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Enhanced versatility of fluid control in centrifugal
microfluidic platforms using two degrees of

Xiaobao Cao, A. J. deMello and K. S. Elvira*

Centrifugal microfluidic platforms have significant potential in commercial applications because of their op-

erational flexibility and minimal external infrastructure requirements. However, the dynamic and real-time
control of fluid flow within traditional centrifugal microfluidic platforms is problematic. To address this sig-
nificant limitation, we propose a two degrees of freedom platform, in which a digital servo is located at
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each end of an arm driven by a motor. This allows for reversible inward pumping between multiple cham-
bers with perfect efficiency. Furthermore, the addition of a second degree of freedom allows position-
based pressure controlled burst valves to be accessed and operated in an independent fashion. To demon-

strate the efficacy of this technical innovation, we show rapid and configurable flow switching between
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Introduction

Centrifugal microfluidic platforms integrate fluidic control
units into “CD-like” disks and manipulate fluids using the
centrifugal force created by device rotation." Such platforms
have significant potential in chemical and biological experi-
mentation since they simplify the ‘world-to-chip’ interface
and are low cost with respect to both the device and the asso-
ciated control architecture.>® Unsurprisingly, centrifugal
microfluidics has been applied to a range of analytical pro-
cesses including enzyme-linked immunosorbent assays,” DNA
extraction,® DNA amplification® and single cell analysis."
However, centrifugal microfluidic platforms lack flexibility in
fluid control when compared to other microfluidic technolo-
gies, since traditional (one degree of freedom, ie. using only
one motor) centrifugal platforms can only pump fluid radially
outwards from the centre of the device, thus limiting the
number and variety of fluidic operations that can be
performed in an integrated manner, and/or necessitating the
use of complex on-chip components to perform simple
operations. "

In recent years, much effort has been focused on increas-
ing the variety of fluidic operations possible within
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three target chambers within a centrifugal microfluidic device.

centrifugal microfluidic platforms. For example, to move
fluid radially inwards, three main methods are typically used.
In the first, air is compressed within a closed cavity on the
outer edge of the device by centrifugal force."*'* When the
devices stops rotating, the pressure in the cavity pumps the
liquid radially inwards. However, there are problems associ-
ated with such a method, including the lack of control over
liquid motion and the difficulty in adding additional steps to
the process (due to the fact that radial motion automatically
occurs once the device stops rotating). The second approach
uses additional components to apply the pressure needed to
drive the fluid radially inward, such as compressed air from
an external gas source” or an integrated air chamber heated
by infrared radiation.*™® Finally, the use of an additional
(and immiscible) liquid can be used to move the analyte radi-
ally inwards."” However, all the above methods do not allow
liquid to be pumped amongst multiple chambers located at
different distances from the device centre. In other words,
process reversibility is limited due to the need to “re-charge”
the chambers used for inward pumping, or the requirement
for additional off-chip components to function. These fea-
tures severely limit the use of contemporary platforms out-
side research laboratory environments.

The limitations associated with directional pumping also
compromise precise control over on-chip components, such
as valves. Valves are critical components in centrifugal micro-
fluidic platforms since they enable operations such as
metering, mixing and dosing. A variety of valves, including
burst valves (hydrophobic valves’” and capillary valves'®'?),
wax valves®® and siphon valves®*! have all been used to good
effect in centrifugal formats. Burst valves are the most

Lab Chip, 2016, 16, 1197-1205 | 1197


http://crossmark.crossref.org/dialog/?doi=10.1039/c5lc01530h&domain=pdf&date_stamp=2016-03-22
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5lc01530h
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC016007

Open Access Article. Published on 19 February 2016. Downloaded on 3/21/2026 10:23:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

commonly used due to their simple structure (a narrow chan-
nel with a sudden expansion®** or a hydrophobic patch>*)
and because they contain no movable parts. DNA hybridiza-
tion,”” nucleic acid analysis,>® and enzymatic assays'® have
all been realized based on the use of burst valves in centrifu-
gal microfluidic platforms. Another type of valve was devel-
oped by Kawali et al., where a manually adjusted valve (a rota-
tional reagent cartridge) was used for fluidic control and
dosing in centrifugal microfluidic platforms.>” However, the
requirement for manual operation limits the automation of
the analytical process.

In traditional centrifugal microfluidic platforms, once a
certain rotational speed is reached all valves whose threshold
pressure is below the pressure generated by the centrifugal
force will open. This means that burst valves cannot be oper-
ated independently without a priori variation of threshold
pressures in the design process. This severely limits the ver-
satility of the platform, with each application requiring a be-
spoke valve layout.

A final and important area where fluid control affects
the applicability of the device is flow switching. Flow
switching is used to direct liquid from one chamber to a
given target chamber. Previous studies®®*° have shown the
use of the Coriolis force to drive the liquid in this manner,
but unacceptably high rotational speeds are normally re-
quired to generate Coriolis forces able drive the liquid. Flow
switching can also be achieved through the use of an external
pressure source;*® however, such an approach is affected by
the previously highlighted problems, and to date has only
been able to switch flows between two target chambers.

Based on the aforementioned limitations to the centrifu-
gal format, we herein describe a novel two degrees of free-
dom (2-DoF) centrifugal microfluidic platform, which allows
complex fluidic control in a direct manner and requires no
external components. Since the addition of a second degree
of freedom is facile and significantly enhances fluidic con-
trol, we expect that the approach will extend the use of cen-
trifugal microfluidic technologies to more complex multi-step
chemical and biological applications. In our platform, two
microfluidic devices are installed on two digital servos and
mounted on each side of a rotating arm driven by a motor.
By adjusting the position of the digital servos, the centrifugal
force applied on the liquid and the direction of its motion
can be controlled (Fig. 1). We demonstrate the versatility of this
platform by showing how the addition of a second degree of free-
dom allows the unconstrained and reversible pumping of lig-
uid in both radial directions, the independent opening of
burst valves relying on the chip position (rather than the ar-
chitectural design or rotational speed) and the on-demand
switching of flow between several different target chambers.
During the preparation of this manuscript we noticed that
Miao et al. and Geissler et al. have recently shown platforms
where a turn table and a stepper motor were used to change
the position of the centrifugal microfluidic device to allow lo-
calized heating®* and to accomplish basic inward pumping,
respectively.”> However, in this work we show the full
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potential and versatility of 2-DoF centrifugal microfluidic
platforms to achieve complex fluid control, demonstrate for
the first time their use to access independent burst valves
and achieve targeted flow switching, and provide design rules
to allow simple designs for challenging fluidic actions to be
adapted to suit different applications.

Experimental methods
Two degrees of freedom centrifugal microfluidic platform

To create a 2-DoF centrifugal microfluidic platform (Fig. 1),
two devices are installed on two digital servos (MX-124,
ROBOTIS, South Korea), which are fixed at the two ends of
an arm driven by a motor (ASD-A2, Delta Electronics, Tai-
wan). Power supply and communication to the digital servos
are realized through a custom designed slip-ring (Moflon
Technology Shenzhen, China) fixed on the shaft of the motor.
The motor rotates the arm to generate centrifugal force, and
the digital servos change the rotational (not translational) po-
sition of each device relative to the centre of rotation of the
motor. At each end of the arm, a small bar is used to trigger
an optical sensor (FS-V11P, Kencycle Enterprise, China).

optical sensor

digital servo

digital servo

slip ring

digital servo

Fig. 1 Photograph of the two degrees of freedom centrifugal
microfluidic platform showing the two microfluidic devices installed
on each end of the arm that is rotated by the motor. The devices are
installed on top of digital servos to provide precise control over the
chip position relative to the centre of rotation. The scale bar is 1 cm. a)
and b) Schematics of how the use of a digital servo affects the
direction of flow in the centrifugal microfluidic platform. a) The digital
servo aligns the position of the chip such that the force acting on the
liquid (blue) in the chamber drives it radially outwards upon spinning
the motor. b) The digital servo adjusts the position of the chip such
that the force acting on the liquid (blue) in the chamber causes it to be
pumped radially inwards upon spinning the motor. The direction of
liquid flow (and of the force acting on the liquid) is shown by red
arrows. Curved arrows show the direction of rotation of both the
digital servo and the motor.

This journal is © The Royal Society of Chemistry 2016
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When the bar passes through the field of view of the sensor,
a pulse signal triggers a high-speed camera (Dalsa HM1400,
Stemmer Imaging, Switzerland). This requires that the motor
rotates the arm at 200 rpm throughout the experiment to al-
low imaging. This spin speed does not cause liquid transport
in our designs. Lighting is provided by an adjustable high-
intensity fiber-coupled illuminator (OSL2, Thorlabs, Ger-
many). An in-house control program was written using
LabVIEW 2014, with position and speed commands to the
motor and digital servo being sent through an RS-232 inter-
face. It is important to note that the electromagnetic field
from the motor interferes with the communication to the dig-
ital servo when the baud rate is set excessively high (such as
20000 s '). Here the baud rate is set to 8000 s .

Chip fabrication

For inward pumping and flow switching experiments, centrif-
ugal microfluidic devices were made of PMMA (poly-
methylmethacrylate) and structured using a CNC milling
machine  (Optimum, Stadelmann  Maschinen AG,
Switzerland). This allowed the direct fabrication of channels
with cross sectional dimensions of 500 x 500 um. The diame-
ter and depth of the chambers used in all experiments were 4
mm and 1.5 mm, respectively. PMMA devices are covered
with transparent tape (Scotch, 3M, Switzerland) to provide
fluidic integrity and ensure that the devices could be reused
after cleaning.'> For the experiments involving the assess-
ment of independent burst valves, microfluidic devices were
made of polydimethylsiloxane (PDMS) using standard soft
lithographic techniques.*® This allowed the facile creation of
structures with feature sizes as small as 30 um. AutoCAD
(Autodesk, 2016) files of the designs used for burst valves
and 3D models (step format) for inward pumping and flow
switching are provided in the ESL}

Results and discussion
Inward pumping
The basic design required to achieve inward pumping be-
tween different chambers in the 2-DoF centrifugal micro-
fluidic platform involves aligning the channel exiting the
chamber containing the liquid to be pumped with the centre
of the motor. Such a design, fabricated using PMMA, is
shown in Fig. 2, where five densely packed chambers are
connected in series, with alternate chambers being located at
the edge and centre of the microfluidic device respectively.
Air vents are only required on the chambers at the start
and end of a chain, with each chamber being connected to
its neighbours by a channel containing two segments. The
channel design depends on whether the chamber is at the
end or in the middle of the chain. For chambers between the
initial and final chambers, the angle, §, between the two
channels connected to a given chamber is designed to be at
least 90°, so as to avoid driving the fluid into the opposite
channel (channel segments m and n in Fig. 2, for example).
The angle between channel segments m and t (which connect
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Fig. 2 Scale drawing of a design used to pump fluid radially inwards
and outwards between a set of 5 chambers within a 2-DoF centrifugal
microfluidic platform. Uppercase letters denote chambers and lower-
case letters denote channel segments highlighted by dashed boxes. Air
vents are included in the initial and final chambers (A and E), and all
other chambers are connected by two channels. The angle, 5, between
the two channels connected to the same chamber was designed to be
90¢°, as shown for example in the case of channels n and m. The scale
bar is 5 mm.

chamber A to chamber B) was also designed to be greater
than 90° to avoid residual liquid collecting at the junction of
the two channels.

The short channel segments exiting chambers A and E
(the initial and final chambers) are designed so that the fluid
cannot be “accidentally” pumped out of the air vents. To en-
sure this feature, a line drawn from channel segment p, the
exit channel of chamber A, for example, should be co-linear
with the motor, as should the entrance channel for the next
chamber, in this case channel segment m leading to chamber
B. This means that lines extending from segments p and m
must intersect at a point on a circle with a radius correspond-
ing to the distance between the centres of the digital servo
and the motor. Accordingly, when the fluid is pumped from
chamber B to chamber A (or from chamber D to chamber E),
it will not be driven out through the air vents.

The two steps required to pump liquid between chambers
(radially inwards and radially outwards) are aligning and spin-
ning. First, the device is positioned using the digital servo so
that the short channel at the exit of the chamber initially
holding the fluid is collinear with the centre of the motor.
Then, the device is rotated (using the motor) to cause liquid
transfer into the target chamber. This process is shown in de-
tail in Fig. 3 and in Video S1 in the ESLf It is important to
note that although five chambers are used in the current ex-
ample, there is no limit on the number of chambers that can
be used as long as the design parameters described above are
obeyed. It is interesting to note that previous studies only
pump fluids between a maximum of 3 chambers. For exam-
ple, Salin et al. managed to pump liquid radially inwards and
outwards using an external gas cylinder between multiple
chambers but in an irreversible fashion.”

Since pumping between chambers requires two operations
with device rotation occurring in both, the optimum spin

Lab Chip, 2016, 16, 1197-1205 | 1199
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Spinning speed (rpm)

Fig. 3 Schematics (top) and images (middle) showing radial inward
and outward pumping in a 2-DoF centrifugal microfluidic platform. In
each schematic, a curved arrow shows the direction of rotation of the
motor and a straight arrow shows the direction of liquid flow due to the
alignment of the channel exiting the liquid-containing chamber with
the motor. In ¢), e) and g), an additional curved arrow shows the direc-
tion of rotation of the digital servo. There are two key steps involved in
the pumping process: aligning and spinning. a) Original position of the
device with the fluid to be pumped injected into chamber A. The short
channel that exits chamber A is collinear (aligned) with the motor to
ensure that b) upon spinning the device at 1300 rpm the fluid from
chamber A is pumped into chamber B. c) To pump the fluid from
chamber B to chamber C, the digital servo spins the device at 200 rpm
to align the short channel that exits chamber B in the direction of
chamber C so that it is collinear with the motor and hence d) upon
spinning the centrifugal microfluidic device at 1300 rpm the fluid is
pumped from chamber B to chamber C. The steps shown in c) and d)
are repeated in e) and f) and in g) and h) to pump the fluid from cham-
ber C to chamber D and then to chamber E respectively. Chambers A
and E have air vents. The scale bars are 1 cm. The graph (bottom)
shows the motor spin speeds (black line) and digital servo angular po-
sitions (blue line) required to achieve inward pumping. Time points a to
h on the x-axis refer to images a) to h) above. Low spin speeds of the
motor (200 rpm) are required when the digital servo is being adjusted
to the desired position for the next fluidic action to ensure that no fluid
is pumped between steps. High spin speeds (over 1300 rpm) are re-
quired to pump the fluid into target chambers. The angle to which the
digital servo is set to ensure that the correct channel is aligned to the
motor is shown for each step (blue line). It is important to note that
spin speeds depend on a variety of properties such as liquid viscosity,
liquid density, surface tension, device surface characteristics and chan-
nel geometry.
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speeds for each step were determined to ensure full control
over the fluid position and to avoid unwanted leakage. As
shown in Fig. 3, a rotational speed of 1300 rpm ensures that
the fluid is driven into the target chamber. During adjust-
ment of the chip position, the spin speed of the motor is de-
creased until the centrifugal force is insufficient to drive the
fluid from the chamber (200 rpm in these experiments to al-
low continuous imaging of the chip) and during alignment
the digital servo spins at 200 rpm. Video S1 in the ESI{ shows
the process of inward and outward pumping from the initial
(A) to the final (E) chamber and back. The data presented
herein shows controllable, reproducible and reversible
pumping between 5 chambers, both radially inwards and ra-
dially outwards using a 2-DoF centrifugal microfluidic plat-
form. In all cases, the liquid is transferred efficiently between
the chambers.

Independent burst valves

The second degree of freedom added to a centrifugal micro-
fluidic platform by the addition of a digital servo can also be
used to access identical burst valves independently. To dem-
onstrate this feature, three identical burst valves were placed
on a circular path in a centrifugal microfluidic device fabri-
cated using PDMS, separated by the same angle, 0 (Fig. 4).
Using a uniform rotational speed of the motor, the burst
valve that is co-linear with the centre of the motor experi-
ences the highest pressure and hence bursts open, whilst all
other (identical) valves in the microfluidic platform remain
closed. Accordingly, using the digital servo to adjust the posi-
tion of the chip allows each valve to be opened independently
when the applied pressure is larger than the threshold value
for the valve.

The burst valves consist of a narrow channel with a height
and width of 30 um accessed by a rectangular expanding
structure (see the inset in Fig. 4). The pressure, P, applied to
the fluid held in this rectangular structure by the unopened
valve is given by,

P =pw?[R +71+2Lcos(9)](R - r)/2 (1)

where p is the density of liquid, o is the spin speed, R is the
distance from the start of the valve to the centre of the digital
servo (in this case 15 mm), r is the distance from the liquid
surface in the injection chamber to the centre of the digital
servo (in this case 5 mm), L is the distance between the cen-
tre of the digital servo and that of the motor (in this case
36.5 mm) and 6 is the angle between the channel and the
line between the centres of the motor and the digital servo
(in this case 30°).

Eqn (1) shows that the pressure decreases with the value
of 6, and therefore when 6 is 0 the pressure reaches its
highest value. This means that when the channel leading to a
burst valve is co-linear with the centre of the motor, that
burst valve is subjected to the highest pressure upon rota-
tion. Hence, to independently operate the identical burst

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Schematic of the chip design required to independently access
identical burst valves using a 2-DoF centrifugal microfluidic platform
(design 1). A, B and C denote the three independent burst valves in this
chip, which are designed around the centre of the chip and separated
by an angle, 6. The inner dashed circle denotes the level of the liquid
filling the chamber leading to the burst valve that is collinear with the
motor, in this case B, and has a radius r. Each burst valve is composed
of a dosing chamber (filled with a blue liquid in the figure), a wide
channel (200 pm, as shown in the inset) and a narrow channel (30 um,
as shown in the inset). The 30 um section of the valve has a length of
50 pum (as shown in the inset). The outer dashed circle denotes the
starting point of the 30 um section of the valve, and has a radius R. L
denotes the distance between the centre of the motor and the centre
of the digital servo (L is not shown to scale here). The height of all
channels in the device is 30 um. All chambers are equipped with air
vents, which in the dosing chambers double as inlets. All target cham-
bers are equipped with a dividing wall to allow the liquid to fill the
chamber efficiently. The scale bar is 5 mm.

valves, in a fashion analogous to the steps required for in-
ward pumping described above, two steps are required. First,
the digital servo is used to align the target valve such that it
is co-linear with the motor, and then the motor rotates the
chip until the valve is opened (Fig. 5 and Video S2 in the
ESIY).

The opening pressure threshold of the burst valves with
the same dimensions lies over a range of values (P, to
Phax)- When valve B, for example, is collinear with the centre
of the motor, the pressure in valve B should be higher the
highest threshold (Py,.x) and the pressure in valves A and C
should be lower than the lowest threshold (P;,), as shown
in eqn (2):

Po < p@* (R=r)(R+7r+2LY2

P. > pa)z(R—r)|:R+r+2Lcos(¢9):|/2

min

)

Therefore the range of operational spin speeds can be de-
fined as:

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Schematics (top) and images (bottom) showing independent
burst valves (design 1) in a 2-DoF centrifugal microfluidic platform. In
each schematic, a curved arrow shows the direction of rotation of the
motor, and in c) and e) an additional curved arrow shows the direction
of rotation of the digital servo. Overall, there are two steps required to
open a specified burst valve: aligning and spinning. a) Original position
of the device where valve B is co-linear with the motor and is hence
the valve targeted to be opened. b) The 2-DoF centrifugal microfluidic
platform is spun at 850 rpm and burst valve B opens to allow fluid
flow. c) The digital servo spins the chip at 20 rpm such that valve C is
co-linear with the motor but liquid flow is not caused and hence d)
when spinning the motor at 850 rpm valve C opens. ) and f) Show the
same steps used to open valve A. The scale bars are 1 cm.

2})ma‘< 2})min
\/ (3)

\p(R+r+2L)(R-r) sos p[R+r+2Lcos(0)|(R-r)

In the current experiments, the threshold pressure of
the burst valves is between 2797 and 3054 Pa, and
according to eqn (3) the range of operational spin speeds is
between 843 and 855 rpm. Accordingly, the spin speed was
set to 850 rpm.

The minimum angle between adjacent burst valves for de-
sign 1, 6; min, determines the density of valves that can be
integrated into a single device. From eqn (2) we find that:

0 > arccos L
(R-r)pa’

-(R+ r)}ZL (4)
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0, i = ATCCOS {{M}W - (R + V):|/2L}
— arccos Pmin (R+r+2L)—(R+}’) 2L
Pl]lﬂx (5)

_ [P ( P J + R}
= arccos| 2 —| ] - |——
P B ) 2L
> arccos( P/ Pra)

Therefore, the highest density of identical burst valves
that can be designed in a single centrifugal microfluidic plat-
form and still be accessed independently can be predicted. In
our experiments, 0; min is calculated as 26.25°, and we there-
fore designed 6 to be 30°.

In the design shown in Fig. 5 (design 1), the working ranges
of the spin speed and the valve density are both relatively nar-
row. An alternate design is shown in Fig. 6 (design 2), where the
burst valves are designed such that they sit between the centres
of the digital servo and the motor rather than on the edge of
the chip as in design 1. The working principles are the same as
in design 1, and hence the pressure applied on the valve is:

P =pw*(R - 1)[2Lcos(6) - R - 1]/2 (6)

This pressure also decreases with the angle, 6, which
means that the burst valve is subjected to the highest pres-
sure when the channel connected to the burst valve is co-
linear with the centre of the motor. Hence, aligning the chan-
nel of the target valve to ensure that it is co-linear with the
centre of the motor and application of the required motor
spin speed enables independent operation of the burst valves
as shown in Fig. 7 and Video S3 in the ESLf

In a similar manner to design 1, the working range of spin
speeds (eqn (7) and (8)) and the minimum angle between the
valves (eqn (9) and (10)) can be calculated, i.e.

P )
> pa&*(R-r)[(2Lcos(@)— R—r)/2

min

{P < po*(R-r)2L-R-r)/2

2P, o< 2P,
p(2L-R-r)(R-r) “ p|2Lcos(6)-R—r |(R-r) (8)

0>arccos{(R2P"j'"z+(R+”)]/2L} ©
0y pyin = AICCOS {{(R_z}f;# + (R + I’)}/ZL}

Fuin —R-r r
:arccos{[})nm(ZL R )+(R+ )]/2[} (10)

P P r+R
=arccos| —M 4| ] - |

})msx Pmax 2L
< arccos (P /P )

min max
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Fig. 6 Schematic of the chip design required to independently access
identical burst valves using a 2-DoF centrifugal microfluidic platform
(design 2). It is important to note that the collection chambers can be
placed closer to the dosing chambers (shown filled with a blue liquid
in the figure) if required. A, B and C denote the three identical inde-
pendent burst valves in this chip, which are designed around the cen-
tre of the chip and separated by the same angle, 0. The outer dashed
circle denotes the level of the liquid filling the chamber leading to the
burst valve that is co-linear with the motor, in this case B, and has a ra-
dius R. Each burst valve is composed of a dosing chamber (filled with a
blue liquid in the figure), a wide channel (200 um, as shown in the in-
set) and a narrow channel (30 um, as shown in the inset). The 30 um
section of the valve has a length of 50 um (as shown in the inset). The
inner dashed circle denotes the starting point of the 30 um section of
the valve, and has a radius r. L denotes the distance between the cen-
tre of the motor and the centre of the digital servo. The height of all
the channels in the device is 30 um. All chambers are equipped with
air vents. The scale bar is 5 mm.

In this design, the working range is increased to between
1512 rpm and 1909 rpm, and 6, i, (the minimum angle be-
tween adjacent burst valves for design 2) decreases to 13.2°,
allowing more efficient packing of the burst valves in the cen-
trifugal microfluidic platform.

This is calculated using eqn (3) and (8), so that we can cal-
culate the ratio of maximum and minimum spin speeds for
both designs:

wl _max

_[2reRer | 20[1-cos(9)] 1)
O in \2LC0S(0)+ R+r 2Lcos(0)+ R+r

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Schematics (top) and images (bottom) showing independent
burst valves in the 2-DoF centrifugal microfluidic platform (design 2).
In each schematic, a curved arrow shows the direction of rotation of
the motor, and in c) and e) an additional curved arrow shows the di-
rection of rotation of the digital servo. Overall, there are two steps re-
quired to open a specified burst valve: aligning and spinning. a) Origi-
nal position of the device with valve B aligned to be opened. The
channel connecting valve B is collinear with the motor to ensure that
only valve B is opened when the centrifugal microfluidic platform is
spun. b) The 2-DoF centrifugal microfluidic platform is spun at 1700
rpm and burst valve B opens to allow fluid flow. These steps are re-
peated, as shown in c¢) and d) and in e) and f), to open valves A and C
respectively. In all cases the alignment step takes place using the digi-
tal servo at 15 rpm. The scale bars are 1 cm.

Oy _ [ 2L-R-r | 2L[1-cos(0)] (12)
@) i \2LcoS(0)=R—r 2Lcos(0)-R-r
From (eqn 11) and (12) it follows that
1) O, o
2_max > 1_max ( 1 3)

2_min a)l _min

Thus in design 2, the working range of spin speeds is
wider than that in design 1. From eqn (5) and (10), we can
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show that design 2 can operate with a higher density of burst
valves than design 1:

Hzfmin < arccos (Pmin/Pmax) < alfmin (14)

Flow switching

A final example of the enhanced control over the fluid posi-
tion in 2-DoF centrifugal microfluidic platforms is flow
switching. Here, flow switching means choosing the chamber
into which fluid will be pumped from a given starting cham-
ber. In the design shown in Fig. 8 there are three target
chambers (B, C and D) on the outside edge of the device and
one original chamber (A) near the centre of the chip. The
steps required to achieve pumping of the fluid into the
targeted chamber are again aligning and spinning. When
channels m, n or t are co-linear with the motor the fluid will
be pumped into chambers B, C and D respectively (as shown
in Fig. 9). Compared with previously published work on tradi-
tional centrifugal microfluidic platforms,”*° flow switching
in a 2-DoF centrifugal microfluidic platform is performed at
lower spin speeds and in a configurable manner.

The design parameters required for flow switching to work
in this 2-DoF centrifugal microfluidic platform are simple.
The angles between all the channels exiting the input cham-
ber (chamber A) are set to 90°. These are shown as the angles
between channels m and n, and between channels n and t in
Fig. 8. There is an air vent in each of the target chambers
(chambers B, C and D) with each designed to be parallel with

T~ . — (7) digital servo N

inlet

Fig. 8 Schematic of a design that uses a 2-DoF centrifugal micro-
fluidic platform to achieve targeted flow switching. The flow switching
device is designed to enable fluid to be pumped from an original
chamber (A) to one of the target chambers (B, C or D) on demand. All
target chambers are equipped with air vents. When channels m, n or t
are collinear with the centre of the motor, the liquid will be pumped
into chambers B, C and D respectively. The scale bar is 5 mm.
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Fig. 9 Schematics (top) and images (middle) showing targeted flow
switching in a PMMA 2-DoF centrifugal microfluidic platform. In each
schematic, a curved arrow shows the direction of rotation of the mo-
tor, a straight dashed line shows the alignment of the channel exiting
chamber A with the motor, and in c) and e) an additional curved arrow
shows the direction of rotation of the digital servo. Pumping of fluid
into the targeted chamber is a two step process. a) Firstly, the digital
servo is used to align the channel exiting chamber A towards the target
chamber to be collinear with the motor at 50 rpm to ensure that no
fluid movement occurs; b) secondly, at high (1500 rpm) motor spin
speeds, the liquid in chamber A is pumped into chamber C. c) To per-
form the same action with chamber B as the target chamber, more lig-
uid is injected into chamber A and the exit channel from chamber A
towards chamber B is aligned to be collinear to the motor using the
digital servo operating at 50 rpm. d) At high motor spin speeds, the lig-
uid is pumped from chamber A to chamber D. These steps are re-
peated in e) and f) to pump the liquid from chamber A to chamber B.
The scale bars are 1 cm. The graph (bottom) shows the motor spin
speeds (black line) and digital servo angular positions (blue line) re-
quired to achieve flow switching. Time points a to f on the x-axis refer
to images a) to f) above. Low spin speeds (50 rpm) are required when
the digital servo is being adjusted to the desired position for the next
fluidic action to ensure that no fluid is pumped between steps. High
spin speeds of the motor (over 1500 rpm) are required to pump fluid
into the target chambers. The angle to which the digital servo is set to
ensure that the correct channel is aligned to the motor is shown for
each step (blue line). In contrast to previous examples, in this experi-
ment the motor spin speed is set to 0 rpm between each step to allow
a new liquid to be dosed into chamber A.
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the channel that functions as the inlet to the target chamber,
to ensure that no fluid exits through the air vents. At every
junction between different segments of a single channel, the
angles are designed to be larger than 90° to avoid residual
fluid collecting at the junction of the two channels (such as
the junction of channel segments p and q in Fig. 8). The
targeted dosing of selected chambers from a common input
chamber is shown in detail in Fig. 9 and in Video S4 in the
ESL}

Conclusions

Herein we have shown a novel centrifugal microfluidic plat-
form with two degrees of freedom, instead of the single de-
gree of freedom common in traditional centrifugal platforms.
This additional degree of freedom allows fluidic operations
that were previously deemed either excessively complex or in-
accessible to be easily and reproducibly performed in a
configurable manner. We demonstrate efficacy by performing
three basic fluidic operations, namely controllable inward
pumping, opening of independent burst valves and targeted
flow switching. We demonstrate the ability to pump fluids ef-
ficiently in a fully reversible fashion between multiple cham-
bers using no external equipment. The improved fluidic con-
trol enables burst valves to be operated independently from
each other, even when they have an identical structure. Two
designs for burst valves were tested to show the validity of
the mathematical model used in the design process. This
model allows the valve design to be adjusted such that the
valve density and the range of spin speeds can be targeted to-
wards a specific application. Finally, we show how the addi-
tion of a second degree of freedom allows flow switching be-
tween several target chambers. Since the addition of a second
degree of freedom is simple, inexpensive, can be accom-
plished by minimal modifications to traditional centrifugal
microfluidic platforms and provides significant advantages
with regard to fluid control, we envision that 2-DoF centrifu-
gal microfluidic platforms will become the norm for studies
performed on centrifugal microfluidic platforms in the near
future.
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