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Abstract

In this paper we present a wirelessly powered array of 128 centrifugo-pneumatic valves that can be thermally
actuated on demand during spinning. The valves can either be triggered by a predefined protocol, wireless
signal transmission via Bluetooth, or in response to a sensor monitoring parameters like temperature or
homogeneity of the dispersion. Upon activation of a resistive heater, a low-melting membrane (ParafilmTM)
is removed to vent an entrapped gas pocket, thus letting the incoming liquid wet an intermediate dissolvable
film and thus open the valve. The proposed system allows up to 12 heaters to be activated in parallel with
a response time below 3 seconds, potentially, resulting in 128 actuated valves in under 30 seconds. We
demonstrate with three examples of common and standard procedures how the proposed technology could
become a powerful tool for implementing diagnostic assays on Lab-on-a-Disc. First, we implement wireless
actuation of 64 valves during rotation in a freely programmable sequence, or upon user input in real time.
Then, we show a closed-loop centrifugal flow control sequence where the state of mixing between reagents
evaluated from stroboscopically recorded images triggers the opening of valves. In our last experiment
valving and closed-loop control are used to facilitate centrifugal processing of whole blood.

Keywords: Wireless actuation, centrifugo-pneumatic valves, Lab-on-a-Disc, centrifugal platform,
automation, closed-loop control

1. Introduction

Increasingly over the past decade, centrifugal microfluidic systems (Ducrée et al., 2007; Madou et al.,
2006; Strohmeier et al., 2015; Smith et al., 2016) have been developed for a variety of application fields
such as biomedical diagnostics (Gorkin et al., 2010; Tang et al., 2016) and environmental monitoring (Smith
et al., 2016; Kong and Salin, 2012; Hwang et al., 2013; Czugala et al., 2012). The cartridges, which have
dimensions akin to commonly available optical data media such as CDs or DVDs, are typically rotated by a
versatile and compact instrument featuring a conventional spindle motor. A major advantage of this Lab-
on-a-Disc (LoaD) platform is their inherent capability to centrifuge samples, extremely useful for Laboratory
Unit Operations (LUOs) (Strohmeier et al., 2015) for blood processing (Kinahan et al., 2014b, 2016b) and
particle / cell handling (Glynn et al., 2013; Burger et al., 2012). These LoaD devices can be designed
to process and analyse the sample in a fully automated fashion, thus making them particularly useful for
decentralised testing, e.g., in point-of-care scenarios (Smith et al., 2016).

However, as all liquids on-disc are simultaneously subjected to the centrifugal field, flow control elements,
such as valves, have become fundamental enabling technologies for coordinating sample preparation steps
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such as mixing, metering, reagent release and other LUOs. Valving on the centrifugal platform can be
categorised into active (externally actuated) and passive (rotationally controlled) schemes.

Passive valves switch upon changing the spin rate. This type of valve is based on unbalancing the hydro-
static equilibrium between rotationally induced hydrostatic pressure and the other forces acting on liquid
elements such as pneumatic (counter) pressure or capillary force; thus, the key advantage is that the only
control input required is modulating the spin-rate of the system innate spindle motor. The high-pass ver-
sion of this valving type yields upon exceeding a certain rotational frequency; these include capillary burst
valves (Chen et al., 2008; Moore et al., 2011; Thio et al., 2013; Li et al., 2010; Haeberle et al., 2006),
centrifugo-pneumatic dissolvable film valves (Gorkin III et al., 2012; Nwankire et al., 2014, 2015; Mishra
et al., 2015), burstable foils (van Oordt et al., 2013), elastomeric membranes (Hwang et al., 2011) and dead-
end pneumatic chambers (Mark et al., 2011). On the other hand, low-pass valves open upon a reduction of
the rotational frequency. These flow control elements include conventional (hydrophilic) siphons (Siegrist
et al., 2010; Kitsara et al., 2014) and pneumatically enhanced centrifugo-pneumatic siphon valves (Gorkin III
et al., 2010; Godino et al., 2013; Schwemmer et al., 2015). Recently, Kinahan et al. (2014a, 2015, 2016c) in-
troduced event-triggered valves, whereby liquid arriving at strategically chosen points on the disc dissolves
a film and, by venting an interconnected pneumatic chamber, triggers the release of liquid from a distal
reservoir. For further details on these valving technologies, the reader can refer to the cited literature.

Platforms enabled by active valves typically offer greater levels of integration density compared with the
rotationally actuated valves, but at the expense of increased cost and complexity. However, the decreasing
cost, improved ease-of-use and availability of micro-components has resulted in increasing popularity of such
valving schemes. Externally actuated valves can broadly be characterised as those for which a peripheral
instrument (other than the platform-innate spindle motor) transfers energy to the disc.

The range of interaction methods that have been implemented include, connection to external pressure
sources, such as an external dry compressed air tank connected through an outlet tube (Kong and Salin,
2010, 2012), or in a more elegant way as reported by Clime et al. (2015), with the integration of regulated
and programmable electromechanical pumps and valves.

A second method is to induce phase changes in plugs made of paraffin wax (Abi-Samra et al., 2011;
Al-Faqheri et al., 2013; Zainal et al., 2017), ferrowax (Lee et al., 2011; Park et al., 2007) or thin polymer
films (Garcia-Cordero et al., 2010). These materials are used as physical barriers and their phase transition
is used to open or close a channel when radiating thermal energy directly onto them. Radiation sources
include a solid-state laser (Garcia-Cordero et al., 2010; Lee et al., 2011; Park et al., 2007), a pair of electro-
magnetically coupled RF resonators (Zainal et al., 2017) where the receiver coil acts as a heater, a focused
halogen lamp (Abi-Samra et al., 2011), or even by positioning a hot-air gun closely to the surface of the
microfluidics disc (Al-Faqheri et al., 2013). There is also the possibility of freezing a small amount of the
liquid creating a tight seal, known as ice-valves (Amasia et al., 2012).

A third method is to integrate external electromechanical devices to exert a force over the disc. For
example, in (Carpentras et al., 2015; Kinahan et al., 2016a; Kim et al., 2016; Cai et al., 2015) components
such as magnets (Carpentras et al., 2015), screw-like elements (Kim et al., 2016), a blade (Kinahan et al.,
2016a), or even a spring plunger (Cai et al., 2015) were incorporated to the centrifugal platform. These
components lift off movable plugs (Carpentras et al., 2015), pierce membranes (Kinahan et al., 2016a),
or press against either an elastic epoxy diaphragm embedded on the disc (Kim et al., 2016), or a PDMS
microchannel (Cai et al., 2015) present in it. Another method requires a secondary rotation of the chip to
change the relative direction of the centrifugal field (Kawai et al., 2013; Geissler et al., 2015; Miao et al.,
2015; Zhu et al., 2017; Wang et al., 2013).

Full integration of active valving on-disc requires not only the valving method but the inclusion of a
wirelessly powered system (Zhu et al., 2017; Loo et al., 2017; Torres Delgado et al., 2016a; Höfflin et al.,
2015; Torres Delgado et al., 2016b). Therefore, we combine the previously introduced ‘electrified Lab-
on-a-Disc’ (eLoaD) platform (Torres Delgado et al., 2016a,b) with the dissolvable film valves introduced
in (Kinahan et al., 2014a, 2015, 2016c) and an array of resistive heaters to produce a platform which
can actuate up to 128 valves in a time and rotation speed -independent sequence. The platform can be
controlled using two methods. In the first, an internal script preloaded in the platform can automatically
execute a defined and accurately timed sequence of valve actuation. The second method allows arbitrary
actuation and relies on sending commands over Bluetooth to the controller.

To demonstrate the capabilities of this wirelessly powered platform and exemplify how it could become a
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Figure 1: (a) Disc featuring 128 wirelessly powered and controlled micro-heaters for independent actuation of the normally-closed
valves. (b) Valve operation and (c) platform concept showing the three control options – internal timing, manual control via an
Android app and closed-loop or manual control via a Windows PC. (d) Exploded view of the platform (adapted from (Torres Delgado
et al., 2016a)). (e) The assembled system showing a commercial phone charger (transmitter coil) mounted above the spin-stand (f)
IR thermography during testing of the system. Note the heated resistors correspond to those manually activated using the android app
(See Movie-S1 available as supplementary material).

powerful tool for diagnosis experiments we include several application examples with increasing complexity.
First, we use it to actuate valves in a defined sequence on a disc with 64-valves, this shows the independence
of the switching sequence from physical properties like the spin rate. We then use colour based closed-loop
image analysis to mix dyed water with salt water through ‘shake-mode’ Euler-force mixing (Kinahan et al.,
2015) exposing in this way, the capability to trigger the valves based on measurement results from the disc.
Finally, for the last experiment, both, the valving and closed-loop control are used to facilitate a standard and
one of the most common procedures used in implementing diagnostic assays on Lab-on-a-Disc, centrifugal
processing of whole blood.

2. Material and methods

This section describes the design and implementation of the circuitry that in combination with the eLoaD
platform (Torres Delgado et al., 2016a,b) enables the control of up to 128 resistive heaters as part of a novel
active valving method. The described circuitry makes the actuation method and its full integration into the
(also described) rotating platform possible. The following subsections also explain the design and fabrication
method of the microfluidic discs, as well as the hardware and software necessary for the proper execution
and interfacing of the experiments (See Fig. 1 and Movie-S1 available as supplementary material).

2.1. The eLoaD platform

The eLoaD platform allows continuous measurement of experimental parameters during spinning. It is
conceived in a modular manner, whereby an interchangeable and non-disposable ‘Application Disc’ can be
specifically designed and fitted to the eLoaD platform and so the system can be adapted for a range of optical,
electrochemical and other sensing and actuation mechanisms (Torres Delgado et al., 2016b,a).

The platform comprises a wireless power receiver and an Arduino compatible microcontroller. The power
receiver is part of the 5 W-series of the Qi Standard for wireless power transfer (WPC, 2016), more commonly
used to charge smartphones. The microcontroller, based on the ATmega32U4, has 17 digital input/output
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pins (0 V or 5 V), 6 of which can be used as Pulse-Width Modulation (PWM) outputs (used, for example,
for regulated heating) and 12 as analogue inputs. It also integrates the necessary channels for internal
communication among the microcontroller, sensors, actuators, and the user such as the Inter-Integrated
Circuit (I2C) and Serial Peripheral Interface (SPI) communication protocols. The platform also features an
SD-card module for when large data acquisition is needed and a Bluetooth module for real time bidirectional
communication.

As stated in (Torres Delgado et al., 2016b,a), after transmission, rectification and regulation losses, the
available power to sustain the platform is at least 4 W. The end user can then select the modules needed for
a specific experiment and switch off the rest. The available power for the Application Disc depends on the
number of active modules. However, a minimum of 3.5 W is even guaranteed when all modules are in use.

2.2. Application Disc for thermal actuation of microfluidic valves

As mentioned before the ‘Application Disc’ is a second interchangeable and non-disposable printed circuit
board (PCB) specifically designed to fit on the eLoaD platform, adapted to the particular applications, in
this case as a valving mechanism. The Application Disc employed during our experiments (in Sec. 3) is a
12 cm-diameter disc made of a standard double-sided PCB with 2 conductor layers of 35 µm-thick copper and
a 1.5 mm-thick FR4 substrate. The actual Application Disc can be seen in Fig. 1(a). This disc was fabricated
using commercially available PCB manufacturing technology. Sensors and actuators are usually located on
the top layer of the Application Disc in direct contact with the fluidic disc, while the rest of components of
the circuitry in use (e.g. driving, control, amplification, filtering) lay on the bottom side.

The architecture of the microfluidic disc and the number of valves used will depend entirely on the
protocol to be executed. Therefore, the number of resistive heaters used for that specific protocol will
differ too. However, for validation and demonstration of the capabilities of the proposed valving method,
a modular and multi-purpose electronic layout was developed, for which we considered both the electrical
and thermal aspects.

2.2.1. Application disc’ top layer: array of resistive heaters

The overall thermal resistance is mainly determined by the printed circuit board design, assembly of
the platform and the environmental conditions surrounding the experiment setup. As opposed to ideal
PCB design which is optimized for the electronic layout and the components’ position for enhanced heat
dissipation into the substrate material, our goal was to maximise heat transfer into the microfluidic disc for
melting the ParafilmTM layer. In Sec. 3.1, we further investigate structuring possibilities.

We chose surface-mount (SMD) resistors in a 0603 package as the heater elements because of their:

• size and level of integration: 0603 SMD components are extremely compact (1.6 mm by 0.8 mm), highly
integrable and, if chosen and placed properly, no thermal cross-talk between an active heater and
neighbour ParafilmTMmembranes occurs. This allows having a dense array of individually addressable
microfluidic valve actuators implemented on a single layer of a printed circuit board.

• high power density: the electrical current passing through a resistor is proportional to the voltage being
applied across its terminals. The electrical power dissipated by an active resistor is, also proportional
to the temperature the component reaches. In this case we applied 5 V to 100 Ω resistors, resulting in
250 mW being consumed by each resistor.

• response time: as discussed in detail in Sec. 3.1, within a few seconds a resistor can reach temperatures
of about 100 ◦C.

• modularity: very simple circuitry is needed to activate the resistors, because the actuation relies solely
on digital (ON-OFF) signals.

Given that the available power on the platform is limited, there is a trade-off among the size of the
heaters, the temperature that they can reach, and the power density of these. We performed several tests
(not shown here) to carefully evaluate these characteristics, and finally selected 100 Ω SMD resistors with an
encapsulation type 0603. The length and width of the resistors are 1.6 mm and 0.8 mm, respectively. The top
side of the Application Disc (shown in Fig. 1(a)) fits an array of 128 of these resistors arranged in concentric
circular patterns.
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Figure 2: Schematic of the Application Disc’s driving circuitry. The microcontroller (µC) is connected to eight port expanders (IO
Expander x) resulting in 128 individually controllable outputs. Each output is then connected in series with an N-type MOSFET (Qx)
that provides the resistive heater (Rx) with the electrical power needed to melt the Parafilm.

2.2.2. Application disc’ bottom layer: driving circuitry

The bottom side of the Application Disc has the needed circuitry to individually drive each resistor. Fig. 2
shows a schematic of the driving circuitry. Since the microcontroller has a limited number of digital outputs,
we used the I2C communication protocol that allows for several components, in this case eight expanders (IO
Expander 1 to 8)(PCF8575 from Texas Instruments) to be connected to the microcontroller (µC) using only
two communication lines (SDA and SCL). These eight expanders with 16 outputs each, made a total of 128
individually controllable digital outputs. Since the maximum current of each 5 V output of the expanders
is only 25 mA, identical to the microcontroller’s outputs, the resistors (R 1 to 128) of 100 Ω cannot be
connected directly (5 V/100 Ω = 50 mA). Instead, each output of an expander is connected to switch an N-
type MOSFET (Q 1 to 128)(2N7002F from Philips Semiconductors) wired in series with the corresponding
resistor, allowing the 50 mA of current to flow through it, directly from the main 5 V supply. The circuitry
on the Application Disc consists then of 128 active channels, allowing to safely operate up to 12 valves in
parallel according to the characterization shown in Sec. 3.1. Although the count of electronic components is
high, due to their small size, they were integrated effortlessly on the Application disc.

2.3. User interface

The user can interface with the system using the SD-card or the Bluetooth modules. For example, the
execution of a predefined and accurately timed valve control sequence loaded into the SD-card can be started
via an external excitation, such as an external interrupt or Bluetooth signal, or simply by a predefined delay
after the power transmission has started.

The eLoaD platform accommodates an HM-11 low energy Bluetooth module (BLE 4.0) which consumes
only one tenth of the power needed for classic Bluetooth technology (BT 2.1), while maintaining the same
range of communication at a lower energetic cost and size. This module constitutes a universal and easy
to use wireless communication link between the Arduino-based eLoaD platform and Windows, iOS, and
Android (4.3+) devices. For the case of Windows devices, it is possible to establish communication if the
device has already a low energy Bluetooth module, or through a USB dongle in case it does not. It is
fair to mention that, because the low energy Bluetooth modules are new to the market, they require more
code development on both the Arduino and the operative system sides. Presentation of the necessary code
and further optimisation is beyond the scope of this paper and is envisaged to be the subject of a future
publication in a more focused journal.

The Bluetooth module can be used for executing either manual or automatic control. ‘Automatic control’
refers to a defined sequence execution, but now transmitted during the experiment from an external device
(smartphone, tablet or a PC). Automatic control can happen in response to a set of time-dependent triggering
signals or as a result of a change in the state of variable that is being monitored (e.g. mixing or sedimentation
state or sample temperature). ‘Manual control’ requires the user to decide which valve to open and when
during spinning (See Fig. 1(f) and Movie-S1 available as supplementary material). We programmed two
user interfaces, one to be used with Android-based portable devices and another for a Windows PC running
LabVIEW. On a Windows PC we were able to integrate the code needed for motor control and image analysis
in LabVIEW with our user interface, therefore allowing for real time interaction and live measurements of
the fluid flow in the disc, as well as closed-loop control of LUOs.
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2.4. Microfluidic disc: manufacturing process

The discs used in this study were manufactured using Xurography (Bartholomeusz et al., 2005) as pre-
viously elucidated (Kinahan et al., 2014a, 2015) in a multilayer architecture, from layers of Poly(methyl
methacrylate) (PMMA) and layers of Pressure Sensitive Adhesive (PSA) (Gorkin III et al., 2012; Kinahan
et al., 2014a).

Microchannels were created from voids in PSA (50 µm thick) using a knife-cutter (CraftRobo Pro, Graph-
tec, USA), while larger reservoir structures are created by voids in the PMMA (1.5 mm thick) using a laser
cutter (Epilog Zing, USA). To facilitate the ParafilmTM, the layer configuration previously described (Kinahan
et al., 2014a) was adapted to the one shown in Fig. 5(a).

The dissolvable films (DFs) are prepared by mounting them on PSA to improve sealing and to make
them mechanically stable during assembly (Kinahan et al., 2014a, 2015). One grade of DF was used in this
study; a low-cost film with an opening time, on contact with cold water, of ∼ 6 s and here called E-film
(Barnyarns, Rippon, UK). For the discs used in the mixing and blood processing experiments from Sec. 3,
the DF tabs are integrated into the disc during manufacture by placing them in voids in the DF support layer
and then overlaying them with the DF cover layer. However, for the 64-valve disc an intact sheet of E-film
was sandwiched between the DF cover and DF support layers and then placed across the entire disc.

Pneumatic venting channels were provided in the middle and lower microchannel layers, thus permitting
routing of any valve on the disc to any thermal heater. Venting of the valves was facilitated by vertical vias
located in the base layer. These valves were then sealed by a layer of ParafilmTM which was adhered to the
base using the PSA.

2.5. Spin stand

Images are acquired from a ‘spin stand’, described previously (Grumann et al., 2005a), in which a spindle
motor (Festo EMME-AS-55-M-LS-TS, Esslingen, Germany) is controlled, via a CANOpen interface, using
a custom LabVIEW program. A triggering output signal from the motor is used to synchronise it with a
stroboscopic light source (Drelloscop 3244, Drello, Germany) and a sensitive, short-exposure time camera
(Basler Ace 2040-90uc, Basler, Germany) such that images are acquired at 5 Hz (assuming the motor is
rotating at or faster than 5 Hz). A frame sequence is acquired where the disc appears stationary; thus,
permitting high-resolution stroboscopic observation of liquid flow about the disc.

2.6. Real-time data analysis and control methods

During testing, images are to be acquired from the Basler Ace camera using Basler Pylon software and
saved to a folder on the PC hard-drive in bitmap format. A custom LabVIEW code is used to control the ex-
periments. This code has three components parts; the Bluetooth communication module, the motor control
module and the image analysis module. On startup, the code must be pointed at the folder described above.
During operation, the code continuously monitors this folder and loads into memory the most recently cre-
ated bitmap image. Images are typically loaded within 100 ms of creation and therefore this setup results in
close to real-time monitoring of the camera output.

Next, the user defines a number of Regions of Interest (ROIs) in the acquired frames. These ROIs are
each assigned a unique reference number. The user then defines a series of triggers. Four trigger conditions
can be defined for the colour intensity of a ROI, i.e., if it:

• exceeds a pre-defined value for a set time period.

• decreases below a pre-defined value for a set time period.

• leaves, for a set time period, a defined intensity band.

• matches, for a set time period and within a defined band, the colour intensity of a second ROI.

A capability to weight the intensity in the ROI (based on the values of the Red, Green, Blue (RGB)
channels) was included, white being the highest (all three colour values are at maximum) and black being
the lowest (all three colour values are at zero) intensity. In addition, to compensate for variations in strobe
intensity, a capability to normalise signals relative to another ROI was also included. However, due to the
stability of the acquired images, this feature was not used.

With the system pre-configured, a script is loaded from a text file. The script is composed of a series of
four command types:
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Figure 3: Thermal response of a 100 Ω SMD resistor with a package 0603 for different conductor tracks and substrate profile. (a) The
resistor soldered to wide conductor tracks. (b) Side view of the resistor in (a). Infrared photograph from top (c) and side (d) views of
the resistor in (a). (e) The resistor soldered to narrow conductor tracks. (f) Side view of the resistor in (e). Infrared photograph from
top (g) and side (h) views of the resistor in (e). (i) The resistor over a milled groove into the FR4 substrate soldered to narrow conductor
tracks. (j) Side view of the resistor in (i). Infrared photograph from top (k) and side (l) views of the resistor in (i). (m) Close-up view
of the Application Disc showing in detail the grooves upon which each resistor is soldered to the shown pads. (n) Demonstration of
how the resistive heaters melt the ParafilmTM (See Movie-S2 available as supplementary material).

• Motor commands and parameters including ‘jog negative’, ‘velocity’, ‘acceleration’ and ‘stop at position’.

• Bluetooth commands which turn on and off individual heaters.

• Check trigger command has two values, the trigger number to check, and a goto waypoint. If the
trigger is positive, the code proceeds to the next command. If the trigger is negative, the code steps
forward or backward to the specified goto waypoint.

• Goto waypoints, each with a unique number.

Through a combination of trigger types and script commands it is possible to implement closed-loop
process control with conditional decision making.

3. Experiments and results

3.1. Characterization of the system

As explained in Sec. 2.2 the PCB layout and substrate profile needs to be considered carefully to decrease
heat dissipation into the substrate. Hence, three different configurations were examined. Fig. 3 shows the
temperature profile from the top (Fig. 3(c), (g), and (k)) and side views (Fig. 3(d), (h), and (l)) measured
with an infrared camera (PI 160, Optris GmbH, Germany) for different conducting material track widths
(Fig. 3(a) and (e)) and substrate profiles (Fig. 3(i)). The localised heat dissipation on the surface of the
resistor is higher when a milled groove is made into the substrate material, therefore a higher temperature
can be maintained. This temperature difference is nearly 20 ◦C for the same electrical excitation. Therefore,
Fig. 3(m) shows a close view of the Application Disc used for the experiments, which has been milled as
part of the PCB manufacturing process. The milling process removed the FR4, leaving only the material
needed to produce contact pads. The top side of the Application Disc shown in Fig. 1(a) has 128 resistors
arranged in concentric circular patterns. For this final configuration, a temperature slew rate of ∼ 17 ◦C/s
was measured. Meaning, the resistors reach a temperature of 90 ◦C in ∼ 4 s from room temperature (22 ◦C),
time at which the ParafilmTM has already melted. Typically, the ParafilmTM deforms away from the heat
source (see Fig. 3(n) and Movie-S2 available as supplementary material) and therefore the heater array did
not require any cleaning between use.

We further measured the power available for the Application Disc with respect to an axial distance varia-
tion within the wireless power transmitter; this is shown in Fig. 4(a). This provided us with a good estimate
of the distance we should maintain between the transmitter and receiver, preferably in the range from 1 mm
to 5 mm. Most importantly, this curve reveals the interesting fact, that it is better to demand a certain amount
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Figure 4: Application Disc’s characterization: power, voltage, and temperature measurements. (a) Input power available for the
Application Disc with respect to an axial distance variation from the Qi transmitter to the receiver coil (Fig. 1(d)), for three active
resistor numbers. (b) Input voltage of the resistors array measured with increasing number of active resistors. (c) Surface temperature
measured over one resistor with increasing number of active resistors.

of power from the system for it to be highly stable. This is demonstrated by the setup, allowing for a larger
axial separation between transmitter and receiver when supplying eight resistors, rather than a single one.
Fig. 4(b) shows that the output voltage diminishes only slightly while increasing the number of active resis-
tors, until the number of resistors is sufficient to demand more power than the Qi transmitter can provide,
point at which the power transmission stops. The maximum possible number of active resistors is again
dependent on the distance between transmitter and receiver. The graph reveals that we can activate up to
20 resistors in parallel, consuming a total power of 4.7 W when only the microcontroller and the Bluetooth
modules are active. Fig. 4(c) shows that, despite the small variation of the output voltage, the temperature
measured on one resistor remains quite constant when subsequent resistors are being activated. This tem-
perature is sufficient to melt the ParafilmTM as shown in Movie-S2 (available as supplementary material).
The circuitry on the Application Disc consists then of 128 active channels, allowing to safely operate up to
12 valves in parallel, for a separation distance of 5 mm. For the validation of the proposed platform, we
activated a maximum of 64 valves (See next experiment).

3.2. On-demand valve actuation

The performance of the control system was first demonstrated by using the Windows PC-based control
mechanism (i.e. a LabVIEW program transmitting a pre-defined sequence of Bluetooth commands). As
shown in Fig. 5(b), a disc was designed which was divided in identical octets. Each octet was composed of
an inner loading chamber, 8 valved aliquoting structures (3 on an inner radius and 5 on an outer radius)
and an overflow chamber. Each aliquot was designed to meter ∼ 20 µl of dyed water (the fabrication process
is described in Sec. 2.4).

This disc was first mounted on top of the Application Disc so that ParafilmTM membranes (venting vias),
located on the underside of the disc lined up with each heater. After placing the disc on the spin-stand, wire-
less power transfer was initiated. Communication was established between the on-board micro-controller
and the Windows PC. Next, each octet was loaded with 180 µl of dyed water and the disc was rotated at
25 Hz. Once metering was completed the pre-programmed sequence was activated (See Movie-S3 available
as supplementary material), upon application of heat (activation of each resistor), the ParafilmTM quickly
melts and vents the corresponding valve to atmosphere. Thus, sequential and on-demand actuation of 64-
valves was demonstrated.

8

http://www/
http://www/
http://www/


Figure 5: Disc with 64-valves. (a) Layer configuration: a ∼ 4 mm multilayer architecture from layers of Poly(methyl methacrylate)
(PMMA) and layers of Pressure Sensitive Adhesive (PSA) (Gorkin III et al., 2012; Kinahan et al., 2014a). The valves were sealed by a
layer of ParafilmTM which was adhered to the base using the PSA. (b) Schematic representation of the disc. Each octet represents an
inner loading chamber, 8 valved aliquoting structures and an overflow chamber. The actuation program, controlled by a script running
in LabVIEW, from a Windows PC command actuation of valves in series. Two octets are opened in parallel before transitioning to the
next two octets. The sequence opens the valves in the order they were loaded (inner row anti-clockwise and outer row clockwise) (See
Movie-S3 available as supplementary material). (c) Two of the octets with metering completed. (d) The three inner valves in each octet
have been opened. (e) The fifth valve in each octet opened in parallel. (f) The eight valve in each octet opened simultaneously.

3.3. Deterministic closed-loop control of fluidic mixing

In order to implement closed-loop control of on-disc processes we next apply our system to on-disc mix-
ing. In centrifugal microfluidics, mixing is typically enhanced through the use of ‘shake-mode’ mixing (Gru-
mann et al., 2005b) whereby the disc is rapidly accelerated and decelerated; thus inducing the Euler Force
to agitate the liquid and enhance mixing. Here, we implement closed-loop control where we use one of the
trigger modes described previously where two ROIs must match colour intensity, thereby ensuring a certain
mixing result.

To present this work, we use a disc which has an approximately rectangular mixing chamber. This
chamber has a valve part way down the side of the chamber, and another at the base of the chamber. We first
mount the disc as described previously and load the disc with 90 µl of salt water (‘Reagent’ A: ∼ 20 mg of
salt dissolved in 1 ml of DI water) and centrifuge so that the water fills the lower half of the mixing chamber.
Next, two ROIs are defined, one above the liquid level and one below the liquid level. The density difference,
under centrifugal force, helps to maintain the stability of the two liquid layers. The disc is then loaded with
90 µl of dyed water (‘Reagent’ B: 1% concentration of common red food dye) and the test is started. As
the disc is accelerated, the red dye enters the mixing chamber and is overlaid on the transparent water.
As can be seen in Fig. 6(c) (at t = 0 s), and in Movie-S4 (available as supplementary material), the colour
intensity of the upper ROI decreases but the colour intensity of the lower ROI stays largely steady, as red
dyed water is loaded. Mass transport via diffusion starts to occur but, over the first 75 s of the test, overall
mixing is negligible. When ‘shake mode’ is initiated, convective mixing (of reagents A and B) occurs and this
is reflected in the rapid decrease in colour intensity in the lower ROI. After approximately 60 s of mixing,
the colour intensities in the two ROIs converge and the pre-defined trigger condition (that the difference
in intensities is less than 10 AU (arbitrary units) for 20 consecutive seconds) is met. Meeting this trigger
condition results in the program leaving the mixing phase and opening the two consecutive valves in a timed
sequence.

3.4. Closed-loop controlled blood processing

The last example shall be less technical and mimic a diagnostic application (using a real sample and
reagents). Therefore, a closed-loop control for blood processing is implemented based on a similar approach
that was previously described in (Kinahan et al., 2016b), where a siphon valve was used instead. Compared
with other microfluidic systems, the centrifugal platform is highly suited to blood processing and this is a
common sample preparation step in a number of assays. Here, we use density gradient media to extract
both plasma and white blood cells from a whole blood sample. Initially, we extract the blood from a finger
prick sample using a protocol reported previously (Glynn et al., 2014). We dilute these samples 1:1 with a
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Figure 6: Closed-loop control of mixing. (a) Schematic representation of the microfluidic disc used. (b) The program decision tree. The
trigger condition is the intensity (white being high and black being low) between the upper and lower regions of interest (ROIs), ∆I is
less than 10 AU for 20 s (unbroken). If this condition is not met the disc undergoes another mixing cycle. If the condition is met the
upper valve is opened, followed after 80 s, by the lower valve. (c) The motor spin-protocol and intensity plots for the entire experiment.
Note that the colour of the intensity plots matches the ROIs shown in Fig. 6(e)-(j) (See Movie-S4 available as supplementary material).
Valve opening is shown as an increase in colour intensity as the white PSA is exposed to the ROI. Note that, due to the time needed for
the dissolvable film to dissolve, valve actuation is approximately 35 s after the Bluetooth command is sent to the heaters. (d) Greater
detail of the system meeting Trigger Condition #1. The trigger state was found in a YES state after 5 mixing cycles. (e) The disc as
coloured dye is loaded. (f) Diffusion mass transfer during the first steady-state spinning. (g) Convective mixing induced by Euler forces
(‘shake-mode’ mixing). This convective movement is reflected in the downward spikes in the Lower ROI intensity during mixing. (h)
The chamber when mixing is complete (i) upper valve opened (j) lower valve opened.

dilution buffer using a protocol also described previously (Kinahan et al., 2016b).
To process the blood, we first load 55 µl of density gradient media (Ficoll Histopaque 1077, Sigma-

Aldrich) onto the disc and centrifuge at 30 Hz; this volume is chosen so that the liquid reaches the level of
our inlet channel. We then load 100 µl of diluted whole blood onto the disc. The test program is then started.

The disc accelerates to 30 Hz spin-rate. This pumps the blood into the sedimentation chamber where it
is overlaid on the density gradient medium (See Fig. 7 and Movie-S5 available as supplementary material).
After 60 s, the program starts to monitor the colour intensity of the ROI where the red blood cells sediment.
The ROI was selected at the point in the density gradient media above where, when the processing is com-
plete, the red blood cells are expected to settle but below the peripheral blood mononuclear cell layer. Once
processing is complete, the liquid at this location should be free of both white blood cells and red blood cells
and so will be transparent.

In contrast to the original experiment (Kinahan et al., 2016b), the new approach allows to measure the
colour composition of the analyte at different positions and trigger the valves based on the sedimentation
state. When the colour intensity in this ROI increases above a certain limit (above 155 AU continuously for
20 s) the blood processing is deemed complete and the program issues a command, via Bluetooth, to open
the upper valve. At this point, the program progresses to monitor the second ROI.

The second ROI monitors the colour intensity of the plasma collection chamber. When, what it is as-
sumed to be plasma, enters this chamber the colour intensity drops below a certain limit (below 160 AU
continuously for 20 s). When this condition is met a command, via Bluetooth, is sent to open the lower valve
and so transfer the white blood cells to the second collection chamber.

4. Discussion

All the active valving methods previously described (in Sec. 1) are subjected to effects such as heating or
piercing, not only at the valve position, but in an entire radial band as well because the actuation mechanism
is activated during spinning. To overcome this limitation, other methods rely on stopping the disc and then
aligning it with the actuator, which of course, results in a delay that might induce measurement errors in
time-dependent assays. Furthermore, some systems are increased in complexity with the inclusion of XYZ
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Figure 7: Closed-loop control of blood processing. (a) Schematic representation of the microfluidic disc used. (b) The program decision
tree. Here, two triggers are used. Trigger Condition #1 is when the colour intensity in ROI 1 exceeds a cut off value (155 AU for
20 s unbroken) where this indicates that most red blood cells have sedimented through the density gradient media. Trigger Condition
#2 is when the colour intensity drops below 160 AU (for 20 s unbroken) in ROI 2, this indicates the entry of plasma into the plasma
collection chamber. (c) The motor spin-protocol and intensity plots for the entire experiment (See Movie-S5 available as supplementary
material). Note that the colour of the intensity plots matches the ROIs shown in Fig. 7(d)-(i). Blood processing is indicated by a drop
in colour intensity in ROI and its subsequent recovery. Entry of plasma into the plasma collection chamber is shown by a decrease in
colour intensity in ROI 2. (d) Initialisation of blood processing (e-f) blood processing (g) blood processing is deemed completed as the
colour intensity in ROI exceeds the cut-off value (h) upper valve opened to remove plasma (i) lower valve opened to remove white
blood cells (WBCs in picture).

driving units. Here, we instead locally heated and melted a low-melting temperature membrane that vents
a specific valve to atmosphere. Demonstrating in this way full integration and automation of on-disc active
valving.

We believe that this approach could become an asset for time sensitive and highly multiplexed analytical
assays due to the independence on the radial location of the valves and on the spinning frequency. Some
assays that could take advantage of the qualities of this approach are Bradford assay (Redmile-Gordon et al.,
2013) or an ELISA assay (Lee et al., 2009).

One of the well-known advantages of LOC systems, included LoaD among them, is the low volumes of
sample and reagents required, which results in a significant decrease in their processing time. But the use of
predefined, overtimed temporizers that make sure certain state has been reached increase the overall pro-
cessing time. Instead, with closed-loop control, one can set the triggering signal for the release of reagents
and samples immediately after the desired state has been accomplished. For instance, mixing in microfluidic
systems is usually a challenge as, due to micro-scale effects, mass transport is typically via diffusion (rel-
atively slow) rather than faster convection, hence the time to reach a certain degree of mixing is hard to
predict. We demonstrated how through a closed-loop control certain mixing state (of reagent A and B, or
sample and reagent) can be ensured and used to trigger a valve after a match of colour intensities is detected.
While the work presented here relied on colour-based image analysis, the use of edge-detection can permit
accurate on-disc volume measurements and analysis also of transparent liquids (Kazarine and Salin, 2014).

This approach allows also for higher tolerances in the analyte composition or variations in the envi-
ronmental conditions, since the liquids are not automatically released after a fix time but as a result of
the sedimentation state which is being indirectly monitored through the colour intensity measurement and
therefore the centrifugation time is being automatically adjusted and presumably improving the reliability
of the experiment.

Blood centrifugation, with follow-on plasma-based assays, is now ubiquitous in centrifugal microfluidics
and indeed is one of the key advantages of the platform compared with non-centrifugal microfluidics. The
use of closed-loop control, monitoring red blood cells, allowed us to stop the process in the minimal neces-
sary time. This structure is demonstrated to show the potential of our approach to be integrated into common
sample to answer centrifugation-based protocols which are commonly applied on the Lab-on-a-Disc. For ex-
ample, our system of closed-loop control could, independently of our specific valving technology, be applied
to work by Lee et al. (2009, 2011) and Cho et al. (2007) to perform plasma separation as part of immunoas-
says. Similarly, our monitoring technology could also be used in conjunction with work by Nwankire et al.
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(2014) or Kinahan et al. (2016a) to implement multiplexed liver assay panels.
In our final experiment we showed a common and generic blood processing based procedure based on

density gradient media to split the sample into its constituent red blood cells, plasma and white blood cells.
However, we did not design this experiment for a specific assay, we rather conceived it as a generic tool from
which many experiments could benefit, therefore, we stopped after this point. This experiment demonstrates
how meaningful the closed loop flow-control is, as it requires two stage valving (an upper valve and a lower
valve) which open in the correct sequence, requires we actuate the valves during rotation (to maintain the
phase stability of plasma, white blood cells and the density gradient media), and the rate of red blood cells
sedimentation is far slower through density gradient media than pure blood-based sedimentation. We have
previously implemented and characterized density gradient media based blood processing in (Kinahan et al.,
2016b).

In order to use our demonstrator as a real diagnostic device one would need to calibrate the arbitrary
units from the image acquisition analysis because they now depend on the transparency of the materials used
and the boundary conditions. Therefore, a further experiment is still needed to calibrate the trigger levels to
correlate the colour intensity to the centrifugation level. For a given setup and material composition, these
levels should then allow a reliable operation of the diagnostic system. The new system would allow to add
precise in-situ measurements as trigger to the experiment instead of fix timed protocols that are based on
previous experiments. Hence, this approach would be able to adapt to varying boundary condition as they
might occur in real life and especially in point-of-care applications (Smith et al., 2016).

Although we limited ourselves to show only three exemplary experiments instead of one specific assay
because we believe that the potential use of arbitrary and closed-loop controlled valving is vast and not
bound to a specific case. The closed-loop control can also be applied to other triggering properties than
colour. One could, for example, use temperature, pH, fluorescence or any other measurable quantity and
thereby render broader the assays that can be achieve on disc.

5. Conclusions and outlook

In this paper we have introduced a novel valving mechanism for the centrifugal "Lab-on-a-Disc" platform
by wireless control of rotor-based resistive heaters which locally melt temperature sensitive, on-disc mem-
branes. The system has a response time of 3 s and enables actuation of an, until now, unprecedented number
of valves. Significantly, the system is very light and obviates the need for physical connection; thus, it is com-
patible with very low-cost motors and could be integrated into portable systems. In addition, unlike many
instrument actuated systems, the platform permits valve actuation during rotation. This makes it particularly
suitable for applications that require accurate metering such as blood processing.

The main advantage from our platform over classic thermally induced phase change approaches is the
level of integration that we achieved at an extremely low cost, size and power consumption. The capability
for on-line closed-loop control of flow on the disc also offers great potential. Continuous monitoring can
permit ‘on the fly’ optimization of systems and has the potential to identify issues and then intervene in real
time, thereby drastically increasing the reliability of the result while potentially reducing the experiment
time.

We envisage that this work sets the foundation for a new and ‘smarter’ generation of flow control on the
centrifugal platform towards microfluidic large-scale integration (LSI). Therefore, we would like to encour-
age interested research groups to contact the group at the Karlsruhe Institute of Technology, to get an eLoaD
platform so that you can explore the potential of the system for your own application.
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