
www.rsc.org/loc Volume 9  |  Number 21 |  7 November 2009  |  Pages 3025–3164

ISSN 1473-0197

Miniaturisation for chemistry, physics, biology, & bioengineering

Breedveld
Patterning superhydrophobic paper

Beta
Live cell stimulation in microdevice

Di Carlo
Inertial microfluidics 

Nishida and Fan
Thermally actuated plastic microvalve

www.rsc.org/ebooks
Registered Charity Number 207890

l  Comprehensive: covering all areas 
of the chemical sciences 

l  Fully searchable: easy access with advance search 
and filter options

l  Premier: for quality chemical sciences content only 
available from the RSC 

l  Wide ranging: from research monograph and 
handbooks to popular science

See for yourself – go online to search the collection and read selected chapters, table of contents and 
other front matter for free!

RSC eBook Collection

Tutorial Chemistry 
Textbooks & 
Paperbacks 

Physical Environmental Analytical Biosciences

Food
Science Organic Materials 

& Nanoscience
Industry 

& Pharma

The new RSC 
eBook Subject Collections
l  Enhance your library’s online chemical science resource by choosing from the new RSC eBook 

Subject Collections 

l  Subject specialist content: matched to your individual discipline based requirements

l  Flexibility: to choose premier, high quality content from 9 different RSC eBook Subject Collections 
in the subject areas that matter to you!

MARC
 records 

now available



PAPER www.rsc.org/loc | Lab on a Chip
Patterning of superhydrophobic paper to control the mobility of micro-liter
drops for two-dimensional lab-on-paper applications

Balamurali Balu, Adam D. Berry, Dennis W. Hess and Victor Breedveld*

Received 19th May 2009, Accepted 24th July 2009

First published as an Advance Article on the web 5th August 2009

DOI: 10.1039/b909868b
Superhydrophobic paper substrates were patterned with high surface energy black ink using

commercially available desktop printing technology. The shape and size of the ink islands were

designed to control the adhesion forces on water drops in two directions, parallel (‘drag-adhesion’) and

perpendicular (‘extensional-adhesion’) to the substrate. Experimental data on the adhesion forces

shows good agreement with classical models for ‘drag’ (Furmidge equation) and ‘extensional’

adhesion (modified Dupr�e equation). The tunability of the two adhesion forces was used to implement

four basic unit operations for the manipulation of liquid drops on the paper substrates: storage,

transfer, mixing and sampling. By combining these basic functionalities it is possible to design simple

two-dimensional lab-on-paper (LOP) devices. In our 2D LOP prototype, liquid droplets adhere to

the porous substrate, rather than absorbing into the paper; as a result, liquid droplets remain accessible

for further quantitative testing and analysis, after performing simple qualitative on-chip testing. In

addition, the use of commercially available desktop printers and word processing software to generate

ink patterns enable end users to design LOP devices for specific applications.
Introduction

Currently, paper is more than just a substrate for writing,

printing and packaging; recent scientific research has established

its potential as an inexpensive, biodegradable, renewable, flexible

polymer substrate. Innovative concepts of paper-based

devices include transistors,1,2 batteries,3,4 super-capacitors,4

MEMS devices,5 sensors6 and lab-on-a-chip (LOC) microfluidic

devices.7–14

We recently reported the fabrication of extremely water

repellant superhydrophobic paper surfaces (contact angle (CA)

�166.7 � 0.9�; CA hysteresis � 3.4 � 0.1�) for potential appli-

cations in the chemical and biomedical fields via plasma treat-

ment.15–17 In defining superhydrophobicity, researchers often

focus on the advancing contact angle, but the receding contact

angle plays an important role as well; in a follow-up study we

developed protocols to control the adhesion of water drops on

paper substrates by tuning the contact angle hysteresis between

149.8� 5.8� and 3.5� 1.1�, while maintaining the advancing CA

above 150�.16 To distinguish between these substrates, we used

the terminology ‘‘roll-off superhydrophobic’’ (CA > 150�;

hysteresis < 10�) for low hysteresis substrates that exhibit the so-

called lotus effect, and ‘‘sticky superhydrophobic’’ for substrates

with high hysteresis (CA > 150�; hysteresis > 10�). In this paper,

we describe patterning methods that provide local control over

droplet adhesion on superhydrophobic paper and use this

approach to develop novel paper-based LOC microfluidic

devices that enable manipulation (storage, transport, mixing and

sampling) of drops of test fluids on the substrate, without

absorption of these fluids into the porous paper. These two-
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dimensional devices can be used for qualitative analytical fluid

testing, as well as storage of large arrays of drops for trans-

portation and further quantitative analysis.

In the early stages of their development, LOC microfluidic

devices were fabricated with technologies originally developed

for the microelectronics industry, in particular photolithography

and etching, and thus were fabricated from silicon wafers or glass

substrates.18 Subsequently, researchers began investigating

polymers as substrates (especially PDMS) in combination with

soft lithography techniques because of the advantages of these

substrates over silicon- or glass-based devices: transparency,

flexibility, biochemical compatibility and permeability.18–21

However, even PDMS-based devices require the use of clean

room facilities for the fabrication and incorporation of complex

components such as valves, pumps and mixers.18,22–24 Fluid

actuation in these devices relies mostly on electrokinetic or

pneumatic actuation, which require an external power source

(high voltage power supply, batteries, or compressed gas/vacuum

sources25,26). Overall, in spite of breakthrough advances in LOC

concepts, most of the devices remain unsuitable for low-tech

applications like biomedical diagnostics in developing countries

due to the lack of simplicity and affordability.

Paper-based LOC devices (also referred to as lab-on-paper

(LOP)14) have emerged as a promising alternative technology.

For fluid actuation on these devices one can rely on capillary

forces inside the porous paper and thus avoid external power

sources. In a recent report on the top ten biotechnologies for

improving health in developing countries ‘‘modified molecular

technologies for affordable, simple diagnosis of infectious

diseases’’ were ranked as the number one priority.25,27 Another

report on the grand challenges for global health ranked the

development of technologies to ‘‘measure disease and health

status accurately and economically in poor countries’’ first

among the top 14 priorities.25,28 Due to their affordability and
This journal is ª The Royal Society of Chemistry 2009



potentially simple fabrication technology, LOP devices may offer

improved global availability of medical technology.

In its simplest form, the concept of LOP dates back to the

1950s, when paper-based strips29–34 were first used for biomedical

diagnostics. However, applications of these LOPs were limited

by the fact that they could not perform multiplex analysis: i.e., it

was impossible to perform multiple biochemical analyses on

a single sample with the same strip. This limitation inspired the

fabrication of multiple channels with barriers within a paper

substrate, analogous to a microfluidic device, to enable multiplex

analysis. Creation of hydrophilic channels with hydrophobic

barrier layers for biochemical assay devices was originally

proposed in 1995 and 2003.35,36 More recently, this concept has

been adapted by using modern photolithography techniques to

create hydrophobic photoresist barriers.10,11,13 This work has

since been expanded to three-dimensional LOP devices by

layering sheets of patterned paper with perforated barrier tape to

guide the exchange of liquids between paper layers.12 A disad-

vantage of these LOPs was the limited flexibility due to the use of

rigid photoresists (SU-8 or PMMA), which has been addressed

by printing PDMS as a barrier polymer using a desktop plotter,

thus creating flexible LOP devices.8 However, the low surface

tension of uncrosslinked PDMS limits the spatial resolution of

the patterns, resulting in broad and irregularly shaped barrier

wall structures.8,9 A new two-step method for patterning straight

barrier walls was proposed: hydrophobize the entire paper

substrate with Alkyl Ketene Dimer (AKD) and then create

hydrophilic channels via a plasma patterning process.9 Although

both PDMS- and AKD-based LOPs are flexible, the channels are

relatively wide (1–2 mm) because of the patterning limitations.8,9

Controlled fabrication of channels with widths of several

hundred micrometers has been achieved by printing hydrophilic

patterns via inkjet printing.7 The use of widely available tech-

nology to design LOP devices, for example a standard desktop

printer, clearly offers substantially enhanced versatility, since it

enables end-users to ‘‘program’’ LOP devices according to

specific needs. A recent report has noted that programmable

LOCs would be the next critical innovation in this technology.37

Most current LOP technologies limit the ability of non-expert

users to program their own devices because of the complex

chemicals, methods, and/or equipment needed for device fabri-

cation. Furthermore, all the LOP concepts discussed above

depend on absorption of test fluids into the hydrophilic areas of

porous paper and use capillary forces for fluid actuation. As

a result, the products of reactions occurring inside a LOP cannot

easily be extracted for further biochemical analysis. This is

particularly important because the analysis in LOPs is currently

semi-quantitative at best; the accuracy and sensitivity cannot

compete with traditional analytical equipment.14

One option to overcome this issue is to prevent absorption of

the liquids into the paper matrix. By restricting droplets to the

surface of the substrate, the samples are accessible for post-

processing and quantitative analysis in a centralized testing

center,25 while simple qualitative biochemical characterizations

can still be performed at the point-of-care (POC). In order to

achieve this, droplets must be manipulated on a two dimensional

substrate that enables basic unit operations: storage, guided

transport, mixing and sampling. 2D microfluidic lab-on-chip

devices have been previously obtained via electrowetting38,39 and
This journal is ª The Royal Society of Chemistry 2009
optoelectrowetting (OEW),40–42 but these approaches require

external power sources for operation and complicated fabrica-

tion methods. Ideally, a 2D LOP should be inexpensive, enable

design flexibility and operate without an external power source.

Our approach, as described below, is to develop a 2D LOP

device capable of storage, transfer, mixing and sampling of liquid

drops by decorating superhydrophobic paper substrates with

high surface energy ink patterns (lines and dots). Surface energy

and gravitational forces are used to manipulate and transfer

drops, thus eliminating the need for an external power source.

The key feature of this device is that patterning changes the local

contact angle (CA) hysteresis, resulting in sticky ink spots on

non-sticky superhydrophobic paper; the substrates are therefore

referred to as Hysteresis Enabled Lab-on-Paper (HELP)

substrates. Our study demonstrates that patterns to manipulate

microliter drops can be designed using standard word processing

software and a commercially available desktop printing process

that deposits waxy inks. The simplicity of the soft- and hardware

ensures that end-users can readily develop their own patterns to

achieve desired functionality of the LOP devices.37 Finally, the

HELP substrates can serve as an inexpensive storage medium for

test fluids, reagents and/or reaction products in the form of

arrays of drops, which can then be transported to the centralized

testing centers for detailed quantitative analysis after initial semi-

quantitative on-chip analysis.

This paper demonstrates the fundamental principles behind

our LOP concept by measuring and modeling the adhesion of

water drops on patterned substrates, and applies this basic

knowledge to the design of LOP building blocks with advanced

functionality, such as droplet storage, transfer, merger, mixing

and sampling.

Experimental details

Superhydrophobic paper

Handsheets were used as model paper substrates and were

fabricated following TAPPI-standardized protocol T205 sp-02,

using southern hardwood kraft (Alabama River Pulp Co.) and

southern softwood kraft (North Carolina International Paper).

A more detailed discussion regarding handsheet preparation can

be found elsewhere.15–17 Handsheets were placed inside a 13.56

MHz parallel plate plasma reactor to undergo a two step process

(oxygen etching for 60 min to generate roughness and fluoro-

carbon (pentafluoroethane monomer) film deposition for 1 min

to establish surface hydrophobicity) that results in ‘‘roll-off’’

superhydrophobicity as described previously.15–17

Patterning

The patterns were designed using standard word processing

software (Microsoft� Word 2007). Two types of simple patterns

were used: dots and lines. The size of the dots and lines were

varied using the font size in ‘‘pt’’-units, as provided by Micro-

soft� Word 2007. The ‘‘roll-off’’ superhydrophobic handsheets

were pasted on sheets of regular copy paper using Scotch� tape

and fed through a Xerox� Phaser 8500n printer to print the

patterns designed in the word processing software onto the

superhydrophobic handsheet with black phaser ink. Brightfield

microscopy images of the printed substrates (Leica microscope
Lab Chip, 2009, 9, 3066–3075 | 3067



DM4500 B) were used to determine the conversion factor of the

patterns from pt-units to mm; images were analyzed using Image

J software. For dots, the conversion factor for the dot diameter

was found to be 118.5 mm/pt; the conversion factor for line width

was 404.9 mm/pt.
Contact angle measurements

Water contact angle measurements were obtained with a Rame–

Hart contact angle goniometer (model 100, Netcong, NJ).

Advancing and receding contact angles were measured by

placing a drop of known volume on the substrate and dragging

the paper substrate left to right with respect to the drop; a more

detailed description of this method can be found elsewhere.17,43

In comparison with traditional methods that increase and

decrease the drop size at a fixed position, the drag method probes

a larger substrate area and yield better statistically averaged CA

values, which is particularly important for inherently heteroge-

neous substrates like paper. Values of the advancing and

receding CAs of non-patterned SH paper (after passage through

the printer) are qASH ¼ 165.1 � 2� and qRSH ¼ 135.3 � 2.9�; for

a substrate with full coverage of the ink film, qAI ¼ 113.8 � 2.7�

and qRI ¼ 84.7 � 2�.
Sliding drop experiments

The substrates were mounted on a flat surface attached to

a rotating optical stage. The plate was tilted gradually until the

drop rolled-off. The angle (in degrees) at which the drop started

to slide was defined as the critical sliding angle.
Drop transfer experiments

The drop was placed on a horizontally placed paper substrate

which had the ‘‘from’’ pattern (dot). Another substrate having

the ‘‘to’’ pattern (line or dot) was then inverted and manually

aligned to the drop, to obtain a configuration in which the drop

touched the ink patterns on both substrates, which were placed

parallel to each other. Then the ‘‘to’’ substrate was carefully lifted

in a direction perpendicular to the ‘‘from’’ substrate and the

resulting drop dynamics was recorded.
Fig. 1 Schematics of side view profiles for various drop volumes (a) on

a homogenous hydrophobic (CA � 90�) surface and (b) on a super-

hydrophobic (CA > 150�) surface with hydrophobic (CA � 90�) pattern.
Results and discussion

Adhesion on patterned paper

Sliding drops on sticky islands. In the middle of the 20th

century, four research groups independently reported that for

a drop sliding on a homogeneous surface, the ratio of the force

exerted on the drop (F) to the width of the drop perpendicular to

the direction of sliding (Wdrop) is constant:44–47

F

Wdrop

¼ rVg sin a

Wdrop

¼ K1 (1)

where r is the density of the liquid drop, V is the volume of the

drop, g is the acceleration due to gravity, and a is the critical

sliding angle. The constant K1 was then related to the work

functions associated with wetting (gLV (1 + cos qA)) and dewet-

ting (gLV (1 + cos qR)) of the substrate by the drop:45,46
3068 | Lab Chip, 2009, 9, 3066–3075
rVgsina

Wdrop

¼ gLV ðcos qR � cos qAÞ (2)

where gLV is the surface tension of the liquid, and qA and qR are

the advancing and receding contact angles of the drop on the

surface. This semi-empirical equation, hypothesized by Biker-

man44 in 1950 and derived by Kawasaki46 in 1960, is popularly

known as the Furmidge equation,45 in reference to the researcher

who reiterated it in 1962. This equation is based on a force

balance calculation on the receding and advancing edges of a 2D

drop sliding on an inclined surface. For a 3D drop, the contact

angle varies continuously along the three-phase contact line,

which complicates the mathematical analysis. Currently, some

disagreement exists in the literature as to whether the local

contact angles at the advancing and receding edge of the sliding

drop are equal to the experimentally measured maximum (qA)

and minimum (qR) contact angles.48 In spite of this ambiguity, it

has been demonstrated that the Furmidge equation is a good

empirical approximation for 3D sliding drops49 and the Fur-

midge equation is used by most researchers.48 After rearranging

Eqn 2 we obtain:

Vsin a

Wdrop

¼ gLV ðcos qR � cos qAÞ
rg

(3)

For a specific liquid–surface combination, the right hand side

of Eqn 3 is constant. On homogeneous substrates, the volume (V)

and width (Wdrop) of a drop are typically connected via simple

geometrical relations, so that each drop size corresponds to

a unique sliding angle a. In the current work, we aim to disrupt

this one-to-one correspondence with the objective to indepen-

dently control the critical sliding angle (a) and the drop volume

(V). Eqn 3 suggests one possible route to achieve this: by making

the drop width (Wdrop) independent of the drop volume (V). In

the following paragraphs we will demonstrate how this can be

accomplished.

For simplicity, we will assume that the liquid in the following

explanation is water. Fig. 1a shows a schematic of the side view

of drops with various volumes dispensed on a homogeneous

hydrophobic surface (advancing contact angle �90�). When the

drop volume increases, the width of the drop increases as well in
This journal is ª The Royal Society of Chemistry 2009



order to maintain a constant contact angle on the substrate.

Next, consider the patterned substrate shown in Fig. 1b, where

a hydrophobic island (advancing contact angle �90�, same as in

1a) is surrounded by a superhydrophobic surface (advancing

contact angle >150�) which is extremely water repellant. In this

case, when more liquid is added to the drop, it does not expand

its contact line periphery onto the superhydrophobic substrate

until the advancing contact angle of the surrounding super-

hydrophobic substrate is reached (>150�). As a result, the drop

width initially remains constant, while the contact angle changes:

the width of the contact area between drop and substrate (Wdrop)

is equal to the size of the sticky island and independent of the

volume (V). Only for sufficiently large drops (b4 in Fig. 1b), when

the advancing contact angle of the surrounding super-

hydrophobic substrate is reached, will the base of the drop

expand beyond the sticky island. In conclusion, with such

patterned substrates, the critical sliding angle (a) at constant

drop volume (V) can be manipulated by changing the dimensions

of the sticky island (Eqn 3).

We experimentally obtained patterned substrate as follows:

‘‘roll-off’’ superhydrophobicity was first achieved on the paper

substrates using plasma etching and deposition.15–17 The hydro-

phobic island on the superhydrophobic surface was then

obtained by printing ‘‘�’’ (from the symbol menu in Microsoft�
Word 2007; designated ‘‘dots’’ in the remainder of this manu-

script) using a commercially available phaser printer (Xerox

8500n) and standard black ink. The difference in advancing

contact angle between superhydrophobic paper (165.1 � 2�) and

homogeneous full-coverage films of black phaser ink (113.8 �
2.7�) is sufficient to create the scenario depicted in Fig. 1b. Our

superhydrophobic substrate was robust enough that the bending

and pressing of the printing process did not affect its advancing

CA. Fig. 2 shows the critical sliding angle (angle at which the

drop started to slide) versus drop volume for different dot sizes
Fig. 2 Critical slide angle versus drop volumes on patterned substrates

(for various dot sizes) and control substrates (SH and I); curves are to

guide the eye.

This journal is ª The Royal Society of Chemistry 2009
along with the sliding angles of two homogeneous control

substrates (blank superhydrophobic paper after passage through

the printer (SH) and a full coverage ink film printed on the

superhydrophobic paper surface (I)). Data points on the line that

marks the critical slide angle of 90� represent the largest drop

that did not slide from vertical substrates. Drop behavior on the

control substrates (SH and I) was in good agreement with

predictions from a modified Furmidge equation, as will be dis-

cussed later in this section. As expected, for each substrate, the

critical slide angle decreases monotonically with increasing drop

volume (within experimental error). When comparing the results

for patterned substrates with the homogeneous control

substrates, it is evident from Fig. 2 that at a constant drop

volume (V), the critical slide angle (a) increases with increasing

dot width. Another interesting observation is that patterned

surfaces with large dot sizes (e.g., 2.37 and 4.22 mm) require

larger slide angles (i.e., surfaces are more sticky) than a homog-

enous ink substrate.

Since a continuous ink film essentially is a dot with infinite

width, one might have expected that a for the ink film would be

higher than for all printed dots. However, this apparent anomaly

can be explained using the Furmidge equation. For a drop to

slide on a surface, it must deform so that the advancing and

receding edge of the drop both reach the experimentally

measured advancing and receding CA, respectively, for that

substrate. If the drop slides from a printed dot, the advancing CA

is set by the superhydrophobic paper, while the receding CA is

that of the ink film. In contrast, for homogeneous substrates both

advancing and receding contact angles are for the same surface

material. For experiments with the smaller dots (<2.37 mm) the

initial CA of the drop after dispensing it onto the horizontal

substrate was essentially equal to the advancing CA of the

superhydrophobic paper surface (similar to configurations b3 or

b4 in Fig. 1b), because the drops are large relative to the dot. For

the bigger dots, however, the initial CA was closer to the

advancing angle on the ink film (configuration b1 in Fig. 1b).

Hence, on larger dots a drop must deform to a greater extent

before its advancing CA reaches� 165.1� 2� and the drop starts

to slide; thus resulting in higher critical sliding angles for the

bigger dots. Fig. 2 demonstrates clearly that the critical sliding

angle for drops of any size can be tuned by adjusting the size of

the dots printed on the superhydrophobic surface.

The data in Fig. 2 can be interpreted quantitatively by

inspecting the Furmidge equation (Eqn 2) more closely. This

equation essentially represents a force balance,

FE[¼ rVgsina] ¼ FP[¼ WdropgLV(cosqR � cosqA)] (4)

where FE is the experimentally measured gravitational force that

is necessary to slide a drop on a surface and FP is the force that

can be predicted theoretically from the values of Wdrop, qA and

qR, which can be determined via independent experiments.

Based on Fig. 1b, the width of the drop (Wdrop) should be

equal to the width of the dot (Wdot) for a wide range of drop

sizes. It was observed experimentally that for large drops, gravity

deformed the drops sufficiently to extend the contact line of the

drop beyond the dot width (Wdot) as shown in Fig. 1b. We denote

this as the ‘‘outside’’ configuration (b4) and the corresponding

predicted force as FPO. Once the contact line of the drop extends
Lab Chip, 2009, 9, 3066–3075 | 3069



beyond the ink periphery, the surface energy of the ink film no

longer affects the size of the contact area, Wdrop, or the contact

angle qA.50–53 Thus for the FPO configuration, these parameters

are determined solely by the properties of the superhydrophobic

paper and Wdrop can therefore be obtained independently by

measuring the drop width on non-patterned superhydrophobic

paper substrates as a function of drop volume. The results from

these experiments (data not shown) were used to calculate Wdrop

for any drops for which Wdrop > Wdot. When the substrate in this

‘‘outside’’ drop configuration is tilted, there are two contribu-

tions to the adhesion force FPO: one from the part of drop in

direct contact with the ink dot (advancing CA of paper substrate

(SH) and receding CA of ink (I)) and another from the part of the

drop only in contact with the superhydrophobic paper (both

advancing and receding CA of SH). Assuming that these force

contributions are additive, the predicted force FPO can then be

modeled as:

FPO ¼ [WdotgLV(cosqRI � cosqASH)]

+ [(Wdrop � Wdot)gLV(cosqRSH � cosqASH)] (5)

where qASH is the advancing CA of SH paper, qRI and qRSH are

the receding CAs of the ink film and SH paper, respectively.

If, on the other hand, the drop is confined to the perimeter of

the dot (configurations b1–3 in Fig. 1b), the force FPP needed to

slide the drop depends only on a single length scale, the dot size

(Wdot). For this configuration, the second term on the right hand

side of Eqn 5 disappears (Wdot ¼ Wdrop), resulting in:
Fig. 3 Experimental vs predicted drag-adhesion force for dots (a) and

Lines (b) for the following substrates: Superhydrophobic paper after

printing a blank pattern (SH), ink film on a SH paper (I), configuration in

which the contact line of the drop is outside the ink pattern’s periphery

(PO) and configuration in which the contact line of the drop is on the ink

pattern’s periphery (PP). (Insets: Schematic of contact line profile

compared to the pattern geometry and photograph of a 4 mL drop just

before sliding on a 0.83 mm dot (a) and a 0.3 mm line (b)).
FPP ¼ [WdotgLV(cosqRI � cosqASH)] (6)

The scenario for which Wdrop < Wdot was not encountered with

the dot sizes and drop volumes in this study. For homogeneous

control substrates (I and SH) there is no need to modify the

original Furmidge equation (Eqn. 3), provided that the appro-

priate CA values are used to calculate the adhesion force (FI for

ink film and FSH for SH paper).

Fig. 3a shows a plot of experimentally determined sliding force

FE versus predicted values FPO/FPP/FI/FSH for a range of drop

volumes and dot diameters (0.36 to 4.22 mm, or 3 to 36 pt)

including the data presented in Fig. 2. It is evident that the data

correspond quantitatively to the predictions from the modified

Furmidge equation, which is based on simple geometrical argu-

ments and has no adjustable parameters. Our sliding angle

measurements were performed manually, so that slight vibra-

tions induced during the measurements could not be avoided.

Also, the SH paper and ink film are both heterogeneous with

respect to topography. We believe that the deviations from the

model in Fig. 3a for some substrates are a result of these inevi-

table experimental errors.

We subsequently extended our experiments to a significantly

more complicated ink pattern: lines. For these tests, lines were

generated using Microsoft� Word 2007 and printed on super-

hydrophobic paper. We investigated the sliding behavior of

drops along the printed lines for different line widths (0.10 to

2.83 mm or 0.25 to 7 pt). It must be noted that the motion of

drops on line patterns is anisotropic (parallel vs perpendicular to

the line). Our initial experiments focused entirely on drop sliding

parallel to the lines. In this case, the Furmidge model for the
3070 | Lab Chip, 2009, 9, 3066–3075
adhesion force for drops that extend outside the line (FPO) can be

expressed as

FPO ¼ [WLinegLV(cosqRI � cosqAI)]

+ [(Wdrop � Wline)gLV(cosqRSH � cosqASH)] (7)

where the only difference between Eqn 5 and 7 is that the

advancing CA in the first term of (7) is now the advancing CA of

the ink; as the drop slides along the line, the part of the drop that

resides on the line always remains in contacts with the ink film.

Similar to dots, if the drop is contained within the line, Wdrop ¼
WLine and the second term of the equation vanishes so that

FPP ¼ [WLinegLV(cosqRI � cosqAI)] (8)

Fig. 3b plots experimental sliding force versus predicted force

(FPO and FPP) for the line patterns. Although a quantitative

correlation between model and experiments is obvious, one-to-one
This journal is ª The Royal Society of Chemistry 2009



Fig. 4 Experimental versus maximum drop pick-up volume for transfer

from dot-to-dot (a) and dot-to-line (b); a1 and a2 are the fit parameters in

Eqn 14.
correspondence was not observed. The experimental forces

always exceeded the model prediction and linear least-square

regression yielded a simple correction factor of 1.5, as indicated by

the line in Fig. 3b. Although we have no quantitative explanation

for this correction factor, the inset of Fig. 3b clearly shows its

qualitative origin: the complicated geometry of the contact line of

a drop on a line. The fact that the correction factor is larger than

unity can be interpreted as an enhancement of the length of the

contact line, which can be attributed to the curvature of the contact

line induced by the printed line (see inset in Fig. 3b).

Transfer of drops between substrates. The experiments and

models in the previous section give excellent insight into the ‘drag

adhesion’ of drops sliding on substrates patterned with ink dots

and lines. This section focuses on the force of adhesion that is

observed when drops are pulled-off perpendicular to the

patterned substrates. We refer to this kind of adhesion as

‘extensional adhesion’. The objective of these experiments was to

capitalize on differences in extensional adhesion between

different patterned substrates to permit transfer of drops

between substrates.

In 1896, Dupr�e rearranged Young’s classical contact angle

equation to describe the work of adhesion for a drop to detach

from a surface:54,55

Wadh ¼ gLV(1 + cosq) (9)

where q is the equilibrium CA of the liquid drop on the surface.

At that time, the scientific community did not define maximum

(advancing) and minimum (receding) CAs.17,43 When a drop

detaches from a surface in a direction perpendicular to the plane

of the surface, the contact line of the drop experiences a receding

CA value rather than the equilibrium CA.56 As a result, the above

equation must be adapted to

Wadh ¼ gLV(1 + cosqR) (10)

This work of adhesion can be converted to the force of

adhesion by multiplying the right hand side of the equation by

a characteristic length scale, Lchar:

F ¼ Lchar gLV(1 + cosqR) (11)

For our experiments, it is reasonable to assume that this length

scale is proportional to the characteristic size of the ink pattern

(dot diameter or line width). Hence, Eqn 11 becomes:

F ¼ (aW)gLV(1 + cosqRI) (12)

Where a is the proportionally constant and W is the width of the

ink pattern. Therefore, it is expected that a drop positioned on

a small ink island will experience a smaller force of adhesion than

the same drop sitting on a relatively large ink island. This

inspired us to determine whether this difference in adhesion force

can be used to overcome gravity and transfer a drop from

a substrate with a smaller ink island to a substrate with a larger

ink island. The resulting force balance between gravity on the

drop and adhesive forces of the two substrates is:

rVg ¼ a1W1gLV(1 + cosqRI) � a2W2gLV(1 + cosqRI) (13)
This journal is ª The Royal Society of Chemistry 2009
where the subscripts 1 and 2 denote the large and small ink

islands, respectively. By rearranging the above equation, one can

predict the maximum volume of the drop that can be transferred

between two substrates:

Vpredicted ¼
a1W1gLV ð1þ cos qRI Þ � a2W2gLV ð1þ cos qRI Þ

rg
(14)

We tested the model prediction by determining the maximum

drop volume that could be transferred (lifted) for a wide variety

of dot–dot size combinations. Fig. 4a shows a plot of the

experimental versus predicted pickup volumes (from Eqn 14) for

the various dot–dot configurations used in this study. A linear

least-squares regression (data not shown) was performed to find

the proportionality constants a1 and a2 (in Eqn 14), and the

values were found to be a1 ¼ a2 ¼ 1.35.

A closer look at the force equations for extensional-adhesion

(Eqn 12) and drag-adhesion (Eqn 2) reveals that the force needed

to overcome extensional-adhesion will always be greater than for

drag-adhesion for a specific liquid–substrate combination. This

can be explained by comparing Eqn 2 and 12:
Lab Chip, 2009, 9, 3066–3075 | 3071



Fig. 5 (a) Photographs of an array of drops (food coloring was added to

enhance contrast) and a high magnification image of a single drop stored
Fextensional-adhesion � (1 + cosqR) > Fdrag-adhesion

� (cosqR � cosqA) (15)

To achieve equality between the adhesive forces, the advancing

CA (qA) would have to be 180� which is not possible with our

superhydrophobic substrates. Hence, the extensional-adhesion is

always greater than the drag-adhesion for our substrates. When

the substrates are not parallel to each other during the drop

transfer, a combination of drag and extensional adhesion may be

experienced and the force balance becomes more complex. The

drop transfer experiments were performed manually without

using tools to optimize alignment. In spite of this, a good

correlation between experimental and predicted values supports

our simple model hypothesis.

We further extended our model to the more complex line

configurations by determining the transfer of drops from a dot to

a line. We selected this configuration (dot-to-line) because of its

applicability to the proposed LOP device that is discussed below.

In this scenario, the width of the lines and dots were used as the

characteristic length scales W1 and W2, respectively. The a2 value

of 1.35 was used, as determined from dot–dot transfer experi-

ments. The a1 value of 1.75 was obtained by linear least-squares

regression as discussed previously. Fig. 4b shows the experi-

mental versus the predicted pickup volume for the various dot–

line configurations used in this report.

In these studies, we have taken advantage of differences in the

surface energy between ink and superhydrophobic paper to

control the adhesion forces exerted on the drop. Two modes of

adhesion exist for the drops, which were designated as ‘exten-

sional-adhesion’ force and ‘drag-adhesion’ force, respectively,

and these two adhesion forces can be tuned by varying the length

scales of the ink patterns.

on a vertical substrate, (b) series of snapshots of a drop being transferred

between two substrates, (c) photographs of merging and mixing: (i) via

‘‘pickup mixing’’ (two drops), (ii) ‘‘line mixing’’ (three drops) and plot

that shows the working zone of drop volumes suitable for line mixing, (d)

photographs of drop splitting between two substrates.
Functional unit operations with patterned substrates

In the previous section, it was shown that patterned super-

hydrophobic paper substrates can be used to control the mobility

of liquid drops on these substrates, both parallel and perpen-

dicular to the substrate. The underlying mechanism is that the

ink patterns locally increase the contact angle hysteresis on a low

hysteresis superhydrophobic surface. We therefore refer to these

patterned substrates as Hysteresis Enabled Lab-on-Paper

(HELP) substrates. In this section, we will discuss how the

fundamental wetting properties of these substrates can be used to

engineer unit operations that can then be combined in lab-on-

paper devices. In the following, we discuss the implementation of

four basic functionalities that are critical for any device based on

droplet manipulation: storage, transfer, mixing and sampling.

The complete list of possible functionalities is certainly longer,

especially when more complex ink patterns and modifications in

ink chemistry are considered.

Storage. The patterned paper substrates have a peculiar

combination of two extreme wetting properties: minimal contact

area between liquid and substrate due to high advancing contact

angles and good adhesion due to hysteresis. We believe that these

properties make HELP substrates potential candidates to serve

as storage media for arrays of microliter drops of test fluids and

reagents. This type of storage is generally achieved with more
3072 | Lab Chip, 2009, 9, 3066–3075
expensive well plates that confine liquids in 3D wells with larger

interfacial contact areas. We believe that our patterned

substrates can provide an inexpensive replacement for current

technologies for the storage of array of drops for high

throughput screening. The photograph on the left in Fig. 5a

shows an array of water drops (colored using food color) stored

on a vertical substrate. The three rows had dot sizes of 1.84, 2.37

and 3.32 mm and drops volumes of 15, 20 and 25 mL, respec-

tively. The photograph on the right in Fig. 5a shows a high

magnification image of a 12 mL water drop stored on a vertically

placed substrate with a 1.7 mm dot. In spite of the low interfacial

contact area, the drop withstands a tilt of 90�.

Transfer. In a previous section, we investigated the transfer of

microliter drops between two patterned substrates with different

pattern dimensions and showed that the maximum drop volume

that can be transferred between substrates can be predicted using

the modified Young–Dupr�e equation. Fig. 5b shows a sequence

of frames from a movie that captured the transfer of a 4 mL water

drop from a 0.4 mm dot to a 1.45 mm dot. This functionality

enables selective transfer of drops from an array by carefully
This journal is ª The Royal Society of Chemistry 2009



Fig. 6 Schematic of a simple LOP that can be fabricated using the

HELP substrates.
tuning the size and location of dots on a pick-up substrate; the

superhydrophobicity of the base paper will guarantee that no

transfer will occur in non-patterned areas of the pick-up

substrate.

Mixing. The patterned paper substrates can also be used to

merge and mix liquid drops. We explored two strategies for drop

mixing, which we refer to as pickup mixing and line mixing.

Fig. 5c (i) shows how two 4 mL water drops (attached to the

‘‘from’’ (0.4 mm) and ‘‘to’’ (1.45 mm) substrates, respectively) are

merged into a single drop using pickup mixing. After the two

drops are roughly aligned and the substrates are brought

together, the drops touch and merge. The final position of the

merged drop depends on the competing adhesive forces of the

upper ‘‘from’’ and lower ‘‘to’’ dots. As demonstrated previously,

the size of ‘‘from’’ and ‘‘to’’ substrates can be tailored to enable

pickup mixing for a variety of drop volumes.

The second mixing strategy, line mixing (Fig. 5c (ii)), enables

mixing of two or more drops on a line by taking advantage of the

fact that the mobility of the drop on the line depends on the

drop’s configuration on the line. There are three basic configu-

rations that are important for line mixing. (1) If the drop is

positioned on the line without touching the end points of the line,

the force needed to induce sliding along the line is given by eqn

7 or 8, as discussed previously and shown in Fig. 3b. (2) When

a drop slides and reaches the end of the line, its advancing edge

contacts the SH paper and hence qAI in eqn 7 and 8 must be

replaced by qASH, which results in a significantly increased value

of FPO and FPP. Therefore, the sliding angle for a drop at the end

of a line is always greater than at other positions. (3) The

mobility of a drop perpendicular to the line is much lower than

along the line for the same reasons, which restricts drop move-

ment to the line. These considerations concerning drop mobility

on a line can be used to design a mixing strategy for drops

positioned on the line, by simply tilting the line back and forth

drops can be moved towards the line edge, where they become

pinned, so that trailing drops can merge. Subsequent rocking of

the substrate then moves the merged drop back and forth along

the line, which induces internal mixing of the drop. Fig. 5c (ii)

shows pictures of the merging and mixing of three 20 mL drops

into a single 60 mL drop via this line mixing strategy.

There are some limitations to this type of mixing. When drops

start sliding, they initially accelerate along the line; if their

momentum becomes too large, the adhesive force at the end of

the line may be insufficient to ensure adherence to the line edge.

Similarly, vibrations can provide energy for the drop to break

away from the line. Both effects will limit the maximum drop size

for line mixing, but it is beyond the scope of this work to model

these phenomena in detail. Instead, we explored the overall effect

by evaluating the reproducibility of drop size limits for line

mixing. Three individuals with different levels of experience and

skill sets performed line mixing experiments and independently

determined the minimum and maximum drop volumes that

could be mixed for different line widths. The plot in Fig. 5c (ii)

shows the results of these tests; the ‘working zone’ drawn

between the two curves denotes the drop volume range for

mixing as a function of line width. It is important to point out

that these experiments were performed with lines that were 3 cm

long. According to our experience with line mixing, longer lines
This journal is ª The Royal Society of Chemistry 2009
expand the ‘working zone’ because of improved operator control

over the drop position.

Sampling/splitting. Similar to the transfer of drop between two

substrates (shown in Fig. 5b), the patterned substrates can also

be used to sample small volumes of liquid from a single drop.

Fig. 5d shows the sampling of a small volume of liquid to

a 1.45 mm dot from an 8 mL drop resting on another 1.45 mm

dot. By using closely matched ‘‘from’’ and ‘‘to’’ dot sizes,

patterned SH substrates can be used to collect small sample

volumes of liquid from a single drop. This functionality is useful

in LOP applications in which it is desirable to obtain multiple

samples from individual drops for multiplex analysis.
Integrated lab on paper concepts based on HELP substrates

By using the functionalities described in the previous section, it is

possible to confine microliter drops to specific locations on

a storage substrate, selectively transfer (pick up) drops between

substrates, combine/mix drops and sample/split the products into

multiple drops. These unit operations can be combined to create

a simple lab-on-paper (LOP) device. Fig. 6 shows a schematic of

such a LOP device that can be fabricated using the HELP

substrates. As starting point, an array of drops is positioned on

a substrate using a pattern of dots. In step 1, selected drops are

transferred to another substrate which has larger dots printed at

specific locations. In step 2, these selected drops are picked up by

a third substrate with a line pattern. Finally, in step 3, the three

drops on the line are merged into a single drop and mixed via ‘line

mixing’. Thus, selected reactants can be picked up from an array

of reactants and mixed to obtain the final product. We would like

to emphasize that this specific LOP configuration is just an

example of the possible configurations that can be fabricated.

The versatility of the printing technique provides the opportunity
Lab Chip, 2009, 9, 3066–3075 | 3073



to design and create new LOP configurations at the end-user

level.

Conclusions

In conclusion, we have made use of commercially available

phaser printing technology to pattern superhydrophobic paper

substrates with high-hysteresis ink patterns (dots and lines). By

tuning the shape and size of the ink patterns, the drag-adhesion

and extensional-adhesion of liquid drops to the substrate can be

controlled. Experimental results for the adhesive forces of water

drops on these patterned substrates are in good agreement with

classical models for drag-adhesion (Furmidge equation) and

extensional-adhesion (modified Dupr�e equation) over a wide

range of pattern sizes and drop volumes. The fundamental

knowledge of the dependence of adhesive forces on pattern

parameters and the resulting control over drop mobility were

then used to design substrates for four basic functionalities that

are relevant for lab-on-paper (LOP) applications: drop storage,

drop transfer, drop mixing and sampling.

Previous LOP devices depended on the capillary forces inside

the paper to enable the transfer and mixing of test fluids. Hence,

this approach rules out the possibility to extract multiple samples

of the reaction products for various analyses. In our substrates,

we obtain the required unit operations by merely manipulating

the liquid drops on top of the substrate by tuning adhesive forces.

Another unique advantage of the HELP substrates over existing

LOP devices is the ability to store liquid drops after initial,

qualitative on-chip analysis for further testing with specialized

methods at centralized testing centers, which would be relevant

for bioanalytical applications in resource-limited settings.18 The

substrates can also be used as a disposable storage medium in

conjunction with high-throughput screening and potentially

replace well plate technology.

Finally, the simplicity of the patterning techniques using

commercially available desk top printing technology and stan-

dard word processing software provides extreme flexibility in

substrate design. End-users can easily program their own

substrates according to specific needs, using the design rules

presented in this paper, which represents the first step towards

creating successful LOP devices. Further success of this tech-

nology can be achieved by developing custom printing ink

formulations to enhance compatibility with various test fluids

and facilitate deposition of reagent species.
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