure 1: A prototype microfluidic device fabricated on filter paper for simultaneous analysis of glucose and proteins from urine 
(Reprinted with permission from Martinez et al., 2008; 2010. Copyright (2015) American Chemical Society)
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proven unsatisfactory. Määttänen et al. (2011) tested the 
performance of  different hydrophilic paper substrates, 
including a highly permeable Whatman Grade 1 fil-
ter paper, an intermediate air permeance surface sized 
office copy paper, and a slow water and air permeance 
multilayer-coated paper substrate, for colorimetric glu-
cose detection. The coated paper proved unsuitable for 
the colorimetric detection due to the heterogeneous 
colour distribution in the reaction area, caused by slow 
evaporation of  the analyte solution. This phenomenon 
led to a considerable standard deviation in the calibra-
tion curve preventing accurate determination. However, 
coated paper was best suited for electrical applications, 
because it offers good print resolution compared to 
copy paper and filter paper. Zhong, Wang and Huang 
(2012) investigated the wicking potential of, and wax 
compatibility with, different paper substrates, including 
printing paper, paper napkins and paper towel. Their 
experiments showed that the printing paper had low 
wicking capability and suggested that this was due to its 
low porosity and adverse surface tension effects. 

1.2 Principles of  absorption

Paper-based diagnostics rely on wicking of  liquid into 
the porous medium driven by capillary pressure, which 
is created by the difference in the surface energies of 
the dry and wetted solid matrices. Two approaches are 
commonly combined to model wicking mathemati-
cally: the classical Lucas–Washburn (L–W) equation 
combines the wetting force driving imbibition and the 
viscous drag opposing it. The viscous drag is related to 
the permeability defined by Darcy’s law (Masoodi and 
Pillai, 2013). The L–W model assumes an hydraulic 
flow in an average single capillary derived from a bun-
dle of  aligned capillary tubes having the range of  radii 
equivalent to the assumed pores in the sample (Lucas, 
1918; Washburn, 1921), whereas Darcy’s law describes 
permeation of  an incompressible fluid through a satu-
rated material under pressure as (i) a single-phase flow 
or (ii) two-phase flow through the porous  substrates 

where one phase replaces another (Masoodi and Pillai, 
2013). Both of  the phenomena constituting the L–W 
model assume equilibrium laminar flow. In complex 
micro and nano porous network structures, such as 
in coating structures, however, equilibrium is rarely 
established except after very long timescales and after 
relatively long wicking distances in respect to Darcy 
permeation behind the wetting front. This is because 
the liquid becomes accelerated and decelerated within 
the geometrically rapidly changing pore structure. To 
account for this, workers invoke either inertial effects 
via, for example, the Bosanquet equation (Bosanquet, 
1923, Schoelkopf  et al., 2000) or energy loss during 
pore entry flow (Szekely, Neumann and Chuang, 1971). 
The effect is to fill the finest pores in a given layer of 
the structure preferentially under linear time rate, and 
the larger pores slower under square root time rate, 
which in turn act as reservoirs for the next set of  finest 
pores and so on (Ridgway and Gane, 2002). Once equi-
librium is reached between these phenomena, a square 
root of  time emerges as the macroscopic observation 
related to flow under permeation conditions (Ridgway 
and Gane, 2002). Yetisen, Akram and Lowe (2013) 
suggest that the most important parameters regarding 
wicking in porous materials include pore size, pore size 
distribution, porosity and surface area of  the chosen 
substrate, as well as capillary flow rate, i.e. the migration 
speed of  the liquid front moving along the test sam-
ple. Permeability is also needed to provide access to the 
differentiating mechanism of  fine pores, and this con-
tains the important factor of  pore connectivity, which is 
strongly reduced by increasing binder content (Ridgway, 
Gane and Schoelkopf, 2006).

This study focuses on the development of  highly wick-
ing pigment coated substrates for microfluidic devices 
with enhanced resolution compared to current filter 
paper-based devices. Various highly absorbing coating 
pigments and different binders are used to form coating 
structures with different properties in regards to poros-
ity, surface area and permeability.

2. Materials and methods

Coatings are constructed of  various highly wettable pig-
ments, bonded together and to the glass slide using a 
range of  binder types.

2.1 Coating pigments, dispersants and binders

The chosen coating pigments consist of  a highly porous 
form of  modified calcium carbonate (MCC), typically used 
in the design of  coated inkjet papers (Omyajet 5372 
ME) provided by Omya International AG, Oftringen, 
Switzerland, fumed silica (FS, CAB-O-SPERSE PG002)  
provided by Cabot Corporation, Heverlee, Belgium, 
and two diatomaceous earths, a  natural diatomite (ND,  

Clarcel 78) and a flux-calcined diatomite (FCD, Clarcel FD),  
both supplied by Ceca Arkema, La Garenne-Colomber 
Cedex, France. MCC (52 % solids) and FS (20 % sol-
ids) were delivered as aqueous dispersions, whereas 
the diatomite pigments exist in powder form. The 
diatomite slurries were dispersed using sodium polyac-
rylate salt (Polysalz S, BASF, Ludwigshafen, Germany). 
Carboxymethyl cellulose (CMC, Finnfix 10, CP Kelco Oy, 
Äänekoski, Finland) was added to support dispers-
ing and to provide both thickening and, at high dose, 
binding. CMC was prepared at 6 % solids by adding the 
required amount of  CMC to cold water under agita-
tion and heating the mixture in a slow cooker (Fiskars 
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Home, Hackman, Helsinki, Finland) to 50−60 °C. The 
solution was held at this temperature until the CMC 
had dissolved completely. The solution was allowed to 
cool down to room temperature before adding to the 
pre-slurried pigments under slow agitation. 

The binders included a styrene-acrylate latex (SA latex, 
Acronal S 505, BASF, Ludwigshafen, Germany), hav-
ing a particle size of  approximately 0.2 µm and a 
Tg of  < 1 °C, a fully hydrolysed polyvinyl alcohol (PVOH, 
BF-05 provided by Omya International AG), which 
has a degree of  hydrolysis 98.5–99.2 mole %, and a 
molecular weight of  22 000–27 000 g ∙ mol−1 (Limpan 
et al., 2012), and CMC. PVOH was prepared at 10 % 
solids by adding the required amount of  PVOH to cold 
water under agitation and heating the mixture in a slow 
cooker (Fiskars Home, Hackman, Helsinki, Finland) to 
95–98 °C. The solution was held at this temperature until 
the PVOH had dissolved completely. The solution was 
allowed to cool down to room temperature before add-
ing to the slurried pigments at a slow rate of  agitation. 

2.2 Substrates

Super premium microscope slides with ground edges 
(90°) made from low iron clear glass and having a thick-
ness of  0.8–1.0 mm (25 × 75 mm, VWR International 
BVBA, Leuven, Belgium) were used as substrates in 
thin layer wicking (TLW) tests. The glass slides were 
attached to a 300 g ∙ m−2 liquid packaging board sheet 
(Stora Enso, Imatra, Finland) with double sided tape 

(Scotch®, Suomen 3M Oy, Espoo, Finland) to ensure 
an even coating result. In addition, two commonly used 
filter papers, Whatman grades 1 and 4 (GE Healthcare 
Europe GmbH, Suomen sivuliike, Helsinki, Finland), 
were used as a comparison.

2.3 Coating colour formulations

The effect of  different coating pigments on the wick-
ing of  liquid was tested using MCC and combinations 
of  MCC with ND and FCD in a latex binder system. 
Table 1 presents the properties of  the coating colours as 
well as the coating thickness and coat weight of  coated 
samples. The coating thickness and coat weight were 
calculated by measuring thickness and the weight of  the 
glass slides before and after coating. First, ND and FCD 
were blended with water to as high solids content as 
possible while retaining good “coatability”, after which 
MCC and binder was added to the diatomite-water mix-
ture. In the case of  ND this meant a solids content of 
15.8 % (ND + MCC; 25 : 75) and 10.9 % (ND + MCC; 
50 : 50), and in the case of  FCD 37.7 % (FDC + MCC; 
25 : 75) and 29.5 % (FCD + MCC; 50 : 50).

The effect of  different binders and binder amounts on 
wicking of  liquid was tested by using three different 
binders: SA latex and PVOH, which are commonly used 
binders, and CMC which is widely used as a co-binder 
in coating structures. Table 2 presents the properties 
of  the coating colours as well as the thickness and coat 
weight of  coated samples. 

Table 1: Coating colour properties – different coating pigments with 4 pph latex; Brookfield spindle #4 was used with MCC, spindle #2 
with other coating formulations

Coating formulation Solids 
(%)

Thickness 
(µm)

Coat weight 
(g ∙ m−2)

Brookfield visc. 
(mPa ∙ s @ 100 min−1) pH Zeta poten. 

(mV)
Conductivity 

(µS ∙ cm−1)

MCC (100) 52.00 50 60 402 8.49 −17.60 51.0

ND + MCC (25 : 75) 34.90 51 43 208 8.23 −18.60 39.7

ND + MCC (50 : 50) 19.20 46 43 66 8.03 −18.03 34.6

FCD + MCC (25 : 75) 48.60 72 63 130 8.49 −19.03 40.4

FCD + MCC (50 : 50) 39.50 71 49 42 8.83 −22.37 40.5

Table 2: Coating colour properties – different binders and binder amounts; Brookfield spindle #4 was used with all coating formulations

Coating formulation Solids 
(%)

Thickness 
(µm)

Coat weight 
(g ∙ m−2)

Brookfield visc.
(mPa ∙ s @ 100 min−1) pH Zeta poten. 

(mV)
Conductivity 

(µS ∙ cm−1)
MCC 52.00 50 62 566 8.80 −16.57 43.4
MCC + 4 pph latex 51.92 74 62 402 8.49 −17.60 51.0
MCC + 8 pph latex 51.85 51 43 348 8.31 −17.80 41.3
MCC + 2 pph PVOH 48.00 42 52 884 8.50 −8.81 34.7
MCC + 10 pph PVOH 37.62 75 43 678 8.33 −7.47 40.2
MCC + 1 pph CMC 48.35 67 55 952 8.81 −18.30 38.4

MCC + 4 pph CMC 40.11 68 48 742 8.49 −22.70 45.9
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2.4 Equipment

The particle size distributions of  the coating pigments 
were determined by laser diffraction (Mastersizer 2000, 
Malvern Instruments Ltd., Malvern, UK), and the sur-
face structures of  the pigment particles were imaged 
with scanning electron microscopy (SEM). The surface 
area was supplied using an equivalent spherical particle 
model derived from the particle size distribution data as 
calculated from the Mastersizer. 

For the SEM imaging, the coating samples were coated 
with a thin layer of  gold using a table-top sputter-
ing device (Leica EM SCD050, Leica Microsystems 
GmbH, Wetzlar, Germany) and analysed using a Hitachi 
TM-1000 SEM (Hitachi High-Technologies Europe 
GmbH, Krefeld, Germany).

The PVOH and CMC dispersions were prepared using a 
Heidolph RZR 1 mixer (Heidolph Instruments GmbH 
& Co, Schwabach, Germany). The coating colours 
were prepared in small sample containers and mixed 
by hand. The viscosity of  the coating colours was mea-
sured using a Brookfield DV-II+ viscometer (Brookfield 
Engineering Laboratories, Inc., Massachusetts, USA) 
using spindles #2 and #4 and a rotation speed of 
100 min−1, the pH using a pH meter (Orion 420A, 
Thermo Scientific, Cambridgeshire, England), conduc-
tivity and zeta potential using a Zetasizer Nano-ZS90 
(Malvern Instruments Ltd., Malvern, UK).

The glass slides were coated with the various test for-
mulations using a K202 Control Coater (RK PrintCoat 
Instruments Ltd., Herts, UK) adopting the brown 
labelled wire-wound rod, which applies an 80 µm 
thick wet film onto the substrate, with a speed set-
ting of  6 m ∙ min-1. The latex containing coated glass 
plates were dried in an oven at 105 °C for 2 minutes 
to ensure proper latex film formation. The glass slides 
were weighed with a balance (Precisa XT 320M, Precisa 
Gravimetrics AG, Dietikon, Switzerland) and their 

thickness measured with a caliper thickness tester (L&W 
Micrometer SE 250D, Lorenzen & Wettre, SE 164 93 
Kista, Sweden) before and after coating to obtain coat 
weight and coating thickness.

A digital camera (Sony Cyber-shot DSC-HX20V, Sony 
Europe Limited, Espoo, Finland) was used to record 
images of  the thin layer wicking tests as a function of 
time. The images were analysed using PowerPoint Picture 
and Drawing Tools (Microsoft Oy, Espoo, Finland). The 
coated glass slides were analysed with a light microscope 
(Leica DM750) coupled with a high definition digital 
camera (Leica ICC50 HD, Leica Microsystems GmbH, 
Wetzlar, Germany) and scanned with Epson Expression 
1680 (Epson, Suwa, NGN, Japan). 

2.5 Test set-up for thin layer wicking experiments

In thin layer wicking (experiments, a coated glass slide 
with 1 mm scaling marked on one side is lowered verti-
cally into contact with the test liquid (10 % red food dye, 
Dr. Oetker Suomi Oy, Helsinki, Finland) and the wick-
ing height (mm) is determined as a function of  time (s). 

Figure 2 shows a schematic of  the wicking test set-up 
including the digital camera, a petri dish filled with dyed 
water to act as a liquid supersource, a transparent plas-
tic support, e.g. a simple cup, holding the sample, the 
coated sample with 1 mm scale markings, and a light 
source (flashlight). Three repeats were made for each 
test. Wicking tests were conducted under standard paper 
testing conditions (23 ± 1 °C and RH 50 ± 2 %).

2.6 Test set-up for droplet wicking tests

Horizontal wicking was tested by placing a droplet of 
dyed water onto the coated samples with a pipette, 
as shown in Figure 3. The samples were scanned 
after reaching equilibrium and drying. The tests were 
conducted under standard paper testing conditions 
(23 ± 1 °C and RH 50 ± 2 %).

Figure 2: Schematic of the wicking test set-up
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Figure 3: Schematic of the drop test set-up; additionally, the supersource wicking from the vertical test is also shown on the right side of each sample

3. Results 

The findings from the experimental procedures are 
reported, beginning with the characterisation under-
taken to define the likely properties of  the pigments 
responsible for the surface interaction with liquid, fol-
lowed by the direct observation of  that interaction in 
respect to wicking in the porous structure of  the resul-
tant coatings, including the study of  binder type and 
quantity used.

3.1 Characterisation of  the coating pigments 

The volume frequency based particle size distributions 
of  the coating pigments are shown in Figure 4, and the 
differences in particle size distributions are summarised 
in Table 3. Particle size distribution relates ultimately to 
the particle packing in the coating structure and affects 
the porosity and the permeability of  the coating layer 
(Gane and Ridgway, 2007), thus influencing wicking of 
liquids in coatings containing the pigments. Fumed silica 
as coating pigment has a narrow particle size distribu-
tion and the individual pigment particles are the smallest 
of  the four pigments studied. Silica, due to its micro-
agglomerated nature, therefore, forms a less densely 
packed structure than either MCC, which has a spherical 
shape in a narrow size distribution, or diatomite pig-
ments, having a broader particle size distribution, respec-
tively, corresponding to a more tightly packed structure 
where small particles fill pores defined by the larger par-
ticles (Mueller, Osterhuber and Donigian, 2006). Studies 
have shown that smaller pores can be obtained using 

fine broad particle size distribution pigment particles 
(Burri et al., 2004) and that the use of  larger monosize 
particles results in both increased porosity and pore size 
in the final coating structure (Rousu et al., 2000).

Figure 4: Volume frequency based particle size 
distribution of coating pigments

As we see in Table 3, the use of  the equivalent spher-
ical model for particle surface area, derived from the 
light scattering cross-section, greatly underestimates 
the true micro and mesoscale surface. To access the 
surface detail in this way would require the use of  gas 
adsorption, e.g. nitrogen adsorption using the method 
BET of  Brunauer, Emmett and Teller (1938). For 
example, the MCC is reported in the supplier’s specifi-

Table 3: Particle size and equivalent sphere model specific surface area of the coating pigments 

Pigment Specific surface area 
(m2 ∙ g−1)

Fine particle limit, d10 
(µm)

Median particle size, d50 
(µm)

Coarse particle limit, d90 
(µm)

MCC 6.20 0.47 1.33 3.445

FS 33.70 0.14 0.18 0.251

ND 0.36 5.88 18.25 49.604

FCD 0.88 3.32 9.16 24.429
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cation to have a specific surface area ranging between  
~30–40 m2 ∙ g−1 (Lamminmäki et al., 2009), and it is typ-
ical that fumed silica can have a specific surface area 
greater than or approximately 100 m2 ∙ g−1.

SEM images of  the coating pigments are shown in 
Figure 5. Clear visual differences can be seen in the pig-
ment particle size and shape. The diatomite pigment 
particles, especially the ND, are significantly larger than 
the finer MCC pigment and much finer silica particles, 
though the silica particles are seen to be partly clustered. 
The shape and size of  the pigment particles also influ-
ence the void structure of  the coating together with the 
chosen binder and binder amount.

3.2 Effect of  pigment type on wicking

FS was selected as one of  the coating pigments due to 
its known capacity to absorb large amounts of  liquid in 
ratio to the solid volume as a result of  its fine particle 
size and high level of  microporosity generated in the 
clustered structure (Wu et al., 2012). 

However, due to the ultrafine fraction and the resulting 
extremely high capillary forces during drying, shrinkage 
cracks formed in the coating and the coating layer peeled 
off  upon drying, indicating adhesion failure when latex 
and PVOH were used as binders. Even the addition of 
MCC into the coating colour did not solve the problem 

and therefore the silica pigment was discarded from the 
wicking experiments at this stage of  the investigation.

The diatomite pigments were selected based on their 
potential absorption capabilities, although they are not 
conventionally used in paper coatings, being more com-
monly applied as filtration aids. However, experiments 
revealed that the chosen dispersing agent was not able 
to stabilise the coarse diatomite pigments against sedi-
mentation. To overcome this, extensive amounts of 
CMC were required to retain the particles in suspension: 
10 pph for ND and 12 pph for FCD. Although CMC 
solved the problem of  pigment particle sedimentation, 
and improved the flow uniformity of  the coating formu-
lations, and hence coating coverage, it failed to prevent 
the formation of  induced clumps during the coating pro-
cess. This indicates that even CMC does not stabilise the 
pigment completely against shear-induced aggregation, 
and this can be considered as a characteristic of  these 
pigments. The high amounts of  CMC were seen, not 
unexpectedly, to interfere significantly with the wicking 
capabilities of  the diatomite pigments. To achieve more 
stable coating colours while still utilising the diatomite 
pigments, ND and FCD were mixed with MCC. 

Figure 6 shows the wicking height as a function of  time 
when the various coating pigments or their combina-
tions were tested with latex binder. Further, the impact 
of  different binders and binder amounts, with MCC 

Figure 5: SEM images of the coating pigments: a) fumed silica, b) porous modified calcium carbonate (MCC),  
c) natural diatomite, and d) flux-calcined diatomite
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pigment alone, was tested. The error bars represent the 
standard deviation of  the observation. Three observa-
tions were made for each test. The wicking height was 
calculated from the difference between the final wicking 
height of  the liquid and the initial wetting front.

The addition of  diatomite pigments to MCC increased 
the wicking capabilities of  the coatings significantly, 
especially in the case of  the coarser ND. The MCC and 
ND + MCC coatings have similar thickness values, but 
ND containing coatings have significantly lower coat 
weight indicating a lower coating density. Furthermore, 
the solids content of  the coatings containing diatomite 
are much lower than that of  a coating consisting of 
MCC, but the formulations still produce thick coating 
layers. These factors indicate that the addition of  larger 
diatomite particles creates a coating structure with larger 
voids compared to MCC. Although faster absorption of 
liquid is normally seen with finer pore structures over 
short distances (Gane, Matthews and Schoelkopf, 2000), 
in the case of  diatomite a coating structure consisting of 
larger pigments particles led to greater wicking over the 
distances required for microfluidics, especially in these 
relatively thick coating layers. Diatomite structures inter-
nally have a low permeability, but they possess a very 
high porosity and the particles pack loosely together 
to provide well-connected flow pathways for wetting 
fluid resulting in low resistance to the flow generated 
by the capillary wall wetting forces (Akin et al., 2000). 
It is reported that the fine intraparticle pores and high 
surface area of  the MCC act to provide strong wetting 
forces, which drive the meniscus forward (Ridgway and 
Gane, 2002), while the diatomite with its open inter-
particle packing reduces the resistance to viscous flow 
through the coating structure.

As we see in Figure 6, expressing the absorption/wick-
ing height as a function of  the square root of  time does 
not deliver perfect straight lines, as would be the case 
if  the traditional Lucas–Washburn model alone had 

applied. We see first of  all a short delayed rate of  wick-
ing, which reflects the likely depression of  the contact 
meniscus as the sample is lowered into the supersource 
of  liquid, which depends on the dynamic advancing 
contact angle, which becomes bigger as the sample is 
moved against the direction of  wicking. Once equilib-
rium is reached, then a short period of  linear root time 
behaviour is seen, followed by a slowing toward an 
eventual plateau. The plateau is defined as the equilib-
rium between wicking and evaporation at the far-reaches 
of  the wetting meniscus. As we see from the optical 
analysis in Figure 7, this series of  behaviours results in 
various concentration regions of  dyestuff  as the struc-
ture surface acts via adsorption, and the pore volume 
permits a balance between diffusion, bulk liquid flow 
and evaporation over the surface of  the sample. 

Figure 7 shows the wicking front and droplet spread-
ing on and in the MCC and MCC-diatomite combina-
tion coating structures. The pigment surface interacts 
with certain dissolved materials, such as vegetable or 
insect dye, and thus the coating acts as a surface sorp-
tive chromatographic column through surface and pore 
wall adsorption. This was evident during the experi-
ments as a water front could be clearly observed ahead 
of  the colorant front. The chromatographic effect was 
most prominent in the case of  ND + MCC; 50 : 50, 
which showcased a series of  lighter and darker areas. 
The lighter areas show incomplete pore filling or deple-
tion of  dye, whereas the darker coloured areas show 
saturated pores or concentration of  dye. The innermost 
dark ring during droplet spreading marks the point at 
which there is no more surface liquid and the spreading 
proceeds subsurface due to the coating pore structure. 
The band of  diffuse colour thereafter marks the adsorp-
tion of  the dye onto the pore walls. The outermost 
intensely coloured ring is caused by evaporation of  the 
liquid, which takes place faster than the onward wicking 
of  the liquid, and so dye becomes concentrated – the 
so-called coffee stain effect. Similar layering effects can 

Figure 6: Wicking height as a function of square root of time (t0.5); a) when different coating pigment combinations were tested with 4 pph 
latex and b) when different binders and binder amounts were tested with MCC alone
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be seen during the vertical wicking based on the identi-
cal series of  events.

3.3 Effect of  binder type and binder amount on wicking 

The choice of  a binder and the binder amount have 
a significant effect on wicking of  liquid in a coating 
structure (as can be seen from Figure 6b), which pres-
ents the wicking height in the variously bound struc-
tures as a function of  the square root of  time. The 
highest wicking distance in the binder-containing coat-
ing systems was achieved with latex. An addition of 
4 pph of  latex provided sufficient binding to maintain 
the integrity of  the coating and hindered the wicking 
remarkably less than PVOH and CMC. Further addi-
tion of  latex (8 pph) reduced the wicking distance, but 
not too greatly. Latex may either change the pore struc-
ture by filling the pores and blocking the entrances 
affecting the capillary absorption (Burri et al., 2004) 
or at these lower doses actually undergoes depletion 
flocculation in the presence of  pigment (Husband and 
Adams, 1993; Ridgway and Gane, 2007). Thus, a low 
level of  suitable latex binder may lead to preservation 
of  the total pore volume and permeability of  the coat-
ing structure to a large extent (Ridgway, Kukkamo and 
Gane, 2011).

Even a low addition of  PVOH (2 pph) reduced the wick-
ing height noticeably, and the liquid front progressed 
even slower when a higher amount of  PVOH (10 pph) 
was used, as expected. Significantly higher amounts of 

PVOH would have been required to bind the coating 
properly onto the glass slides, but were not investigated 
since they would have inhibited wicking even more. The 
reason for low wicking distances in PVOH containing 
coatings most probably lies in PVOH’s tendency to 
absorb water and swell, thus reducing the pore volume, 
especially affecting the fine high capillary pores and so 
reducing the pore network connectivity (Lamminmäki 
et al., 2011; Ridgway, Kukkamo and Gane, 2011). CMC 
also prevented liquid wicking significantly, but in addi-
tion failed to provide the required binding power to 
secure the coating onto the glass slide, even at higher 
dosage. This is probably due to the long timescale solu-
bility of  CMC in water.

Figure 8 shows the droplet spreading in the MCC 
coatings, when latex, PVOH and CMC were used as 
binders. The addition of  a binder reduces the droplet 
spreading and dye migration by either filling some of 
the pores or, more particularly in the case of  soluble 
binders, reducing the connectivity of  the pore network 
as the soluble binders concentrate at the interstices of 
the pigment particle contact points due to capillary 
forces during the drying of  the coating layer. Higher 
binder amounts result in less spreading and the dye 
concentrates in the edge areas. Once again, it can be 
seen that the dye does not spread homogeneously. The 
original equilibrium surface spread droplet size can be 
seen in the case of  plain MCC (without binder) and in 
latex-containing coatings as an “inner ring”. As previ-
ously, the outer ring is related to the coffee stain effect 

Figure 7: Wicking front and droplet spreading in a) MCC, b) FCD + MCC (25 : 75), c) FCD + MCC (50 : 50),  
d) ND + MCC (25 : 75) and e) ND + MCC (50 : 50) coating structures
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and associated Marangoni behaviour during evapo-
ration. This delineation between surface equilibrium 
and internal pore wicking did not occur when soluble 
PVOH and CMC were used, although dye spreading 
was still not uniform, suggesting that the use of  these 
soluble binders prevented a defined meniscus pinning 
line on the surface via a prevention of  rapid evapora-

tion, such that the dye could continue to diffuse to 
the outer limit. This effect is thus related to the water 
swelling and dissolution properties of  soluble binders. 
A more clearly visible outer coffee ring stain effect is 
seen as the soluble binder level is increased: the dye 
migrates and concentrates to the “outer rings” as the 
water evaporates.

Figure 8: Droplet spreading in a) MCC, b) MCC + 4 pph latex, c) MCC + 8 pph latex, d) MCC + 2 pph PVOH,  
e) MCC + 10 pph PVOH, f) MCC + 1 pph CMC and g) MCC + 4 pph CMC

4. Discussion

A number of  interesting observations provide a deeper 
understanding of  the relationship between the coat-
ing structure formation and the subsequent wicking 
tendency. Of  perhaps greatest importance is the rec-
ognition of  the role of  wicking rate, and surface and 
binder chemistry, in respect to the distribution of  sol-
uble or carried substances in the liquid vehicle being 
wicked through the structure. On the one hand, surface 
adsorption by chromatography would prevent deliv-
ery to a diagnostic station, whilst, on the other hand, 
it could allow for valuable material separation to be 
undertaken. Similarly, the diffusion potential of  dis-
solved constituents in the vehicle through soluble poly-
mer binders, such as PVOH and CMC, could allow for 

a more uniform deposition of  a given solute, captured 
within the polymer matrix and then potentialy eluted at 
a later date. 

It is revealing to visualise the differences in macro and 
microstructure of  the various resulting substrate mate-
rials. Figure 9 illustrates a comparison using optical 
microscopy between the large scale porous structure 
of  a filter paper and the contrasting variation in micro-
structure seen between the fine MCC and the blends of 
MCC and the two diatomites. The lower permeability of 
the finer structures limits the long range wicking when 
considering using the complete coating layer as the 
absorbing structure.

Figure 9: Light microscopy images of a) Whatman Grade 1 filter paper, b) MCC with 4 pph latex,  
c) FCD + MCC (25 : 75), d) FCD + MCC (50 : 50), e) ND + MCC (25 : 75), and f) ND + MCC (50 : 50)
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In the following discussion we concentrate on the direct 
physical relations between the wicking behaviour and 
the constituent formulations employed.

4.1 Fumed silica

Neither latex nor PVOH were suitable for binding the 
silica onto the glass slides, and therefore the wicking 
capabilities of  FS could not be studied at this point. 
Surface treatment of  the glass slides or the use of  other 
binders, especially inorganic binders, such as sodium 
silicate, could perhaps provide a worthwhile alterna-
tive, which could be studied. The cracking phenomenon 
of  silica coatings could also perhaps be exploited by 
designing a certain substrate patterning that could lead 
to a coating structure that might provide geometrical 
“mud cracks” formed during shrinkage (Figure 10). The 
phenomenon could potentially be controlled by using 
different pigment and binder combinations, but would 
require further investigation.

4.2 Dispersing diatomite pigments

Other stabilising agents against sedimentation and 
shear-induced aggregation could be researched to find 
an optimum to achieve a stable coating formulation 
whilst retaining the high wicking capabilities of  the 
diatomite pigments. For example, the influence of  using 
microfibrillated (MFC) or nanofibrillated (NFC) cellu-
lose instead of  CMC could be explored (Dimic-Misic 
et al., 2014). Alternatively, size selective sedimentation 
could be used to remove the coarsest (oversize) particles 
in a water-pigment mixture prior to coating to reduce 
the development of  coating lumps.

4.3 Effect of  pigment type, binder type and amount on 
wicking

The coating structure, especially the packing, porosity, 
permeability and pore connectivity of  the coating, can 
be altered significantly by using different pigments in 
combinations with different binders. In these experi-
ments, the ND pigment containing coatings resulted in 
most wicking of  the fluid, followed by FCD and MCC, 

the latter itself  being known to promote rapid absorp-
tion and high liquid uptake capacity (Ridgway, Gane and 
Schoelkopf, 2006). However, the challenge of  fully util-
ising diatomite pigments lies in making the dispersions 
stable, as discussed earlier. 

Liquid wicks up the coating structure faster when no 
binder is present, because binders fill or block some 
of  the pores and/or pore connections in the coating 
structure, but nonetheless sufficient amounts of  binder 
are required to bind the coating layer to the glass slide. 
The results agree with previous studies, in which higher 
binder levels of  latex and PVOH reduce the absorption 
capabilities of  the coating (Lamminmäki et al., 2009; 
Ridgway, Kukkamo and Gane, 2011). 

The droplet spreading experiments of  coated samples 
show that the spreading dye droplets does not result 
in a homogeneous distribution of  the solute dye. The 
dye separates from the water chromatographically in the 
presence of  different pigments (Figure 7) and binders 
(Figure 8). However, in the case of  uncoated filter paper 
a more uniform solute distribution is seen (Figure 11), 
although some of  the dye concentrates at the “outer 
ring”. This confirms the importance of  understanding 
the interactive properties of  the solute and the surface 
chemistry of  the pore walls, as well as the distribution of 
liquid between the macroscopic coating surface and the 
microscopic pores. Similar observations about hetero-
geneous spreading on coated substrates have also been 
made by Määttänen et al. (2011). 

Figure 11: Droplet spreading on a) Whatman Grade 1 filter paper, 
b) Whatman Grade 4 filter paper

Figure 10: Light microscopy images of glass slides coated with fumed silica FS + MCC (25 : 50)
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Furthermore, the thin layer wicking experiments showed 
that the wicking resistance of  pigmented coatings, even 
without binder, is normally too high for rapid analy-
sis over long distances in thick coatings. Zhong, Wang 
and Huang (2012) also concluded that coated paper did 
not possess good wicking properties. However, such 
coated papers are usually designed to prevent bleeding 
and spreading of  ink. The selection of  targeted coating 
formulation components, such as the coating pigments, 
binders and additives studied here, could be used to 
create a suitable coating for paperfluidic devices, espe-
cially when attention needs to be given to the potential 
for improved resolution at analysis/diagnostic stations 
when compared to uncoated fibrous substrates. Figure 
12 shows an example of  printed channel patterns on 
coated paper and on filter paper. It is evident that the ink 
spreads much less on the coated sample than on filter 
paper. This enables the printing of  smaller channels and 
designs and, as a result, using smaller reagent volumes. 
Furthermore, advantageous use could be made of  the 
surface chemistry and structure potential of  coatings as 
media for solute or particulate suspension separation.

4.4 Impact of  the results on future applications

This study demonstrated how different pigments, bind-
ers and binder amounts affect wicking on coated sam-

Figure 12. An example channel pattern printed on a) coated paper and b) filter paper (Koivunen et al., 2015)

ples. The desired wicking characteristics depend on the 
end purpose. In a microfluidic device, for example, the 
fluid needs to wick through the narrow channels all 
the way to the detection zones, and the spreading of 
the reagents printed/spotted onto the detection zones 
should be controlled so that the reagents do not migrate 
by further spreading to the channels. Also, homoge-
neous spreading of  the reagent would be preferable. 
These both can be controlled by changing the point of 
assay design or using different coating formulations. 
Future publications will focus on studying wicking and 
drop spreading in such narrow coated channels and test 
designs.

Paper-based microfluidic devices offer a simple and 
an affordable option to existing laboratory-based 
tests. Furthermore, using coated paper as a substrate 
enables cost savings compared to filter paper due to 
decreased reagent and sample volumes and smaller 
device designs. The reagents and the sample will only 
have to penetrate through a thin coating layer, which 
can be followed by a barrier layer, instead of  penetrat-
ing through the whole paper structure as in the case of 
filter paper. The resultant increased spatial resolution 
will greatly enhance the application in diagnostics and 
microfluidic devices, including microfluidic switches, 
for example.

5. Conclusions

The results show that the wicking characteristics of  a 
coating can be greatly influenced by the choice of  min-
eral coating pigment and binder – absorbent or non-ab-
sorbent. Using dyed water it could be shown that there 
is potential for using coatings to steer chromatographic 
or particulate separation of  chosen solute components, 
as the coatings act as surface sorptive chromatographic 
columns through surface adsorption. Additionally, solu-
ble binders can be used to provide potential differential 

absorption for water and solute. Generally, however, the 
wicking resistance of  pigment coatings is too high for 
rapid analysis over long distances. Once optimised for 
binder type and amount, these coating structures could 
be utilised as high resolution microfluidic analysis ele-
ments, i.e. test cells, incorporated either into a wicking 
channel matrix or placed at junctions of  microfluidic 
channels derived from controlled hydrophobic/oleop-
hobic printing or designed shrinkage fracture geometries.
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