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Abstract: We present a powerful and compact batch-mode mixing and dilution technique for
centrifugal microfluidic platforms. Siphon structures are designed to discretize continuous flows into
a sequence of droplets of volumes as low as 100 nL. Using a passive, self-regulating 4-step mechanism,
discrete volumes of two fluids are alternatingly issued into a common intermediate chamber. At its
base, a capillary valve acts as a fluidic shift register; a single droplet is held in place while two or more
droplets merge and pass through the capillary stop. These merged droplets are advectively mixed as
they pass through the capillary valve and into the receiving chamber. Mixing is demonstrated for
various combinations of liquids such as aqueous solutions as well as saline solutions and human
plasma. The mixing quality is assessed on a quantitative scale by using a colorimetric method based
on the mixing of potassium thiocyanate and iron(III) chloride, and in the case of human plasma using
a spectroscopic method. For instance, volumes of 5 µL have been mixed in less than 20 s. Single-step
dilutions up to 1:5 of plasma in a standard phosphate buffer solution are also demonstrated. This work
describes the preliminary development of the mixing method which has since been integrated into a
commercially available microfluidic cartridge.
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1. Introduction

Microfluidics emerged as a significant area of research in the 1980s and early 1990s [1–5] driven
by its promise to automate and miniaturize common but labor intensive laboratory tasks. Initial work
overwhelmingly focused on chip-based analytical separations, e.g., capillary electrophoresis (CE)
or high-performance liquid chromatography (HPLC), and the miniaturization of individual fluidic
components such as pumps and valves through micromachining. In the recent decade there have
been increasing efforts to apply ‘lab-on-a-chip’ to automating existing laboratory processes and to
enable point-of-care/point-of-use distributed testing [6] and to leverage microfluidic physical effects to
develop entirely new medical tools such as liquid biopsy [7] and exosome-based diagnostics [8].

Lab-on-a-chip platforms can be categorized on the basis of their underlying liquid handling
principles such as electroosmosis, pressure, peristaltics, ultrasonics, and electrowetting. Centrifugal
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microfluidic systems constitute a subset which uses the rotation of the chip, which is typically of a
similar geometry as a Compact Disc™ or DVD™, to enable most pumping and valving operations.
These systems can be further sub-divided into ‘Bioanalytical Screening CDs’ and ‘Lab-on-a-Disc (LoaD)’.
Bioanalytical screening CDs focus on adapting optical disc drive (ODD) technology (e.g., Compact
Disc, DVD) for biological detection [9]. This technology takes advantage of the high-density data
storage capability as well as the favorable pricing for its main constituents, i.e., the optical pickup unit,
the spindle drive, and the optical disc substrates [10–14].

The LoaD [15–20] is typically used to automate the standard laboratory steps conducted in a
biology lab to enable a fully automated sample-to-answer system. The LoaD is particularly applicable
for deployment in the field (point-of-use) or at the hospital bed-side (point-of-care) as the chips can be
loaded at atmospheric pressure (via pipette or syrette) without issues regarding sealing or priming.
The use of centrifugation for pumping also reduces the cost and complexity of support instrumentation
as just low-cost spindle motors are required rather than specialized micropumps. Similarly, inherent
centrifugation of samples [21–23] applied to sample preparation is a particular strength.

The technological precursor of these systems are the centrifugal analyzers which became popular
in the 1970s and 1980s [24] for automating a very limited number of simple assay steps, on rather
macroscopic sample volumes, and readout on a rotor-based instrument. Currently the main areas of
application are immunoassays [25–28], nucleic acid testing [29–36], and cell sorting/identification [37–43].
These lab-on-a-disc systems make specific use of the interplay of the frequency controlled centrifugal
force and capillary action in a surface-functionalized network of micro-channels and cavities. Key
liquid handling operations such as valving [44–48], metering [49,50], mixing [51,52], pumping [53–55],
and switching/routing of flow [56,57] have been demonstrated.

A major challenge for microfluidic systems is rapid mixing. In general, one can categorize
micromixers according to different characteristics [58,59], e.g., batch and continuous flow mode,
laminar and turbulent, planar and 3-dimensional geometry, low- or high-aspect-ratio structures,
manufacturing technologies or active/passive mixers. Active mixers utilize external stimuli such as
ultrasonic waves [60], electrowetting [61] or periodically changing flow rates [62]. While it is hard
to make a general statement, active mixers tend to significantly accelerate mixing; however, they are
typically more complicated to fabricate and integrate, and more complex to control.

Passive mixers use the hydrodynamic energy, e.g., provided by a pressure difference created by
a pump, gravity or centrifugal force, to restructure the liquid flows in such ways that fast mixing
is promoted. Examples for passive mixing principles are bas/relief structures incorporated in the
channel walls to induce advection in a liquid flow [63] and multi-lamination of flow [64], e.g., through
split-and-recombine strategies [65,66].

Mixing principles using the specific effects on centrifugal lab-on-a-disc platforms [67] include
Coriolis-force induced split-and-recombine [68], advection [69], reciprocating flow induced by
centrifugo-pneumatic pumping [52,70], mixing enhanced by the Euler force through periodically
changing angular acceleration [71,72] and/or magnetic beads [51], mixing by use of chemically
generated bubbles [73], and mixing enhanced by deformation of soft chamber walls [74,75]. Mixing
can also be enhanced through external pumping such as provision of external air sources [76,77].
These technologies are critically appraised in Table 1.

In this paper we present and characterize a passive, batch-mode, siphon-based mixer on a
centrifugal microfluidic lab-on-a-disc platform. The system first uses a novel, siphon-based structure to
discretize reagent into droplets of defined volumes which are transferred into an intermediate chamber.
A capillary valve at the base of this intermediate chamber acts as a fluidic shift register; a single droplet
is held in place while two or more droplets merge and pass through the capillary stop. The merged
droplets are advectively mixed as they pass through the capillary valve and into the receiving chamber.
The mixer enhances mixing while requiring a comparatively small footprint, thus saving precious real
estate on the disc substrate.
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Along with fluidic functionality, it is critically important that Lab-on-a-Disc cartridges be amenable
to mass manufacturing techniques such as injection molding [78]. This work describes the initial
development of this mixing structure and the primary manufacturing method, hot embossing,
was selected to ensure the designs could easily be translated for manufacture by injection molding.
The mixing structure presented here has since been integrated into an injection molded microfluidic
cartridge by Biosurfit SA [79] and is now sold commercially.

Table 1. Comparison of Mixing Mechanisms in Centrifugal Microfluidics.

Description Advantages Disadvantages References

Microchannels-based
Liquid is split-and-recombined or
flows through channels of specific
orientations to induce secondary
flows to increase the boundary area
across which diffusion occurs.

Largely passive;
Improves mixing speed.

Can occupy significant disc
space; functions best with
continuous flow

[68,69]

Euler Force (Shake-mode)
Use of Euler force (disc acceleration
and deceleration) to induce mixing.
Can be combined with pneumatic
chambers in enhance liquid
displacement/reciprocating flows.

Fast mixing mechanism.
Does not require
additional support
instrumentation.

Can occupy significand disc
space. Requires a specific disc
spin profile (i.e., acceleration
and deceleration).

[52,70–72]

Mixing by bubbles.
Provision of sources of pressurized
air by on-rotor pneumatic pumps,
via pneumatic slip-rings or through
directing off-disc compressed air to
generate air bubbles to enhance
mixing. Use of chemical reactions to
create bubbles.

Mechanism largely
independent of disc
spin-rate. Very rapid
mixing mechanism.

Supporting instrumentation is
complex and moves away
from principal of
Lab-on-a-Disc based solely on
low-cost spindle motor. Can
require specific chemical
reagents stored on disc.

[73,76,77]

Wall deformation
Mixing is enhanced by deforming
chamber walls to induce
liquid movement.

Mechanism largely
independent of disc
spin-rate.

Can require additional
equipment such as magnet
embedded in disc wall.
Suitable only for discs made
from soft material such
as PDMS.

[74,75]

2. Materials and Methods

2.1. Method of Operation

We pursue a novel, 4-step concept to create alternating lamellae for rapid mixing on a centrifugal
microfluidic platform:

1. Discretization of continuous flow by siphon mechanism into droplets
2. Merging of droplets in the intermediate chamber as enabled by the microfluidic shift register
3. Mixing of regents upstream and during transfer through the capillary valve
4. Mixing enhanced by droplet impact on liquid interface in the outer chamber

The droplet formation in the first step is implemented by siphon-induced flow discretization
(Figure 1). Liquid is centrifugally driven into a retention chamber at a flow rate, Qi, scaling with
the square of the rotational frequency (Figure 1a). The outlet of this first chamber is connected to
a siphon. Given that the frequency dependent centrifugal field suppresses capillary priming of the
siphon channel, liquid will continuously fill the chamber (Figure 1b) until the liquid level rises beyond
the crest point of the siphon (i.e., the most radially inward point on the siphon). By definition of this
design, as the liquid reaches the crest-point the siphon-based valve primes and releases liquid stored
in the retention chamber at a mean outgoing flow rate Qo (Figure 1c). If the respective flow resistances
of the inlet and outlet sections of the siphon are properly chosen, i.e., Qo exceeds Qi, the retention
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chamber empties and the intrusion of gas disrupts the continuous liquid column which results in a
droplet being issued into the mixing chamber (Figure 1d). At this point, the flow-discretization cycle
reinitiates and the siphon acts again as a closed valve until the crest point is reached.
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Figure 1. Working principle of the flow discretization structure. Subfigure (a) shows 1/3rd of a typical
disc. Discs are manufactured to contain three identical mixing structures. The primary chambers
are also labelled. Subfigures (b–e) illustrate the flow break-up principle. Under the impact of the
centrifugal field, liquid flows through an inlet channel at a flow rate Qi into the retention chamber (b)
where it accumulates (c). Once the liquid level has passed the crest point of the siphon, the valve opens
and liquid exits at a flow rate Qo (d). When the chamber is empty, the liquid column breaks and the
cycle resumes (e).

The size of the individual droplets is determined by the aggregate volume of the retention chamber
Vc and the connected siphon up to the crest point Vs (Figure 2). These volumes can easily be adjusted
in the layout to deliver the desired droplet volumes. The smallest droplet volumes can be obtained by
eliminating the retention chamber and connecting the siphon directly to the inlet channel. The droplet
volumes studied in this paper range from 100 nL to 890 nL.

In the second step, droplets emerging from the two inlets dispensed into a common
intermediate/pre-mixing chamber (Figure 1). Single droplets (from either inlet) are retained in
the intermediate chamber by capillary force as the centrifugal force is not sufficient to pump them
through the outlet into the main mixing chamber. However, two or more droplets will merge at this
point, overcome the capillary force, and transfer into the main mixing chamber. The intermediate
chamber therefore acts analogous to a microfluidic shift register.

It should be noted that empirical observation shows that the siphons prime and dispense droplets
in a phase-locked manner with alternate dispensing (i.e., a 180◦ phase shift) and this behavior is
observed in all tests. Even though this was not an original design goal, this effect fortuitously enhances
mixing efficiency. The authors surmise that the introduction of a droplet into the pre-mixing chamber
creates a slight back pressure on the other siphon to induce the alternating dispensing.
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Figure 2. Relation of the droplet volume with the geometry of the retention chamber. (a) Chamber
with attached outlet siphon. (b) The chamber is eliminated to minimize the droplet volume. (c) Shows
the typical dimensions of a representative structure (in mm). Design files used in this paper (dxf) are
provided in ESI.

The key impact parameters of the centrifugal mixer are the statically defined volume of the
siphon and the connected chamber, the flow resistances of the inlet and outlet sections of the retention
chamber and the nozzle channel, the lateral cross section of the common mixing chamber as well as the
dynamically adjustable rotational frequencyω.

Assuming laminar conditions in the common mixing chamber, Fick’s law implies that the
mixing time

tmix ~ l2/D (1)

scales with the square of the layer thickness l and the inverse of the diffusion coefficient D. Assuming
ideal, planar spreading upon impact, the layer thickness, l, depends on the droplet volume and the
lateral extension (i.e., the width and the depth) of the mixing chamber. The mixing performance is
not directly linked to the volume flow rate if the time period between two subsequent droplets is
sufficiently large to allow lateral spreading.

To avoid the formation of a large single layer with long diffusion lengths at the end of the
lamination process, it is important that both educt reservoirs are depleted at roughly the same instant
in time. The time for the delivery of the entire liquid volume

t = Veduct/Qi (2)

corresponds to the quotient of the initial volume Veduct and the discharge flow rate Qi, which, in turn,
is given by the equivalent hydrostatic pressure difference ∆Pω divided by the flow resistance of the
inlet section Rhd.

Qi = ∆Pω/Rhd (3)

The hydrostatic pressure difference ∆Pω is given by

∆Pω = ρ r ∆r ω2 (4)

with the density ρ, the mean radial position r and radial length ∆ r of the liquid volume in the
educt chamber.
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Finally, the hydraulic resistance of a square channel can be approximated by:

Rhd =
8 (1 + Ar)

2 ηl l
Ar A2 (5)

with ηl being the viscosity of the liquid, Ar the aspect ratio of the channel and A its cross-sectional area.

2.2. Materials and Fabrication

Discs have been manufactured using two different methods, direct fabrication in dry film resist
(DFR) (Figure 3) and hot embossing (Figure 4).

The masters for hot embossing have been created using SU-8 on a mask aligner (MA 56, Karl Süss,
Garching, Germany). Different grades of SU8 were used in order to achieve different thicknesses
of layers. SU8 3005 was used to make a base adhesion layer because, during initial testing, it was
identified that small structures delaminated from the silicon wafer during hot-embossing. This SU8
base layer therefore increased the lifetime of the hot-embossing tool by providing an adhesive layer.
SU8 3025 was used for the syphons and channels to achieve a depth of 30 µm deep. SU8 3050 was
used to create the reservoirs. In this case two layers are used to achieve the necessary depth for
the reservoirs.
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Figure 3. Schematic of the process for direct fabrication in dry film resist (DFR). 120 µm Dry Film Resist
(DFR) (Ordyl P50120, Elga Europe, Milan, Italy) is represented by the red material and 55 µm DFR
(SY 350, Elga Europe, Italy) by the blue material. The high flow resistance channels between the educt
chambers and the discretization chambers are only present in the 55 µm DFR. DFR is applied, and the
final assembly bonded, by hot-roll lamination. Structures are cured and developed according to the
manufacturers’ protocols.

To this end first the first layer of SU-8 3005 (Microchem, Westborough, MA, USA) was spin coated
on a silicon wafer at 2500 RPM, baked for 10 min at 95 ◦C, and subsequently been flood exposed
at 200 mJ cm−2 per manufacturers recommendation. This layer serves to improve the adhesion of
the subsequent layers and hence increase the life time of the master. A second layer of SU-8 3025
was then spin coated with a thickness of 30 µm, baked for 15 min at 95 ◦C and structured with an
exposure energy of 240 mJ cm−2. Following a post exposure bake of 3 min at 95 ◦C a third layer of
SU-8 3050 with a thickness of 170 µm was spin-coated in two steps. After each step, the resist was
baked at 95 ◦C for 20 min. The resist was then structured with an exposure intensity of 300 mJ cm−2.
Subsequently, post exposure bake was performed at 95 ◦C for 6 min, followed by removal of unexposed
resist in standard developer solution. The resist was then hard baked at 150 ◦C for 90 min. To facilitate
demolding of the master after hot embossing the surface of the master was coated with a layer of
Octadecyltrichlorosilane (OTS) (Sigma-Aldrich, Wicklow, Ireland). The coating has been created by
immersing the wafer in a solution of 400 µM of OTS in heptane (Sigma-Aldrich, Wicklow, Ireland)
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for 120 min. Subsequently the master was sonicated in heptane for 5 min, followed by rinsing with
methanol and finally baked on a hot plate at 100 ◦C for 20 min. This resulted in a hydrophobic surface
coating with a water contact angle of approximately 108◦ and significantly facilitated demolding as
compared to untreated masters.

Discs were embossed in 2-mm thick PMMA sheets (Radionics, Dublin, Ireland) using a HEX-02
hot embosser (Jenoptik, Jena, Germany) at a pressure of 2.85 MPa and an embossing temperature of
123 ◦C. The best pattern transfer was achieved with an embossing time of 310 s. The total cycle time
was 15 min, only. Figure 4 shows a comparison of the master profile and the replicated PMMA disc.

After embossing, fluidic inlets were drilled (ø 1.3 mm) on a tower-drill and the discs were sealed
by bonding to a PMMA disc using pressure sensitive adhesive (Adhesive Research, Limerick, Ireland).
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Discs for the asymmetric mixing of PBS buffer and plasma were manufactured using dry film
resist (DFR) (Figure 3). A CO2 laser (Epilog, Golden, CO, USA) was used to cut the PMMA substrates
to disc shape and create fluidic I/O ports. Subsequently a layer of 120-µm thick DFR (Ordyl P50120,
Elga Europe, Italy) was laminated onto the PMMA disc and structured with the reservoirs and mixing
structure by exposure to UV light. The connecting channels between educt reservoirs and discretization
chambers were created in 55-µm thick DFR (SY 350, Elga Europe, Italy) laminated on a 600-µm thick
polycarbonate disc. After removing unexposed areas of DFR, both parts were aligned and bonded by
lamination at 80 ◦C.

2.3. Measurement and Testing

The spin-stand [80] used to perform the fluidic experiments consists of a computer-controlled motor
for spinning the discs (Faulhaber Minimotor SA, Croglio, Switzerland), a stroboscopic illumination
(Drello, Mönchengladbach, Germany) and a highly sensitive color camera (Pixelfly qe, PCO, Kelheim,
Germany) attached to a motorized 12× zoom lens (Navitar, Rochester, NY, USA).

In all cases liquid was loaded into the reservoirs by pipetting. The efficacy of mixing of potassium
thiocyanate and iron(III) chloride was evaluated using a colorimetric method. Subsequent to mixing,
an image of the resulting mixture was acquired using the camera of the test point setup. Using an
image processing software (ImageJ, NIH, Washington, DC, USA), the area containing the mixture was
selected and the standard deviation of the histogram was calculated. Since the supply reservoirs did
not always empty simultaneously, the area where droplets were issued into the mixing reservoir was
excluded from this analysis when it only contained one type of educt. To compensate systematic errors
due to the measurement setup, the standard deviation of a reference mixture was recorded and later
used to normalize the standard deviations measured during the experiments. The reference solution
was prepared by mixing equal volumes of potassium thiocyanate and iron(III) chloride solution using
a vortex mixer. Then the same amount of reference solution used in the mixing experiments was
pipetted into an identical disk device and an image was acquired.



Inventions 2020, 5, 1 8 of 14

In experiments where plasma and PBS were mixed, a modified version of the structure was used
(Figure 5). The mixing chamber is connected to a siphon which in turn leads to a sample collection
reservoir. After performing the mixing, the disc is stopped to prime the siphon. The disc is then spun
again, and a part of the mixture is transferred to the sample collection reservoir while monitoring the
liquid level in the collection reservoir using the camera. The disc is stopped and a 1.5-µL sample is
collected from the reservoir and stored for further analysis. It took approximately 6–8 s to generate
1.5 µL of sample for testing. The sampling step is repeated until all mixed liquid is collected. The mixing
quality of each 1.5-µL sample is then assessed using a spectrophotometer (Nanodrop 1000, Thermo
Scientific, Waltham, MA, USA). The concentration of plasma proteins in each of these aliquots was
determined by measuring the absorbance at 280 nm. A homogenous mixture would display the same
concentration of proteins in all aliquots. Typically, 7–9 aliquots were collected per mixing trial.
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Figure 5. Representation of modified structure used to aliquot samples of plasma/PBS mixture.
After mixing is complete disc is stopped to allow Sampling siphon to prime. Disc is then rotated to
transfer 1.5 µL into sampling chamber (i.e., lower part of sampling chamber is filled). This sample is
then removed from sampling chamber and process is repeated until mixing chamber is emptied.

3. Results

All mixing experiments presented in this work have been carried out at rotation frequencies
between 40 Hz and 50 Hz. The quality was evaluated immediately after mixing. At first, mixing of
symmetric droplet volumes has been examined using four different structures which allow dispensing
of different liquid volumes Vc + Vs (Figure 2): 170 nL, 240 nL, 420 nL, and 890 nL. All experiments
have been performed with 5 µL of each educt and mixing has been performed in less than 20 s.

A frame sequence obtained while dispensing discrete 170 nL volumes (Figure 6). The photos
visualize the alternating dispensing of educt droplets from the flow discretization siphons, pre-mixing
and dispensing of the droplets into the mixing chamber.
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Figure 6. The image sequences show the droplet dispensing and pre-mixing process. Educts enter the
siphon channels (a). The liquids are alternatingly issued into the common chamber with the nozzle
outlet where the educts are pre-mixed before being dispensed through the nozzle into the mixing
chamber (b–e). Images shown are acquired in time-steps of approximately 0.6 s.

The results of the mixing experiments with potassium thiocyanate and iron(III) chloride (Figure 7)
confirm that, as expected, a reduced droplet size leads to faster mixing due to shorter diffusion distances.
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Figure 7. Normalized standard deviation of mixed aqueous solutions as a function of the droplet size
provided by the two disc-based siphons. A value of unity corresponds to perfect mixing. The measured
standard deviations were calibrated against the standard deviation of a sample processed by a
conventional vortex mixer.

As expected, decreasing the droplet volumes improves homogeneity of the mixing. Furthermore,
the mixing quality obtained with the smallest droplet volumes is close to the reference mixture.

Based on the outcomes of these experiments, mixing structures for the dilution of plasma have
been designed. Since the smallest droplets delivered the best mixing quality, a discretization volume
of 100 nL was chosen for the plasma dilution structure. We examined dilutions of plasma in PBS in
ratios of 1:2.6 and 1:5, whereas the hydraulic resistance of the connecting channels was adjusted such
that both liquid reservoirs emptied concurrently. Hydraulic resistances have been calculated based on
the theory detailed above and channel parameters have been optimized experimentally. In Figure 8,
the histograms show the distribution of the protein concentration in the aliquots collected over several
experiments. Ideally, the concentration of all aliquots would be identical. These results demonstrate
that the here proposed approach is well suitable for diluting human blood plasma in PBS.
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4. Discussion and Conclusions

This work presents the preliminary studies used to develop a microfluidic mixing structure which
has since been developed and sold commercially. The structure presented here exploits siphon-induced
flow discretization to perform batch-mode mixing and dilution of liquids in a compact, small-footprint
structure on a centrifugal microfluidic “Lab-on-a-Disc” platform. The specific architecture presented
here is suitable for mixing liquids at ratios between unity and 1:5. It should be noted that, in the scope
of this study, we only surmise the phase-locking of droplet creation, which is key to the system’s
performance, is caused by pneumatic back-pressure in our system. Confirmation this mechanism exists,
and full understanding of it through numerical simulation and further experimentation, will be key to
identifying design improvements which can increase the speed and efficiency of our mixing structure.

Of critical importance to the commercialization of this technology is that it does not require
surface modification and it functions at a constant spin rate. Independence from surface modification
simplifies manufacturing and reduces cost. It also increases the number of materials from which
the cartridges can be manufactured. Operating the mixing at a constant spin-rate makes it easier to
implement functions in parallel such as filling a detection chamber with a calibration liquid or the
reconstitution of dry reagents.

Furthermore, our structure has proven to be suitable for mixing liquids with considerably different
hydrodynamic properties, such as human blood plasma and standard buffer solutions. In fact, in its
commercial realization by Biosurfit SA, this structure has been adapted to generate plasma dilutions of
1:20 and 1:40. The structures presented in this paper were successfully prototyped using hot embossing
to ensure the design was amenable to large scale production techniques such as injection molding.
Since then, Biosurfit SA have produced and sold many thousands of injection molded Lab-on-a-Disc
cartridges which use these structures for mixing.
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