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microfluidics have huge potential
Microfluidics is a new fast-growing area for
research and development, and has already
given us the ink-jet printer and improved medical
technologies. Currently, there are two exciting
projects being undertaken at the University of
Canterbury, as Mathieu Sellier and Volker Nock
explain:
Introduction
Microfluidics, literally micro-scale fluid dynamics, is a new,
fast-growing area of research and development. The growth
of this field has been driven by its technological potential,
and the range of fascinating scientific and engineering
challenges arising at the micron or sub-micron scale. This
article draws on two recent projects from the University
of Canterbury illustrating how this field is pushing the
boundaries of technology and science.
The historic origins of microfluidics are found in the
micro-analytical methods, where in the 1990s the use of
micro-capillaries revolutionised chromatography. IBM
then realised that controlling small-scale flow phenomena
could benefit the printing industry: ink-jet printers were
born. Nowadays, medical technologies provide the major
driving force with microfluidics promising to enable
personalised point of care diagnostics such as immunoassays, blood analysis and drug delivery, as well as
DNA sequencing.
Traditionally, the development of microfluidics parallels
that of microchips in a computer. A microchip, like a
microfluidic device, includes a multitude of small-scale
electronic components performing basic functions. The
resulting chip is able to perform highly complex tasks
as a result of integrating these basic components. The
equivalent concept to the microchip in the context of
microfluidics is the ‘Lab-on-a-chip’ which aims to emulate
the functions of a macro-scale analytical laboratory on
a pocket-sized device. Similar to the strip conductors
in integrated circuits, microfluidic devices have microchannels through which fluid samples are transported.
These microchannels typically have dimensions ranging
from 1 to 100 microns (100µm is the average diameter
of a human hair).
This small scale means that only minuscule amounts
of sample fluids are required. The latter constitutes a key
advantage of microfluidics as for example, smaller sample
size means less blood is needed for analysis thus reducing
patient stress in particular in long-term treatments such
as for diabetes. Furthermore, the reduction in size
combined with the integration of the various processing
functions on a single chip allows a much higher
throughput resulting in cheaper and faster diagnostics.
Many reagents in personalised medicine, such as for
targeted cancer treatment, are very expensive and only
microfluidics make their use feasible. A third major
advantage of microfluidics is that it relies on small-scale
flow phenomena, normally absent at the macro-scale, which
can be exploited to achieve novel applications. The next
section describes in more detail the fundamentals and
related physical phenomena of the field of microfluidics.

Microfluidic fundamentals
All microfluidic devices involve one or more of the following
basic functions: fluid transport, mixing or separation of
26
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reagents (inputs) and detection of reactants (outputs).
The typical building blocks of a microfluidic device are the
pumping system, the interconnecting microchannels, the
reacting chambers, and an output in the form of a detection
mechanism or a sample interface.
Many of the manufacturing technologies used to engineer
microfluidic devices originate from the semiconductor
industry and traditionally use the same materials such
silicon and glass. More recently, the use of polymers has
become prevalent because of its ease of use and potential
low cost for mass manufacturing.
Polymer-based fabrication commonly relies on
photolithography, a process capable of the highthroughput reproduction of micrometer-sized features
using light. At the University of Canterbury this usually first
involves the creation of a photomask of the fluidic circuit
using Computer-Aided Design software and a laser mask
writer. UV-light is then shone through this mask to transfer
the pattern onto a photoactive polymer generally referred
to as photoresist. The non-exposed areas of the resist can
then be washed away leaving a three-dimensional relief.
This relief constitutes an inverse replica (master) of the
microfluidic channels and can be repeatedly replicated
into a polymer (mold) by casting, a technique similar to
injection molding.
The fluid flow inside microfluidic devices is described by
the Navier-Stokes equations, a set of complex differential
equations derived more than two centuries ago expressing
the conservation of mass and momentum. Because of the
highly confined nature of the flow in microfluidic devices,
fluid friction prevails over fluid inertia. Since inertial effects
are responsible for the appearance of instability and
ultimately turbulence, the flow in microfluidic devices
is generally turbulence free, i.e. laminar. Laminar flows
are characterised by near parallel streamlines with very
little cross-flow mixing. This reduction to diffusive mixing
sometimes limits reaction kinetics at the expense of device
throughput.
Another important consideration in microfluidics is that
the pressure difference required to drive the flow for a
given flow rate is inversely proportional to the fourth
power of the channel size, i.e. if the size of the channel is
halved, the pressure requirement is increased by a factor
16 imposing a great demand on the pumping mechanism
and the device seals. In contrast, the sharp increase in
surface area-to-volume ratio compared to macro-scale
devices results in an improved heat and mass transfer from
the channel walls to the bulk of the fluid. Surface tension
effects, also known as capillary effects, thus dominate when
more than one fluid phase co-exist.
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Figure 1: Photographs of microfluidic devices used for the
generation and measurement of oxygen gradients. (a)
A three-stream laminar flow device with attached gasexchangers. Inlet flows from three exchangers combine
in the central microchamber. (b) With a subjacent oxygen
sensor film. White arrows indicate the flow direction.
Blue dye-coloured water was used for visualisation. (c)
Fluorescence microscopy image showing the different
oxygen concentrations (high brightness ~ low O2) of the
three streams inside the chamber at different locations.
As can be observed from the image, due to laminar flow
and despite being in direct physical contact, the individual
fluid streams do not mix. The slight broadening of the
cross-chamber plot at the outlet is a direct result of interstream oxygen diffusion. Source: Nock et al. (2010).

Surface tension effects – responsible for the curved
meniscus in capillaries or the spherical shape of small
droplets for example – are often overseen at larger scales
because they are dominated by gravity. However, this is not
the case at small scales, thus giving rise to a new paradigm
coined ‘digital microfluidics’. Here fluid droplets are used as
solute carriers instead of fluid streams in microchannels. A
more complete review of the fascinating physics involved
in microfluidics can be found in References 1-3. This
brief exposition highlights some of the peculiarities of
microfluidics and the following section will illustrate via
two examples drawn from research projects undertaken
at the University of Canterbury how these features can be
exploited.

Figure 2: Microfluidics with droplets. (a) Microfluidic
platform to generate droplets in a controlled manner
and induce propulsion. The dyed fluid is pushed through
small microchannels embedded in the substrate and
escapes through micron-size ports to generate droplets.
(b) Droplet propulsion induced by the coalescence of a
pre-deposited dyed water droplet (labeled DI) and an
ethanol droplet deposited in the top right-hand corner of
the picture. The sequence reading from top left to bottom
right shows the droplet system moving and taking the
corner. See Ref 5 for more details.

Microfluidic applications
1. Multistream microfluidic devices
As mentioned previously, flow in microchannels is
predominantly laminar. This for example, makes it
possible to combine several different streams in one
chamber without convective mixing. Upon contact, the
individual streams will form a stable inter-stream
boundary and continue to flow parallel to each other.
Due to the absence of cross-stream flow reagents, such
as dissolved oxygen (DO), in the different streams only
exchange via lateral diffusion. As this process is slow
compared to the time in which the combined body of
fluid traverses the chamber length stable concentration
gradients can be formed across the chamber width. At the
University of Canterbury we use these so-called controlled
micro-environments to study the reaction of human
cancer cells to variations of DO.
Not only an important parameter with significant
effect on cellular development and function, oxygen
or rather the lack of, is also a direct indicator of cancer
growth with tumors typically characterised by hypoxia. To
investigate this and other cell biological processes, we
New Zealand Association of Science Educators
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have developed integrated microfluidic gas exchangers
capable of precisely controlling the oxygen concentration
of a fluid. Combined in a single chamber on-chip the
flow of several of these can be used to produce custom
oxygen gradients, as illustrated in Figure 1. By integrating a
novel optical sensor film inside the chamber fluorescence
microscopy can be used to exactly determine the local
oxygen concentration of the fluid. A fascinating side effect
of this capability is that via the gradual broadening of the
initially sharp concentration profile along the chamber
length, one is able to directly observe and measure oxygen
diffusion in the carrier fluid.
Further building on the peculiarities of laminar flow the
same device can be extended using hydrodynamic flow
focusing to expose single cells or even targeted areas on
the cell membrane to a specific oxygen concentration,
while keeping the remainder of the chamber as nonstimulated control. This and the fact that reagents are
not limited to oxygen, make these devices, and microfluidics
in general, ideal tools to provide novel insights into cell
biology.
2. Droplet propulsion
The previous section emphasised the stringent demand
on pumping and seals in closed microfluidics devices
relying on fluid streams in microchannels and the
emerging concept that droplets could be used to transport
and mix reagents. This has lead the authors to envisage a
new droplet propulsion mechanism to perform one of the
key functions of microfluidic devices: fluid transport. The
‘fuel’ used to displace the droplets is the surface tension
gradient which arises when two droplets of different
fluids mix. The fluid, having a tendency to flow towards
regions of higher surface tension and the breaking of
the symmetry of the droplet pair result in net motion of
the system which is sustained until both fluids have fully
mixed.

This concept is illustrated in Figure 2(b), where a droplet
of dyed distilled water (DI), is pushed around a corner by
a droplet of ethanol (not visible in the picture) deposited
in the top right-hand corner (see also the proof of concept
video at http://www.scivee.tv/node/26233). The motion
of the droplet can be steered by creating “hydrophilic
pathways” patterned on an otherwise hydrophobic
surface using plasma treatment. The fluid droplets,
having a tendency to preferentially wet hydrophilic
surfaces, are constrained to move along these
pathways. This simple propulsion mechanism, while still in
its conceptual stage, could offer an attractive alternative to
other mechanisms typically requiring complex multistage
microfabrication techniques.

Conclusion
A lot of the basic science underpinning microfluidics has
been known for some time. The novelty, and thus the large
potential of the technology, arises from the integration
of such a wide range of different scientific principles. A
conference on microfluidics often involves physicists,
engineers, biologists, and material scientists, to name but
a few. The multidisciplinary nature of this field is precisely
what makes it a fascinating area of research with great
potential for technological leaps.
For further information contact:
mathieu.sellier@canterbury.ac.nz

References
1

2

3

4

5

Whitesides, G.M. (2006). The origins and the future of microfluidics. Nature, Vol.
442, pp. 368-373.
Purcell, E.M. (1977). Life at low Reynolds number. American Journal of Physics,
Vol. 45, pp. 3-11.
Squires, T.M., & Quake, S.R. (2005).Microfluidics: Fluid physics at the nanoliter
scale. Reviews of Modern Physics, Vo. 77, pp. 977-1026.
Nock, V., & Blaikie, R.J. (2010. Spatially Resolved Measurement of Dissolved
Oxygen in Multistream Microfluidic Devices. IEEE Sensors Journal, Vol. 10, pp.
1813-1819.
Sellier, M., Nock, V., & Verdier, C. (In press). Self-propelling coalescing droplets.
International Journal of Multiphase Flow.

continued from page 30
The model is intended to stimulate debate about what
really matters in science education, and what is the best
way forward in the short term. However, it seems likely that
something much more radical will be needed in the longer
term.

Where to from here?
The aim of this article has been not to talk about the future
of science education, but instead to show how past thinking
has led to the science programmes we have now. It also
aimed to lay down the foundations for discussion and
exploration of the bigger issues facing twenty-first century
science educators.
There is already strong pressure for change in science
education from four broad areas:
• changes in society, the nature of work, and young people
• changing ideas about what schools are for
• new theories of learning (influenced by recent
developments in neuroscience)
• changes in science itself (the increasing speed of
knowledge change, changes in the way science works,
changes in science’s relationship with the wider society,
and the new kinds of skills needed by its workforce).
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To meet these challenges in the future many of the
traditional purposes of science education will have to be rethought and re-packaged (not necessarily thrown out). Yet
if we as science educators are to do this, we need a shared
understanding of the ground we stand on now, and of how
that ground is likely to shift in the future. I hope this article
gives you useful background information to encourage you
to engage in this discussion.
For further information contact: Jane.Gilbert@nzcer.org.nz
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