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Abstract

Centrifugal microfluidic platforms have emerged as point-of-care diagnostic tools. However, the
unidirectional nature of the centrifugal force limits the available space for multi-stepped processes
on a single microfluidics disc. To overcome this limitation, a passive pneumatic pumping method
actuated at high rotational speeds has been previously proposed to pump liquid against the
centrifugal force. In this paper, a novel micro-balloon pumping method that relies on elastic
energy stored in a latex membrane is introduced. It operates at low rotational speeds and pumps a
larger volume of liquid towards the centre of the disc. Two different micro-balloon pumping
designs have been developed to study the pump performance and capacity at a range of rotational
frequencies from 0 to 1500 rpm. The behaviour of the micro-balloon pump on the centrifugal
microfluidic platforms has been theoretically analysed and compared with the experimental data.
The experimental data shows that, the developed pumping method dramatically decreases the
required rotational speed to pump liquid compared to the previously developed pneumatic
pumping methods. It also shows that within a range of rotational speed, desirable volume of liquid
can be stored and pumped by adjusting the size of the micro-balloon.

This journal is © The Royal Society of Chemistry 2013
Fax: 603 7967 4579; Tel: XX XXXX X603-7967-6818XXX; fatimah@um.edu.my.
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1. Introduction

The centrifugal microfluidic platform also known as CD-like microfluidic is an automated
lab-on-a-disc platform (LOD) that relies on the centrifugal force to manipulate the liquid
movement between the micro-chambers through micro-channels. The advantageous features
of portability, disposability and full automation in these platforms have led to the research of
various aspects of the centrifugal microfluidics for novel (ideal or efficient) point of care
diagnostic (POC)1-6. Over the last decade, various centrifugal microfluidic designs have
replicated standard medical diagnostics techniques such as the enzyme-linked
immunosorbent assay (ELISA)” and polymerase chain reaction (PCR)8. However,
technology faces a severe implementation challenge due to the unidirectional nature of the
centrifugal force, limiting the number of possible microfluidic networks which are available
for complex integrated assays®. One way to implement more fluidic functions on a
centrifugal microfluidics is to provide a mechanism that pumps liquid back to the disc
centre.

In recent years, a handful of fluid manipulating techniques have been introduced to
overcome unidirectional fluid flow on the centrifugal microfluidics. An initial study by
Robert Gorkin et al.? used a pneumatic compression chamber to pump liquid over a short
distance toward the disc centre. Steffen Zehnle et al.1% connected a narrow inlet and a wider
outlet to a compression chamber and has used the difference between their hydrodynamic
resistance to pump a large amount of liquid back towards the disc centre. In another study by
Garcia Cordero et al.11, hydrophilic capillary action was used to manipulate the flow
direction on the disc. However, these techniques are limited either to the distance or the
amount of liquid they can pump toward the disc centre. Moreover building enough
pneumatic energy to pump liquid toward centre of the disc requires high rotational speed
which may prematurely burst any passive valves that may be on the centrifugal
microfluidics or and making hydrophilic capillaries requires complex surface modification
procedures.

An ideal pumping solution that enables the implementation of multi-stepped or complex
assays would be able to move a large volume of liquid while making efficient use of the disc
space. To meet this requirement, a few studies have been conducted by various researchers.
A study by Stefan Haeberle et al.12 employed a polydimethylsiloxane (PDMS) membrane
pump that uses externally excited permanent magnets for flexing the membrane to inject air
into a connected fluidic network to transfer liquid back to towards the disc centre. In a
different pneumatic based study by Kong and Salin!3, an external source of compressed air
is used instead. However, in both studies, air from the surroundings is used for pumping the
liquid. A major drawback of these pneumatic based studies is that there is a possibility of
contamination of samples and reagents in the microfluidic process. In order to manipulate
trapped air inside centrifugal microfluidics, Kameel Abi-Samra et al.1* and Thio et al.1>
employed external heating source to heat air chambers and therefore utilized air expansion
inside microfluidic system to pump liquid toward the disc centre. Drawback of these
implementations is the added external features such as externally actuated magnet, air source
or external heating source, which increase the complexity and cost of the system.
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We introduce a novel technique, called latex micro-balloon pumping, which is easy to
fabricate, control and integrate into the centrifugal microfluidic platforms. It is capable of
propelling the liquid back to the disc centre without performing surface treatments or using
external actuators. The micro-balloon pump is fabricated simply by integrating a highly
flexible latex film onto the CD-like platform. This novel latex micro-balloon pump operates
at low rotational speeds i.e., less than 1500 rpm and avoid external contaminants. It pumps
predictable volume of liquid i.e., larger volume than conventional pneumatic methods to the
expected distance from the disc centre. As one of the possible applications, we demonstrate
siphon activation using the micro-balloon pump. To illustrate the suitability of using latex,
we present a comparison between latex and the more commonly used PDMS as a flexible
membrane.

2. Methods and materials

2.1. Micro-balloon pumping mechanism

In order to achieve a holistic overview of the micro-balloon function in the centrifugal
microfluidic, platforms we must compare a conventional pneumatic pumping method with
the micro-balloon pumping technique. In the static pneumatic pumping method first
introduced by Robert Gorkin et al. 2 trapped air in a sealed chamber prevents liquid from
entering the chamber when the rotational speed is low i.e. low centrifugal force acting on the
liquid (see Fig. 1a). At higher rotational speeds i.e. when a greater centrifugal force is acting
on the liquid, the liquid is forced into the sealed chamber and compresses the trapped air
(see Fig. 1b). This compression results in the pressurization of the trapped air in the sealed
chamber, which acts as a kinetic energy storage device. When the rotational speed is
reduced, the stored kinetic energy in the compressed air pumps the liquid back out of the
sealed chamber. However, to effectively compress the air, high rotational speeds of 6000 to
7000 rpm is required, and this could prematurely burst any passive valves that may be on the
disc.

To achieve the equivalent kinetic energy without operating at high rotational speeds, we use
the elastic energy in an inflated micro-balloon, instead of using compressed air, by bonding
a highly elastic micro-balloon to the perforated air chamber (see Fig. 1c). When the
rotational speed is gradually increased, the liquid is forced into the air chamber, and pushes
the air into the micro-balloon. The micro-balloon expands to accommodate the air displaced
from the air chamber (see Fig. 1d). Therefore, the expanded micro-balloon acts as the kinetic
energy storage vault. As in the case of static pneumatic pumping, when the rotational speed
is reduced, the stored kinetic energy of the expanded micro-balloon pushes the stored air
back into the air chamber, which pushes the liquid out of the chamber. This method
effectively reduces the high rotational speed required for the conventional pneumatic
technique (i.e., using a rigid compression chamber) to pump liquid towards the disc centre.

2.2. Micro-balloon material

Before conducting the experiment, a brief study of materials helped us to decide on the
suitability of latex as compared to a silicone elastomer for fabrication of micro-balloons.
Polydimethylsiloxane (PDMS) is a silicone elastomers, which due to its excellent
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mechanical and chemical properties, has been extensively used in advanced microfluidic
platforms.16-23 PDMS is mainly used for fabrication of micro-pumps,24-26 micro-
bioreactor,2’, 28 micro-valves!®, 26, 29-32 and etc. For instance, Stefen Heaberle et al.12
employed external permanent magnets to fluctuate a PDMS film and inject air bobbles into a
connected microfluidic network. Latex films have also been used in microfluidic systems
where biocompatible balloons,33,34 micro-valves,16,26 29-32 59 mijcro-pumps24-26, 35-38 gang
etc. were needed. Likewise to PDMS, latex has excellent chemical and physical properties
such as chemical inertness, biocompatibility, high elasticity, thermal and electrical
insulation3® and therefore enable wide range of techniques and application in microfluidic
systems.3%-42 Some of the characteristics and applications of PDMS and latex are listed in
Table 1. Both the latex and PDMS films are highly transparent which makes them excellent
materials to be implemented in microfluidic platforms. In addition, latex films have higher
elasticity in comparison to PDMS films. The Young’s modulus of both latex and PDMS
with thickness of 220 pum is 1.2MPa and 3.1MPa, respectively.39 In term of permeability,
both the latex and PDMS films are liquid impermeable, however PDMS films due to their
high gas permeability are more suitable for application in which aeration is required.43, 44
The oxygen permeability of PDMS at room temperature is 21 greater than natural

latex.4®, 46 Low gas permeability allows preserving the trapped air in the system and high
elasticity lead to an efficient conversion of the kinetic energy to elastic energy, and
conversely. Considering the higher elasticity and lower gas permeability of latex, in this
study the latex film has been selected to make elastic micro-balloons in the centrifugal
microfluidic platforms.

2.3. Centrifugal microfluidics platform fabrication

CD-like microfluidic platforms were fabricated with either a seven layer design, or a three
layer design. In the first design the latex membrane covers the whole disc. The cut-outs in
the layers below the latex allows for ballooning action when needed (see Fig. 2a). In the
second design latex balloons are only placed on the disc where ballooning is required (see
Fig. 2b). Both types of the introduced designs contain multiple layers of Polymethyl
methacrylate (PMMA) discs, pressure sensitive adhesive (PSA) film layers and one latex
film layer (0.22mm thickness natural latex film, by GBA Corporation Sdn. Bhd, Malaysia).
A Computer Numerical Control (CNC) machine (model Vision 2525, by Vision Engraving
& Routing Systems, USA) is used for engraving and cutting the micro-features such as the
venting and loading holes, channels, micro-balloon masks, and chambers in the PMMA
discs. A cutter plotter machine (model PUMA 11, by GCC, Taiwan) is used to cut the
necessary micro-features in the PSA films. The layers are aligned and pressed together to
form a micro-balloon microfluidic system.

Fig. 2a shows the breakdown of the seven layer disc, comprised of three PMMA discs (each
2 mm thickness), three PSA layers (each 100 um thickness) and a featureless latex layer
(220 um thickness) covering the whole disc area. The top PMMA disc contains only venting
and loading holes, the middle layer contains the microfluidic features, while the bottom
layer contains only the cut-out masks matching the sizes of the required micro-balloons. The
top layer is first bond to the middle PMMA disc with a PSA layer with the venting and
loading holes, chambers, and channel features cut out. Two PSA layers with cut masks

Lab Chip. Author manuscript; available in PMC 2015 March 07.
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(identical to the middle PMMA disc) are then used to sandwich the latex film between the
middle and bottom PMMA disc. Fig. 2b shows the breakdown of the three layers disc
comprising of two PMMA discs (each 2 mm thickness) and one PSA layer (100 pm
thickness). The micro-balloon pumps in this case are fabricated individually from 2 layers of
PSA (100 um thickness) and a layer of latex (220 um thickness). The latex layer is
sandwiched between two PSA layers having the micro-balloon shape. The sandwiched latex
is bonded onto the disc where required.

2.4. Centrifugal Microfluidics designs

Different CD-like microfluidic designs were fabricated to demonstrate the implementation
of the micro-balloon pump. Design A (see Fig. 3A) and Design B (see Fig. 3B) were utilized
to perform an analytical evaluation of the pump performance. They demonstrate the effect of
rotational frequency on the pumping strength and pumping capacity. Design C (see Fig. 3C)
is employed to perform siphoning using micro-balloon pumping.

2.4.1. Pump Strength—Design A (see Fig. 3A) consists of a source chamber and a sealed
U-shaped destination chamber. The destination chamber comprises of an intake
compartment and a perforated air chamber with an attached micro-balloon. The source
chamber is connected to the intake compartment via a micro-channel. An air hole is placed
on the top of the intake compartment (close to micro-channel) to ensure that the air is only
trapped and displaced in the air chamber. To observe the strength of the micro-balloon
pumping, 1 mm spaced markers are engraved on the disc surface over the intake
compartment. The experiment is carried out by loading 70 pl of coloured deionized water
into the source chamber. The rotational speed is gradually increased to 1500 rpm until entire
liquid travels into the destination chamber. By reducing the rotational speed the liquid is
pumped back towards the disc centre. In order to measure the micro-balloon pumping
strength the corresponding rotational speed for each 1 mm advancement through the intake
compartment is recorded during the experiment. The maximum volume of the liquid is
pumped back when the rotational speed is decreased to zero and the latex film returns to its
initial state. The experiment was repeated for micro-balloon sizes within the range of 3 mm
to 5 mm radii. In order to compare the performance of micro-balloon pumping and
pneumatic pumping, introduced by Robert Gorkin et al.,? an experiment with the design A
without implementation of micro-balloon was conducted and compared with the same
micro-balloon design. The results are recorded in Fig. 6 and discussed in section 4 (Results
and Discussion).

2.4.2. Pump Capacity—Design B (see Fig. 3B) consists of a source chamber and an air
chamber. The source chamber is connected to the air chamber via an intake compartment
that is connected to the bottom of the air chamber. In this design there is no air hole at the
top of the intake compartment and the intake compartment is connected to the bottom of the
air chamber. The connection of the intake compartment to the bottom of the air chamber
allows using the whole air volume in the air chamber to expand the micro-balloon. The
experiment was carried out by loading coloured deionized water samples ranging from 10
uL to 90 uL into the source chamber. In order to measure the micro-balloon capacity the
rotational speed at which all liquid is drained from the source chamber is recorded. The

Lab Chip. Author manuscript; available in PMC 2015 March 07.
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experiment was repeated for a range of micro-balloon sizes with radii ranging from 3 mm to
5 mm. The results are recorded in Fig. 8 and discussed in Section 4 (Results and
Discussion).

2.4.3. Assisted Siphon Priming—With design C (see Fig. 3C) we demonstrate how the
siphon process can be accomplished without the need for high rotational frequencies or
micro-channel surface modifications. Design C is the same as design A except that it has a
siphon and an ultimate destination chamber. For siphons to be primed, the liquid in the
intake compartment must pump beyond the siphon crest. In our demonstration, a 3 mm
radius micro-balloon is installed in the air chamber. The experiment was carried out by
loading 80 uL of coloured deionized water into the source chamber and spinning the disc up
to 1400 rpm to transfer liquid to destination chamber. Rotational speed is gradually reduced
and liquid is pumped toward the disc centre, until siphon actuated and the liquid entered to
the ultimate destination.

3. Pumping analysis

In this section we theoretically describe the micro-balloon pumping mechanism to facilitate
future implementations of this novel pumping technique in centrifugal microfluidics
platform. In general, the behaviour of the micro-balloon pumping can be described in terms
of changes of the liquid level in the intake compartment i.e., X=R; - Rjp (see Fig. 4). The
liquid level in the intake compartment is resulted from the equilibrium of the hydrostatic
pressure and the Kinetic energy stored in the micro-balloon.

Fig 4 shows the centrifugal microfluidic design that consists of a U-shaped chamber i.e., air
chamber and intake compartment. Figure 4a shows the liquid level and the air trapped in the
air chamber when the system is at rest. When the disc is spinning, due to the flexibility of
the micro-balloon, the liquid level in the air chamber rises up, and the liquid level in the
intake compartment goes down (see Fig 4. b). At this point, the micro-balloon expansion
volume is equivalent to the amount of liquid entered the air chamber.

The hydrostatic pressure acted on the liquid column in the U-shaped chamber is given as °:
1 2 2 2
AP()=5pw”(E; — Ej) @
where p is the liquid density, o is the rotational frequency R, Rj are liquid levels in the air
chamber and intake compartment, respectively. Substituting R, Rj with Rep-y and Rj=Rjp-x
in equation (1) yield °:
1
AP(X)=§P°J2(R(:0 — y+(Rio+2))(Reo — y — (Rio+z)) (2

where x and y are the respective changes in liquid levels in the intake compartment and the
air chamber: x=Rj-Rjp and y = R.o—R as shown in Fig. 4. To simplify the pervious

expression, we let the term (Rgg—y+(Rio+X))(Reo—Y—(Rio+x)) be denoted as ¢(x). Equation
(2) is simplified to:

Lab Chip. Author manuscript; available in PMC 2015 March 07.
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1
P(z)= Epwz(b(z) ©)

The pressure P represented by equation (2) and (3) causes the expansion of the micro-
balloon. When expanded, the pressure exerted by the micro-balloon Py(z) can be expressed
in terms of the micro-balloon bulge height and initial radius as follows0, 61:

Mtz? ootz
Pb(Z):Cl r4 +C2r—2 (4)
b b

where M is the bi-axial modulus of elasticity, t is the thickness of the latex film, ry, is the
initial micro-balloon radius, oy is the initial film stress, z is the bulge height (micro-balloon
height), and C4, C, are constants. The thin latex film bi-axial modulus of elasticity is defined
as M=E/(1-v) where E is the Young’s modulus of elasticity and v the Poisson’s ratio.

To evaluate equation (4), the bulge height z of the micro-balloon should be determined. The
bulge height is a result of the air displaced by the liquid in the air chamber. The relationship
between the micro-balloon expansion volume (V) and the liquid level and cross-sectional
areas of the compartments is defined as follows:

2
V= gﬂ"f‘gz:lfsi:ysc (5)

where x and y are the respective change in liquid levels in the intake and air chamber (see
Fig. 4), and Sj and S, are the cross-sectional areas of the two compartments. Solving
equation (5) allows us to determine the bulge height of the micro-balloon using either the
volume change in the intake compartment (xS;) or the volume in the air chamber (yS;):

_ 3zS; _ 3ySc

= orz=
2777“2 2777"? ®)

z

Equating (3) and (4) allows us to obtain a relationship between the liquid levels (indicated
by ¢(x)) and the rotational frequency of the disc:

1 Mtz ootz
S o) =C1——+C2= 5= )
b Ty

equations (6 and 7), have been compared with the experimental data for rotational
frequencies from 0 to 1500 rpm. Fig. 6 shows the comparison between theoretical and
experimental results for various micro-balloons. The parameters used for the evaluation of
equation (7) are listed in Table 1. The use of equation (7) for calculating pumping capacity
at various rotational frequencies was experimentally tested. Fig 8 shows a comparison
between recorded values of pumping capacities and those calculated from the equation (7).

Lab Chip. Author manuscript; available in PMC 2015 March 07.
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4. Results and discussion

4.1. Pump mechanism

This section describes the pump behaviour for various pump sizes and rotational
frequencies. Two experiments based on Design A and B (see Fig. 3a and 3b) were carried
out to determine the micro-balloon pumping strength and capacity under different rotational
speeds.

4.1.1. Pump Strength—A step by step description of the experiments based on Design A
(see Fig. 3A) is shown in Fig. 5. The experiment was carried out by loading liquid into the
source chamber (see Fig. 5a) and spinning the disc until the liquid bursts into the destination
chamber (see Fig. 5b). During filling the destination chamber, air escapes through the air
hole. Once the liquid has reached the bottom of the air chamber (see Fig. 5c¢), air within the
air chamber is trapped. The trapped air expands the micro-balloon with gradually increment
of the rotational speed (see Fig. 5d). The rotational speed is increased until the liquid level at
the intake compartment is nearly equalized to the liquid level at the air chamber. At this
point, reducing the rotational speed causes the contraction of the micro-balloon. The
displaced air due to the contraction of the balloon pumps the liquid towards the disc centre.
The volume of the liquid pumped towards the disc centre is controlled by adjusting the
rotational speed (see Fig. 5e).The micro-balloon returns to its relaxed state when the
rotational speed is reduced to zero i.e., the maximum volume of the liquid is pumped
towards disc centre (see Fig. 5f). Fig. 6 illustrates the corresponding rotational frequencies
to the liquid level in the intake compartment. The experimental data for micro-balloon radii
of 3-5 mm are compared with that of the control design and the theoretical expression (Eq.
7). The results show that the liquid level is proportional to the rotational speed, liquid
volume and the micro-balloon size. For a constant liquid volume increasing the micro-
balloon radius decreases the required range of rotational speed to pump the liquid. For
instance, a 5 mm radius micro-balloon pumps larger volume of liquid in comparison with a
3 mm radius micro-balloon. All three different micro-balloons used in the experiment pump
substantially larger volume of the liquid i.e., up to 5 times in comparison with the control
design. in order To pump such volume of liquid with the conventional pneumatic pumping
methods 6000-8000 rpm is required (see ref. 9).

4.1.2 Micro-Balloon Pumping capacity—Stage by stage observation of the
experiments based on design B(see Fig. 2) is shown in Fig. 7. Liquid is initially loaded into
the source chamber (see Fig. 7a). The disc is spun to transfer liquid into the air chamber (see
Fig. 7b). The lack of venting hole in the design causes air to travel from the air chamber to
the micro-balloon at the instance the liquid enters to the air chamber. Increasing the
rotational speed results in more liquid transfer into the air chamber (see Fig. 7c). The
frequency at which the liquid is fully removed from the source chamber (see Fig. 7d) is
recorded in Fig. 8. At this stage, the amount of liquid is equivalent to the capacity of the
micro-balloon of that particular rotational frequency. To test the performance of the Micro-
balloon, the rotational speed is gradually reduced (see Fig. 7e) to show that the stored liquid
is fully pumped to the source chamber when the rotation speed is reduced to 0 rpm (see Fig

7.

Lab Chip. Author manuscript; available in PMC 2015 March 07.
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It is clear from Fig 8 that the volume of liquid that can be stored is increases with the size of
the micro-balloon. At a rotational speed of 1500 rpm, increasing the micro-balloon diameter
from 3 mm to 5 mm increases the amount of stored liquid from 30pl to approximately 90pl.
The theoretical results are in good agreement with the experimental results.

Adjusting the place where the intake compartment is connected to the air chamber
determines the volume of liquid to be pumped back. The exact value of the liquid volume is
important in various applications e.g., blood serum separation and collection.

4.2 Siphon actuation

On the centrifugal microfluidic platforms, siphoning is often employed to transfer liquid
between two chambers in a multi-steps process. The examples include the blood serum
separation and the transfer of liquid from the detection chamber to the waste chamber for an
ELISAZ8, or the cascaded transfer of liquid between a series of chambers!9. Current
centrifugal platforms either utilize micro-channels surface modification or pneumatic
pumping technique to implement siphon valves®2-64. However, surface properties of
polymers tend to return to its natural state over time and pneumatic pumping methods
requires high rotational speeds.

The inclusion of a micro-balloon onto the centrifugal microfluidics platform allows for
siphon actuation without the need for surface treatment or air compression. The step by step
process of siphon actuation using design C (see Fig. 2) is shown in Fig. 9.The source
chamber is initially loaded with 80 ul of liquid (see Fig. 9a). The disc is gradually spun to
transfer liquid from the source chamber into the destination chamber (see Fig. 9b) during
which the micro-balloon inflates to store the air displaced. At rotational speed of 1400 rpm
whole liquid is transferred to the destination chamber where liquid levels at both destination
chamber and siphon channel are equal (see Fig. 9c). At this stage, the height of the liquid in
the intake compartment does not reach the top of the siphon crest and therefore siphon
doesn’t actuate. By gradually decreasing the rotational speed, the centrifugal pressure acting
on the liquid decreases proportionally. Therefore, the micro-balloon pushes the displaced air
back into the air chamber. The air displaced pumps the liquid up into the adjoining intake
compartment and into the siphon channel (see Fig. 9d). Once the liquid level in the siphon
channel reaches the top of the crest, the siphon is actuated and liquid is siphoned into the
ultimate collection chamber (see Fig. 9e and 9f). The rotational speed at which this occurs in
our experiment is as low as 580 + 10 rpm. Unlike conventional pneumatically activated
siphoning which requires high rotational speed®, in our design, the siphoning operates at a
low range of rotational speed. Another benefit of the micro-balloon assisted siphon is the
ability to actuate the siphon under both hydrophobic and hydrophilic conditions.

5. Conclusions

Unidirectional nature of fluids flow within centrifugal microfluidic platforms limits number
of possible process steps before fluids reach to the rim of the disc. To overcome this
limitation, we have presented a novel technique, called micro-balloon pumping. Micro-
balloon pumping is based on displacement of trapped air to expand a highly elastic latex
membrane and employ the stored elastic energy for pumping fluids. In comparison with
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other pumping methods geared to push fluids against centrifugal force, micro-balloon
pumping does not require surface treatment, high rotational speed or any external actuators
to create enough energy. The micro-balloon pumping compared to conventional pneumatic
pumping techniques is able to pump larger volume of liquids at dramatically lower the range
of rotational speed.

The micro-balloon pumping strength was modelled and the model was confirmed by
analysing rotational speed versus pumping position for three different sizes of micro-
balloons. The model can be used to predict pump capacity of each size of the micro-
balloons. As a practical application of this novel pumping mechanism, we used micro-
balloon to actuate siphons. Overall, the micro-balloon pumping is an efficient fluid
propelling technique that enables more complex biochemical assays on centrifugal
microfluidic platforms.
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Fig. 1.

Schematic of conventional pneumatic pumping and latex micro-balloon pumping. a Static
pneumatic pumping before liquid enters the compression chamber, and b after liquid enters
the compression chamber and it compresses the air. ¢ latex micro-balloon before liquid
enters the air chamber, and d after liquid enters the air chamber, it pushes against the
trapped air inside the chamber and expands the micro-balloon.
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Fig. 2.
Schematics showing assemblies of CD-like microfluidic platforms consisting of PMMA,

PSA layers and latex film; a Fabricating arrays of micro-balloon by a single fabrication
process (seven layer design). b Fabricating a single micro-balloon (three layer design).
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Fig. 3.

M?crofluidic platform designs. Design A (on the left) contains a U-shaped destination
chamber connected to the source chamber via a vertical micro-channel. The destination
chamber comprises of an intake compartment and an air chamber attached with a micro-
balloon. Design B (in the middle) consists of an air chamber attached with a micro-balloon.
The air chamber is connected to the source chamber through an intake compartment. Design
C (on the right) demonstrates the assisted siphon of liquid using design A.
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qQ Stop

side view

Fig. 4.
Figure showing parameters regarding to micro-balloon expansion volume and hydrostatic

pressure when the disc is stopped and rotational. Rjg, Reg, Ri, Rc are liquid plug distances
from the disc centre in the intake compartment and air chamber when the disc is stopped and
rotated, x and y are liquid level heights in the intake compartment and air chamber
respectively. Micro-balloon expansion height (bulge height) is defined by z and ry, is the
Micro-balloon radius
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Fig. 5.
Schematic of micro-balloon micro-pumping analysis design. a liquid is loaded. b rotational

the platform causes filling through the intake compartment. c continued filling traps air in
the air chamber. d high centrifugal force causes continued of liquid transfer and expansion
of the micro-balloon which allows near equalization of the liquid levels. e slowing the
rotational speed reduces the centrifugal pressure, constricts the micro-balloon and liquid
inside the intake compartment is pumped back towards the centre of the disc. f when
rotational speed is reduced to zero the micro-balloon is flattened (returned to its initial state)
and liquid is pumped to the closest position to centre of the disc.
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Fig. 6.
Schematic of micro-balloon micro-pumping analysis design. a the rotational frequency

versus the liquid level in the intake compartment for three sizes of micro-balloons. b
rotational the platform causes filling through the intake compartment. ¢ continued filling
traps air in the air chamber. d high centrifugal force causes continued of liquid transfer and
expansion of the micro-balloon which allows near equalization of the liquid levels. e
slowing the rotational speed reduces the centrifugal pressure, constricts the micro-balloon
and liquid inside the intake compartment is pumped back towards centre of the disc. f when
rotational speed is reduced to zero the micro-balloon is flattened (returned to its initial state)
and liquid is pumped to the closest position to centre of the disc.
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Fig. 7.
Schematic of micro-balloon micro-pumping. a Sample liquid is initially loaded into the

source chamber. b The platform is then spun to burst the liquid from the source chamber
into the air chamber. The absence of any vent hole in the air chamber forces the displaced
air into the micro-balloon. ¢ Increasing rotational speed results in higher centrifugal force
and more volume of liquid is transferred to the air chamber. d All the liquid is transferred
into the air chamber. e Reducing the rotational speed to lower levels result in micro-balloon
contraction, this in return pumps the sample liquid back to the disc centre. f All the liquid is
pumped back towards the disc centre to the source chamber.
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Fig. 8.

The rotational frequency versus the amount of stored liquid using design B (see Fig. 3b) for
three different sizes of micro-balloons.
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Fig. 9.
schematic of siphon valve. a loading source chamber. b transferring liquid to the destination

chamber by centrifugal force and trapping the air in the air chamber. ¢ equalization of liquid
levels at intake compartment and air chamber, and micro-balloon expansion. d decreasing
the rotational speed cause micro-balloon contraction and pumps liquid in intake toward the
disc centre. e when liquid level is higher than the siphon crest siphon activates and liquid
sample transfers to ultimate destination. f slightly increasing the rotational frequency
transfers whole liquid samples.
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Table 1

Brief comparison between the latex and PDMS film

Property L/P Characteristics Applications
Optical Latex Highly transparent >90% Optical detection at wide range of wavelength
PDMS
Electrical Latex Insulator 107-108 V/m#7  Leads to fabricate embedded circuits and intentional breakdown to open
PDMS  Dbreakdown voltage  2x107 \//m%9 connections*8
Biocompatibility ~Latex  Biocompatible ) Drug delivery, catheter, balloon angioplasty3334,
PDMS  Excellent Biocompatible Wide range of applications in vivos0-53
Permeability Latex  Water vapour impermeable®* 55 Barrier for packing or sealing, also gas and liquid separation®®
PDMS  High gas permeable5”- 58 Supply oxygen to the cells 52 and gas permeation pumps?3 44,
Elasticity Latex  E-1.2to03.1 MPa%® Micro valve and Micro-pumping systems39: 40
PDMS  E-1.6to 11 MPa3®® Micro valvel. 26. 29-32.5%nd Micro-pumping systems24-26, 35-38

Note: Latex and PDMS films have wide range of elasticity the mentioned values are a close range of elasticity of conventional films
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value of parameters used in analytical analysis

Parameters  Value Parameters Value
Iy 3,4 and5mm E 1.2 MPa
Rio 25.5 mm v 0.48
Reo 36 mm ap(rp,-3mm)  0.06 MPa
t 220 um ap(rp-4mm)  0.058 MPa
P 1000 kg/m3 ap(rp-5mm)  0.055 MPa
Si 1.49 mm? Sc 6.12 mm?
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