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Abstract The pumping of fluids in microfluidic discs by

centrifugal forces has several advantages, however, cen-

trifugal pumping only permits unidirectional fluid flow,

restricting the number of processing steps that can be

integrated before fluids reach the edge of the disc. As a

solution to this critical limitation, we present a novel

pumping technique for the centrifugal microfluidic disc

platform, termed the thermo-pneumatic pump (TPP), that

enables fluids to be transferred the center of a rotating disc

by the thermal expansion of air. The TPP is easy to fab-

ricate as it is a structural feature with no moving compo-

nents and thermal energy is delivered to the pump via

peripheral infrared (IR) equipment, enabling pumping

while the disc is in rotation. In this report, an analytical

model for the operation of the TPP is presented and

experimentally validated. We demonstrate that the experi-

mental behavior of the pump agrees well with theory and

that flow rates can be controlled by changing how well the

pump absorbs IR energy. Overall, the TPP enables for

fluids to be stored near the edge of the disc and transferred

to the center on demand, offering significant advantages to

the microfluidic disc platform in terms of the handling and

storage of liquids.

Keywords Centrifugal �Microfluidic � Pumping � Valve �
Thermal

1 Introduction

With dimensions similar to standard compact discs (CDs),

centrifugal microfluidic discs are automated, disposable,

and portable diagnostic tools for point of care settings

(Garcia-Cordero et al. 2010a; Haeberle et al. 2006; Lee

et al. 2011; Madou et al. 2006; Steigert et al. 2006; Xi et al.

2010). Rotor-based microfluidic systems are plastic discs

that have embedded micro-features, such as channels and

chambers, designed to hold and manipulate small volumes

of fluids. A defining feature of the microfluidic disc plat-

form is that fluids are pumped by centrifugal forces gen-

erated by spinning the disc rather than using syringe pumps

and fluidic interconnects. The field is quite established;

rotor-based fluidic platforms emerged over 40 years ago

and a handful of fluidic functions and biochemical appli-

cations have been demonstrated on these unique and

promising tools (Gorkin et al. 2010a).

While manipulating fluids in microfluidic discs by

centrifugal forces has several advantages, centrifugal

pumping only permits fluids to travel uni-directionally; i.e.,

the force acts radially outwards creating a pressure on the

liquid that forces it to move from the interior of the disc to

the outer rim. As a consequence, all fluidic processes must

occur along a limited path length, restricting the number of

steps that can be integrated before fluids reach the edge. In

order to overcome this critical limitation, microfluidic discs

can be augmented through the introduction of additional
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fluid manipulation methods, and hence additional forces, to

free up more space and allow for more fluidic functions on

a single disc.

To date, a handful of fluid handling techniques have

been demonstrated that help to expand the working path

length of fluidic conduits in microfluidic discs (Garcia-

Cordero et al. 2010b; Gorkin et al. 2010b; Kong and Salin

2010; Noroozi et al. 2009; Siegrist et al. 2010b). Garcia-

Cordero et al. (2010b) reciprocated fluids within the disc by

capillary action generated from hydrophilic surfaces while

Noorozi et al. (2009) used an in-disc compression chamber

to reciprocate fluids by pneumatic energy. Also with an

in-disc compression chamber, Gorkin et al. (2010b) dem-

onstrated moving liquids short distances to the center.

Overall, these techniques offer elegant approaches for

expanding the working path but are limited in the move-

ment they can provide for fluid transfer. Ideally, large

solutions could be moved to the center of a rotating disc on

command, enabling more efficient usage of space on the

real-estate tight disc and the performance of lengthier

assays. To meet this critical need, Kong and Salin used an

external compressed air source to direct fluids to the center

of a spinning disc (Kong and Salin 2010). However, the use

of compressed air can be problematic as the injection of air

can lead to contamination of embedded liquids and

achieving steady streams of air can be challenging from

compressed air sources.

To offer a novel fluid manipulation technique for the

microfluidic disc platform that is easy-to-implement and

integrate we present the thermo-pneumatic pump (TPP).

Overall, in our approach, fluids are pumped toward the

center of a rotating disc by the thermal expansion of air

entrapped in the disc. The manipulation of fluids by ther-

mally actuated mechanisms is quite well developed in the

field of traditional, stationary, microfluidic platforms

(Ha et al. 2009; Handique et al. 2001; Song and Lichten-

berg 2005) but to the best of our knowledge has never been

demonstrated on rotating microfluidic platforms. In our

technique, fluids are only pumped out of a chamber when

the generated pneumatic energy is larger than the opposing

centrifugal force. As a fluid is pumped out a chamber and

toward the center of the disc, more pressure, and therefore

more heat applied to the pump, is needed to continue

pumping due to the increasing volume of air in the emp-

tying chamber. In comparison to previous approaches to

move fluids toward the center (Garcia-Cordero et al.

2010b; Kong and Salin 2010), our approach does not

require the integration of hydrophilic surfaces or the

injection of compressed air. In addition, our TPP is the

result of a structural design with no moving parts fabricated

directly into the plastic of the microfluidic disc, facilitating

its fabrication, and heat is delivered by peripheral infrared

(IR) equipment, enabling the pumping of fluids toward the

center while the disc is in rotation. As we will show, the

TPP behaves in a predictable manner and flow rates from

the pump can be controlled by changing how well the

pump absorbs IR energy.

2 Materials and methods

2.1 Microfluidic disc fabrication

Microfluidic discs were designed using CAD software and

fabricated using an assembly of 1 mm thick optically clear

polycarbonate sheets (McMaster-Carr, USA) and 100 lm

thick optically clear pressure sensitive adhesive (PSA)

layers (DFM 200 clear 150 POLY H-9V-95, FLEXcon,

USA). Features were milled into the polycarbonate sheets

using a table top CNC (T-Tech, GA, USA-QuickCircuit

5000), and microchannels were cut into the 100-lm thick

PSA layers using a cutter-plotter (Graphtec, Japan-Graph-

tec CE-2000). Further device fabrication details can be

found in Siegrist et al. (2010b).

2.2 Microfluidic disc design

Two microfluidic designs were employed for experimen-

tation: Design A (Fig. 1a) was created for the analytical

evaluation of the pump’s behavior, and Design B (Fig. 1b)

was introduced to demonstrate the complete transfer of a

fluid to a more centrally located reservoir. In both concepts,

the microfluidic channel is oriented radially so that liquid

moves in the opposite direction of the centrifugal forces

when the disc is spinning. Design A serves as an imple-

mentation of the pump that facilitates analysis, as it is

important to know the relationship between the distance

travelled by the meniscus with respect to the applied

thermal energy. In addition, the cross-sectional area of the

microchannel in Design A is *0.35% of the cross-

sectional area of the microfluidic reservoir, allowing us to

consider the system to be equal to that of a large tank

emptying by a small leak (‘‘Pump characterization’’ sec-

tion). As microfluidic discs are made of clear materials,

0.5 mm graduations printed on paper were placed below

the device to allow for real-time measurement of the fluid

levels in the microfluidic channel and reservoir.

Design B, in comparison to Design A, has a shorter

microchannel length and is designed to manipulate a

smaller volume of liquid (20 ll instead of 120 ll), both

changes were necessary to reduce the transfer time of the

fluid to the collection chamber. In addition, to encourage

the complete emptying of the liquid from the microfluidic

reservoir, a slight taper was given to help funnel liquid out

of the chamber during the pumping process. It should be

noted that in both microfluidic constructs (Designs A and
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B), the ventless chamber was placed at the furthest distance

possible from the microfluidic reservoir to reduce direct

heating of the embedded liquid while still maintaining a

60-mm radius to the disc.

2.3 Experimental setup

Assembled microfluidic discs were mounted onto a spe-

cialized spin-stand that allowed for the programming of

spin rates and the acquisition of one high-resolution image

per rotation. Focused thermal energy was delivered to the

rotating microfluidic disc in a non-contact manner via an

IR heating platform consisting of a halogen lamp (12 V

75 W, International Technologies MA), an IR sensor

(CSmicro, Optris, Berlin, Germany), a power supply, a data

acquisition (DAQ) board, and a computer (Fig. 2). The

halogen lamp was encased in a dichoric receptacle to focus

the light onto the surface of the disc. Overall, the IR

heating platform allows for the user to heat a *1-mm

diameter spot on the surface of a rotating disc. The heating

setup was calibrated using an IR thermal camera (Vario-

CAM, Jenoptik, Germany) and thermal analysis software

(Thermography Suite, IRcameras, Inc., MA). Temperatures

obtained from the IR sensor were within 1�C of the tem-

perature measurements taken by the IR thermal camera.

Further details on the IR heating setup can be found in

Abi-Samra et al. (2011).

2.4 Thermo-pneumatic pump characterization

The following experiments were performed to characterize

the behavior of the pump in terms of the radial distance

travelled by the evolving meniscus versus the applied

thermal energy to the pump. First, 120 ll of colored water

was introduced into the microfluidic reservoir of a disc

containing Design A (Fig. 1a) followed by sealing the

loading holes with single-sided adhesive (Fig. 3). It is

important that the chamber is fully sealed so that pressure

properly builds up in the microfluidic reservoir. Then, the

IR lamp and IR sensor were aligned above the ventless

Fig. 1 a A design to assist the

analytical evaluation.

Graduations, printed on paper

below the disc, allow for real-

time measurement of liquid

levels in the microchannel and

microfluidic reservoir. b A

design intended to be an

implementation of the thermo-

pneumatic pump that transfers a

fluidic sample to a more central

reservoir. Note: To simplify the

illustration, loading holes are

not shown on the microfluidic

reservoirs

Fig. 2 Thermal energy is delivered to the rotating microfluidic disc

by a setup consisting of a halogen lamp encased in a dichoric

receptacle, an IR sensor, a power supply, a data acquisition board

(DAQ), and a computer
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chamber of the microfluidic disc. Finally, spinning was

commenced at a discrete rotational speed (600 or

1200 rpm). Before heat was applied to the ventless

chamber, initial meniscus levels (R0) were recorded for

both the liquid in the microchannel and microfluidic

reservoir. Then, with the IR heating platform, thermal

energy was applied to the ventless chamber in 5�C incre-

ments starting from room temperature (*23�C) until the

meniscus reached the collection reservoir. At each discrete

temperature (i.e., each 5�C step), the radial position of the

liquid in microchannel and microfluidic reservoir was

recorded. All experiments were performed in triplicates.

2.5 Pump performance

The following experiments were performed to demonstrate

the complete transfer of a fluidic sample to a more centrally

located reservoir and to experiment with the pumping rates.

First, 20 ll of colored water was loaded and sealed into a

microfluidic disc featuring the TPP of Design B (Fig. 1b).

Then, adequate heat was applied to the ventless chamber of

the pump to transfer the fluid while spinning at 300 rpm

(Fig. 4). Complete pumping of the 20-ll sample was

achieved by applying 330 ± 1 K (57 ± 1�C) to the surface

of the ventless chamber. Liquid was completely cleared

from the microfluidic reservoir with assistance of the taper

at the bottom edge of the reservoir as its shape helps to

‘‘funnel’’ out and continually collect the liquid outwardly

as the disc spins.

As would be expected, the generated flow rates are a

function of the material composition of the disc and the

ability of those materials to absorb IR energy. For a con-

figuration that had a low amount of IR absorption, a solid,

5-mm thick, optically clear polycarbonate disc was placed

below a microfluidic disc featuring a pump of Design B

(Fig. 1b). For a configuration that had a high amount of IR

absorption, a solid, 5-mm thick, opaque black polycar-

bonate disc was placed below a microfluidic disc also

featuring a pump of Design B (Fig. 1b). Experimentation

for both configurations began after loading and sealing

20 ll of colored water into the disc. While spinning the

disc at 300 rpm, adequate heat was applied to the ventless

chamber to transfer all of the fluid from the microfluidic

reservoir to the collection chamber. Flow rates in each

configuration were measured by recording the total transfer

Fig. 3 Photograph of a microfluidic disc with an embedded thermo-

pneumatic pump. Thermal energy is applied to the ventless chamber,

positioned at the outer edge of the disc to minimize the direct heating

of embedded liquids. Graduations of 0.5 mm, printed on paper below

the device, facilitate real-time measurement of liquid levels

Fig. 4 Stroboscopic sequence of the transfer a 20-ll colored water

sample by the thermo-pneumatic pump while the disc is rotating at

300 rpm. a Fluid resting at room temperature. b, c Filling of the

collection chamber as heat is applied. d All fluid is transferred to the

collection chamber after applying 330 ± 1 K to the surface of the

ventless chamber
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time for the 20-ll colored water sample. Trials were per-

formed in triplicates.

3 Results and analysis

3.1 Pump characterization

Overall, the behavior of the TPP can be described in terms

of the change in temperature on the surface of the pump,

DT, and the radial position of the evolving meniscus of the

fluid, DR, an analytical model for the operation of the pump

is presented in this section.

The amount of air Vc ? Va in the ventless chamber,

microfluidic reservoir, and connecting channel (Fig. 5) is

only locally heated by IR radiation, thus the distribution of

temperature of the air will be non-uniform and result in

having the largest values at the point where the IR energy is

focused and the lowest values at the interface with the

liquid. Naturally, this spatial variation of temperature

brings a certain degree of difficulty in the analytical

modeling. Therefore, in order to account for the non-uni-

form temperature gradient and to make the analytical

treatment possible, a simplifying assumption is made—the

air chamber is split in two regions where the temperature

fields are considered uniform: one heated (Vh) and one

unheated (VR), such that Vh ? VR = Vc ? Va is the total

volume of the air. The separation between these two

regions (Vh and VR) is defined according to a fit parameter

identified in the model from experimental data. In addition,

if the cross-sectional area of the microfluidic reservoir is

much larger than that of the microchannel, we can consider

that the total volume of the air changes insignificantly as

the liquid exits into the microchannel. In turn, we can

safely consider that the total volume of the air in the

ventless chamber, microfluidic reservoir, and connecting

channel Vh ? VR, to be constant during the heating pro-

cess; i.e., the heating of the air is an isochoric process

(constant volume).

Before heat is applied to the pump, the distance of the

liquid in the microchannel and microfluidic reservoir can

be denoted by R0, taken as the distance from the center of

rotation (Fig. 5). This simplification holds if surface ten-

sion is neglected or if the contact angle is relatively close to

90� as it is for polycarbonate—the primary material of our

microfluidic device (Siegrist et al. 2010a). Furthermore, we

deal with large centrifugal forces, that is, large enough

pressures to break the surface tension of the fluids in the

system, and, again, this justifies this simplification.

It is also important to note that the relationship between

the microfluidic reservoir and microfluidic channel can be

approximated to be that of a large tank emptying by a small

leak where the liquid level in the tank does not significantly

change as a very small amount of fluid continually escapes.

Once again, this approximation would require the cross-

sectional area of the tank (the microfluidic reservoir) to be

significantly larger than that of the leak (the microchannel).

Thus, the liquid height in the microfluidic reservoir can be

Fig. 5 Schematic showing the

parameters used in the

analytical evaluation of the

thermo-pneumatic pump

a before and b after heat is

introduced to the ventless

chamber. R0 and R represent the

distance of the liquid menisci

with respect to the center of the

disc. Vc and Va represent the air

volume in the ventless chamber

and microfluidic reservoir,

respectively
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approximated to be constant, R0, as fluid empties into the

microfluidic channel (Fig. 5b). As a result of this approx-

imation, the evolving meniscus in the microfluidic channel

will be at R \ R0 from the center of rotation, when liquid

level of the tank stays constant during the pumping process.

Thus, to develop an analytical model for the TPP’s

behavior, the assumptions made can be summarized as

follows: (1) out of the total volume of air within the sys-

tem, V = Vh ? VR, only the amount of Vh is heated by

irradiation, (2) as the temperature in the heating chamber

increases, the region of heated air, Vh, becomes larger (and

VR smaller), that is, Vh depends on the actual temperature

of the system, and (3) the meniscus of the fluid in the

microfluidic channel will be at R \ R0 from the center of

rotation, when that of the tank stays at R0 during the

pumping process.

To understand how pressure is generated in the system,

we must first look at the interaction between the ventless

chamber and the microfluidic reservoir when thermal

energy is applied to the pump. Based on the ideal gas law,

before heat is introduced to the system, the following holds

for Vh and VR:

P0Vh ¼ n1RcT0; ð1Þ
P0VR ¼ n2RcT0; ð2Þ

where P0 is normal atmospheric pressure, n1 and n2 are the

amount of substance (number of moles) of air in the

regions Vh and VR, respectively, Rc is the ideal gas constant

and T0 is the initial temperature of the ambient (unheated)

air.

Once thermal energy enters the system through the

ventless chamber, the temperature in the ventless chamber

changes from T0 to T, and the number of moles in the two

regions changes accordingly. By considering again the

ideal gas law for the two regions in the heated state, we get:

PVh ¼ n01RcT ð3Þ

and

PVR ¼ n02RcT0: ð4Þ

Since

n1 þ n2 ¼ n01 þ n02 ð5Þ

by substitution of Eqs. 1–4 into Eq. 5 we obtain:

P0Vh

RcT0

þ P0VR

RcT0

¼ PVh

RcT
þ PVR

RcT0

ð6Þ

and

P ¼ P0

Vh þ VR

Vh
T0

T þ VR

 !
: ð7Þ

The change in pressure in the system can be written as:

DP ¼ P� P0 ¼ P0

Vh 1� T0

T

� �
Vh

T0

T þ VR

" #
: ð8Þ

For convenience, we denote b = Vh/(Vh ? VR) = Vh/V

and DT = T - T0 and obtain:

DP ¼ P0bDT

T0 þ ð1� bÞDT
: ð9Þ

A critical assumption, as previously stated, is that Vh

increases as it is being heated. The physical basis of this

assumption is that in our analytical treatment, the

temperature corresponds to the experimental one, mea-

sured by the IR sensor at a certain point on the disc’s

surface. The measured temperatures by the IR sensor cannot

fully account for the quantity of heat transferred from the IR

lamp to the air trapped within the disc. Depending on the

heating conditions, different gradients are possible, even

when the same surface temperature is measured. Obviously,

as the temperature in the system increases, the proportional

volume of the heated air in the system, b, increases as well.

A simple approximation of this assumption can be

expressed mathematically as: b = kDT, where k would be

the rate of increase of b during the heating process. The

heating will be more effective at large values of k, that is,

when the heated region Vh increases faster and the

temperature gradient becomes smaller. With the

parameters b and k, both the temperature and temperature

gradient are taken into consideration.

With b replaced by kDT in Eq. 9, we obtain:

DP ¼ P0kDT2

T0 þ ð1� kDTÞDT
: ð10Þ

Finally, the equation for the pressure generated in the

system as a function of measured temperature is:

DP ¼ P0kDT2

T0 þ DT � kDT2
: ð11Þ

Now we must relate the generated pressure to the radial

movement of the liquid in the disc. The hydrostatic

equilibrium of the liquid in the system in the absence of

any term related to surface tension can be written as:

DP ¼ PðRÞ � P0 ¼
1

2
qx2ðR2

0 � R2Þ; ð12Þ

where q is the density of the liquid, x is the fixed angular

velocity, and R is the distance of the liquid meniscus to the

center of the disc. We can express Eq. 12 in terms of the

evolution of the liquid R2/R0
2 to give:

R2

R2
0

¼ 1� 2

qx2R2
0

DP: ð13Þ
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Finally, replacing DP in Eq. 13 with Eq. 11 results in a

formula that describes the behavior of the TPP in terms of

the measured temperature, DT, required to move a liquid

sample a certain radial distance, R, toward the origin:

R2

R2
0

¼ 1� 2P0

qx2R2
0

kDT2

T0 þ DT � kDT2
: ð14Þ

Since q and x are constants, the two parameters left to

be identified are R0 and k. First, R0 is easy to evaluate since

it is the value of R, the distance of the liquid’s meniscus to

the center, at DT = 0 (i.e., no heat is applied to the pump).

As for k, we can easily make a link with DTc, the change in

temperature at which R = 0, the center of the disc.

Plugging in R = 0 and replacing 2P0

�
qx2R2

0 with e in

Eq. 14, we obtain:

DTc ¼
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4kðeþ 1ÞT0

p
2kðeþ 1Þ ; ð15Þ

where

k ¼ T0 þ DTc

DT2
c ðeþ 1Þ : ð16Þ

Finally, Eq. 16 allows us to find the, once difficult to

identify, parameter k, the model constant related to how

efficiently the pump converts thermal energy to pneumatic

pressure. The significance of this term (i.e., k) will be

further described later.

Experimental and theoretical values for the radial

movement of the liquid are presented in Fig. 6. Specifically,

Fig. 6 is a plot of the normalized and squared distance of the

evolving meniscus versus the change in applied temperature

but can be considered to be a plot of DR versus DT. In the

graph, the x-intercept indicates the DTc for the pump at

different RPMs. On the other hand, the y-intercept indicates

the initial radial positions of the liquid in the microchannel,

R0. The experimental data (average with one confidence

interval) agree with the predicted results (solid lines) gen-

erated from Eq. 14. Moreover, the small error bars dem-

onstrate that the pump operates in a repeatable fashion.

As expected, the pump must work harder (i.e., requires a

larger change in temperature for an equal amount of fluid

pumped) when the disc is spinning at a higher rpm (1200 vs.

600 rpm) due to the existence of higher centrifugal forces.

Thus, it could be assumed that the pump operates optimally

when the disc is rotating at an angular velocity of zero (i.e.,

no rotation at all); however, this assumption is inaccurate.

The pump functions in such a fashion that it requires the

centrifugal force to continually push fluid outwardly in the

microfluidic reservoir, providing a uniform vertical surface

for pressurized air to act on. If the disc was stationary when

heat is applied, liquid in the microfluidic reservoir would be

disordered and pressurized air would pass either over or

through the unorganized liquid, resulting in little or no

pumping. Thus, the optimal rotational rate for the pump’s

operation would be the lowest RPM at which the surface

tension of the fluid is broken.

3.2 Analysis of Pump performance

We can use the following analysis to quantify the perfor-

mance of the pump in terms of how well thermal energy is

converted to pneumatic energy. If we consider pumping

liquid from R0 to R1 (where R1 \ R0), the pressure required

to perform this manipulation can be expressed as:

DP ¼ P� P0 �
1

2
qx2 R2

0 � R2
1

� �
¼ P0

T

T0

� �
� 1

� 	
� 1

2
qx2 R2

0 � R2
1

� �
: ð17Þ

The flow rate, Q, of the liquid in the channel is

expressed as:

Q ¼ DP=Rhyd; ð18Þ

where Rhyd is the hydrodynamic resistance of the channel

and DP is the change in pressure required. The

hydrodynamic resistance (Rhyd) of a rectangular channel,

length (L) and rectangular cross-section (w by h where

h \ w), and a fluid of viscosity g can be approximated by:

Rhyd �
12gL

1� 0:63 h
w

1

h3w
: ð19Þ

However, as the amount of thermal energy needed to

move a fluidic sample increases as the fluid leaves its initial

reservoir, we need to express DP over the total range in

Fig. 6 Behavior of the thermo-pneumatic pump shown as a graph of

the distance travelled by the meniscus versus the thermal energy

applied. Experimental results are shown as discrete points with one

standard deviation, whereas theoretical predictions are displayed as

solid color lines. Pumping to the center of the disc was performed

while spinning at 600 and 1200 rpm
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temperature, which is done by integrating Eq. 11 from

DTmin to DTmax:

DPavg ¼
1

DTmax � DTmin

ZDTmax

DTmin

P0kf2

T0 þ f� kf2
df; ð20Þ

where DTmin is the change in temperature required to ini-

tially move the fluid through the channel, DTmax is the

change in temperature required to completely transfer the

fluid to its final location and f = DT is an integration

variable. Using DPavg in Eq. 18 instead of DP in Eq. 17,

we are able to get an average flow rate for the pump and

estimate the time needed to transfer a certain amount of

liquid. Moreover, Eq. 20 allows us to link the average flow

rate to a given configuration of the pump by the means of

the constant k.

Once again, the model parameter k is related to how

quickly the TPP absorbs heat and generates pneumatic

energy. A pump with a large k constant would indicate

quicker heating of the entrapped air and faster generation

of pneumatic pressure, in comparison to a pump that has a

smaller k value. Ultimately, k is a result of the materials

that are incorporated into the pump device and how quickly

those materials absorb and distribute IR energy and heat

the entrapped air.

As described in the ‘‘Pump performance’’ section, a low-

IR absorption and high-IR absorption configuration for

TPPs were employed to experimentally determine the

generated flow rates and resulting k constants, Table 1. As

expected, the high-IR absorption configuration resulted in

larger generated flow rates than the low-IR absorption

configuration. In fact, the resulting flow rate from the high-

IR absorption configuration is about twice as large. From

the analysis, we know that as the generated flow rate from a

pump increases, so does the pump’s associated model

constant k. Experimentally this trend was observed and the

k constant for the high-IR absorption configuration was

larger than the low-IR absorption configuration. Thus, we

have a preliminary demonstration of pumping rate control

by changing the materials around the pump; however,

options do exist to use a wide range of materials to give a

broad spectrum of predictable and repeatable flow rates

from the TPP.

4 Discussion

The TPP is an easy-to-implement technique for the precise

manipulation of fluids in centrifugal microfluidic discs.

Fluids are mobilized by the TPP only when sufficient

pneumatic energy has been generated to counter the cen-

trifugal force holding the fluids back. Such control of fluids

in microfluidic discs is critical in the development of micro

total analysis systems (lTAS). For example, through the

actuation of wax valves by a mobile laser system, Cho et al.

(2007) were able to achieve the multiple valving steps

necessary to perform DNA extraction from whole blood.

The wax plugs, which acted as physical gating mecha-

nisms, were critical to the assay processing, as the high

speeds required for plasma separation from whole blood

would have broken any passive valving schemes presented

to date in the literature (viz., hydrophobic, hydrophilic,

siphon, and Coriolis) (Ducrée et al. 2007; Kim et al. 2008;

Madou et al. 2006; Siegrist et al. 2010b). We envision the

TPP as an alternative technique to using wax plugs or other

active valving techniques (Garcia-Cordero et al. 2010c;

Abi-Samra et al. 2011) for the controlled release of fluids

due its simplicity. Based on the thermal expansion of air,

the TPP has no moving components making it straight-

forward to fabricate in monolithic devices, while active

valves pose significant roadblocks in fabrication due to the

need to embed physical gating mechanisms.

A significant advantage of the TPP is that it does not

require hydrophilic surfaces, thus it can be made using a

wide range of materials, including many polymers that are

natively hydrophobic. As its pumping mechanism is based

on the interplay of pneumatic energy and centrifugal forces,

the pump behaves predictably and can be straightforwardly

modeled which further facilitates its implementation in

future devices. In addition, the generated pumping rates can

Table 1 Flow rates generated and calculated model constant k (the

model constant related to how fast the thermo-pneumatic pump

absorbs IR energy and heats the entrapped air) associated with each

configuration

Configuration Rotational

speed

(rpm)

Flow rate

(ll/min)

Calculated model

constant

k (910-4 deg-1)

Low IR absorption

Top

Microfluidic disc

with Thermo-

pneumatic pump

Bottom

Optically clear

polycarbonate disc

(5 mm thick)

300 8.26 ± 0.46 3.73 ± 0.78

High IR absorption

Top

Microfluidic disc

with Thermo-

pneumatic pump

Bottom

Opaque black

polycarbonate disc

(5 mm thick)

300 17.6 ± 1.5 5.74 ± 0.91
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be simply controlled by changing how well the disc device

absorbs IR energy. In our setup, the highest pumping rate

achieved was 17.6 ± 1.5 ll/min; however, further study is

warranted into exploring the boundaries of generated

pumping rates. Outside of the disc, a simple peripheral IR

heating platform is required to actuate the pump, adding no

complexity to the disposable disc. Other modes of heating

beyond the employed IR heating setup (e.g., forced con-

vection, thermoelectrics, or laser diodes) could potentially

be adapted for the actuation of the pump. In our strategy,

fluids are pushed to the center of a rotating disc by air

entrapped in the disc device rather than air that is introduced

from an external compressed air source (Kong and Salin

2010), reducing the risk of contamination. As a result of

storing downstream fluids near the edge and transferring

them to the center as needed, the TPP can uniquely be used

to more efficiently use space on the real-estate-limited disc.

Large solutions can be stored near the outer edge of the disc

and moved centrally when needed, freeing up space for the

storage of other liquids. It should be noted that for sim-

plicity the ventless chamber of the pump was designed in a

circular shape; however, the ventless chamber can take

form as an arch-shaped chamber that ‘‘bends’’ around the

radius of the disc, further freeing up space.

As the mechanism for pumping is ultimately dependent

on heating a region of the disc, the risk of heating

embedded liquids above room temperature is a valid con-

cern. To avoid the direct heating of liquids, the region to be

heated, termed the ventless chamber (Fig. 1), was placed at

the furthest possible distance from the fluids to be pumped

while still maintaining a 60-mm radius to the disc. In the

demonstrations, the surface of the ventless chamber was

heated to 57 ± 1�C to transfer a 20-ll sample to a more

centrally located reservoir. It should be noted that the

temperature of the embedded liquids was not directly

monitored due to the difficulties in accurate measurement

of a system in rotation and further study into examining the

transfer of heat from the entrapped air to the liquids is

warranted. Nevertheless, several parameters of the system

(e.g., rotational frequency of the disc, volume of liquid to

be transferred, hydraulic resistance of conduits) can be

optimized to lower the final temperature required to pump a

liquid. In addition, the final disc device can be coated with

IR absorbing or reflecting materials to optimize heat dis-

tribution. However, heat is an essential part of many bio-

chemical protocols (e.g., PCR) and the heating of

embedded liquids above room temperature may not be a

concern, rather, an advantage. It is envisioned that the TPP

can be used in conjunction with a growing number of heat-

based processes for microfluidic devices (e.g., valving,

reagent storage and release, sample incubation, and ther-

mocycling). Therefore, the TPP adds to the toolbox of

capabilities for the microfluidic disc platform without

requiring equipment beyond a peripheral thermal man-

agement system.

5 Conclusions

The centrifugal microfluidic disc is largely a uni-direc-

tional platform that supports a limited number of process-

ing steps before fluids reach the edge of the disc. To

address this critical issue, we present a novel pumping

technique, termed the TPP, based on the thermal expansion

of air to move fluids from the edge to the center of a

rotating disc. In comparison to other techniques geared to

improve the real-estate on the microfluidic disc platform,

our approach does not require hydrophilic surfaces or the

injection of compressed air, enabling a wide choice of

materials for fabrication and promoting the integrity of the

device. Furthermore, the pump can be easily made in

monolithic devices as it has no moving parts. The TPP

behaves predictably as it is essentially based on the inter-

play of pneumatic energy and centrifugal forces and can be

straightforwardly modeled, facilitating its realization in

future devices. In addition, the generated pump rates can be

easily controlled by changing how well the device absorbs

IR energy. Another key benefit is that the TPP adds to the

growing number of heat-based mechanisms for microflu-

idic devices (e.g., valving) and, in turn, promotes the

simplification and unification of the peripheral equipment.

Overall, the thermo-pneumatic offers significant advanta-

ges to the microfluidic disc platform in terms of the han-

dling and storage of liquids and enables microfluidic discs

that can perform lengthier biochemical assays.
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