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Flipping: a Valve-Free Strategy to Control Fluid Flow in Centrifu-
gal Microfluidic Systems

Ali Gholizadeh*, Gabriel Mazzucchelli, Tristan Gilet

o This work introduces a simple and robust valve-free strategy, here
called "flipping”, to control fluid flow in centrifugal microfluidic sys-
tems.

o Microfluidic chips can be repositioned on the rotating support (e.g.,
disk or support compatible with lab centrifuges) that enables multi-
directional flow control.

e A semi-empirical physical model predicts the acceleration threshold
necessary to trigger the liquid transfer.
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Abstract

Centrifugal microfluidics has emerged as a technology to automate fluid han-
dling at the microliter scale in bioassays. It has been mostly developed
for point-of-care diagnostic applications, where assays involve a well-defined
workflow. By contrast, this study introduces a microfluidic strategy that
allows multiple workflows within the same device, thereby addressing the re-
quirements of sample preparation steps in R&D settings. The corresponding
device is a microfluidic chip that can be inserted either in a lab-on-a-disk
or in the swinging-bucket of a commercial centrifuge. The control of lig-
uid transfers from one chamber to the next is achieved by flipping the chip,
thereby reorienting it in the centrifugal force field. The present experimental
study describes the fluid instability that triggers the transfer upon flipping.
A semi-empirical physical model is developed that predicts the acceleration
threshold of the instability as a function of design parameters. By contrast
to most existing control strategies in centrifugal microfluidics, the present
strategy does not involve any valve. Consequently, it is robust to varia-
tions of material and sample properties, and it yields minimal fabrication
constraints. Designing appropriately sized chambers enables flexible imple-
mentation of complex workflows. This strategy brings the miniaturization
benefits of centrifugal microfluidics to sample preparation workflows.
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1. Introduction

Analytical techniques are becoming increasingly sensitive (with a very low
LOQ (1)). Consequently, analyses can now be made with sample volumes
in the sub-microliter range. It paves the way for applications in which the
amount of material to analyze may be very limited, e.g., proteomic analyses
on single cells (2), or microbiopsy in spatial omics (3). Conventional sample
preparation systems work in the milliliter range, which implies extreme dilu-
tions, and a significant risk of sample loss (4), (5). Therefore, it is necessary
to reduce the scale of the sample preparation system to maintain optimal
yield at each step and to avoid unnecessary dilutions.

Centrifugal microfluidics is a technology in which liquid samples with
volume from nanoliters to milliliters are moved in a network of microscopic
channels and chambers thanks to centrifugal forces (6), (7). The microfluidic
network is commonly engraved in a disk that spins to propel fluids radially
outward. Each chamber is usually associated with a unit operation on the
fluids (e.g., metering, mixing, storage, filtration, separation, etc.). As no
external pump is required to move the fluids, centrifugal microfluidics has
emerged as a promising technique to carry out sample preparation steps in
point-of-care diagnostic assays (8). The liquids move through the channels
and chambers as plugs, thereby significantly reducing dead volumes when
compared to lab-on-a-chip microfluidic systems (9).

Metering (also called aliquoting) is the accurate selection of a smaller
and defined liquid volume from a larger liquid sample. It is a key step often
present in biological assays, that is enabled at the sub-microliter scale by
centrifugal microfluidics (e.g., (10), (11)). Thanks to parallelized metering,
numerous samples can be processed independently on the same disk, thereby
significantly reducing the time and cost of sample preparation (e.g., (10)).
The metering methods can be classified into two distinct groups, namely
one-stage and two-stage methods. In one-stage metering, the liquid sample
remains in the metering chamber for further processing (12). Conversely,
two-stage metering typically involves the use of a valve downstream of the
metering chamber that opens after metering to convey the metered sample
to another microfluidic chamber (11), (13).

Passive and active valves have been widely used to control fluid flow and
integrate sample preparation steps. Despite their low cost, passive valves are
geometry-dependent and sensitive to material properties (14), (15). There
are several types of passive valves used in centrifugal systems, including cap-



illary (16) and siphon valves (17). These valves are strongly dependent on
both the surface tension of the metered liquid and its contact angle with the
chip materials. They usually fail for highly wetting liquids (18). Hydrophobic
patches or localized surface coating may be involved in the design of capillary
valves (19), although their implementation may significantly complicate the
manufacturing process. Capillary valves may also either prematurely burst
or remain closed longer than expected, e.g., due to manufacturing imperfec-
tions at the channel corners (20). Kinahan et al. (21) proposed a microfluidic
strategy in which flow control is ensured through dissolvable films that are
necessarily single-used. Conversely, active valves enable timely triggering for
the sequential opening and closing of microchannels in response to some ex-
ternal stimuli. For instance, elastomeric valves can be actuated by applying
some magnetic force tuned with a flyball governor system (22). Wax plugs
may also serve as valves that stop fluids until they are melted (23), (24).
Although effective, the incorporation of such active components in a chip
increases the manufacturing complexity of the centrifugal device. It stands
in contrast to biomedical diagnostic applications, where the development of
low-cost devices with simple microfluidics is encouraged by both end-users
and manufacturers (20), (25).

While sample preparation workflows associated with commercialized point-
of-care systems are well-defined, cutting-edge biology research requires ver-
satile and robust tools to explore, define and validate new workflows. In
most studies on centrifugal microfluidics, microfluidic features are incorpo-
rated into a rotating disk, resulting in a system known as a lab-on-a-disk
(LOAD). The corresponding workflow is usually unique and engraved on the
disk. The small size of the disk (or other support) strongly limits the place-
ment of all necessary flow control units in a single layer (2D architecture).
Multi-layered disks (3D architecture) were introduced to circumvent this re-
striction, although doing so increased the cost and duration of production
(26). The presence of several layers also allows non-return motion from one
layer to the next (27). Furthermore, microfluidic units integrated into the
disk may contain external elements such as stirrer blades (28). These com-
ponents would be embedded in each disk, so they could not be reused in
successive microfluidic devices. Occasionally, other rotating supports were
considered, including swinging buckets (29) or lab-tubes (30). The latter
supports can fit in commercial lab centrifuges that can be safely operated at
high acceleration, typically up to several thousand times g.

In their simplest form, centrifugal microfluidic systems can only push flu-



ids outward, which may be a severe limitation. Several advanced strategies
have been proposed to reverse the direction of liquid motion. For example,
the liquid can be pushed inward by compressed air in a non-vented chamber,
the compression originating from heating (31), increased centrifugation (32)
or electrolysis (33). This strategy adds challenging microfluidic design con-
straints when it comes to achieving liquid transfer between multiple chambers
at different distances from the rotating center. Another strategy consists of
adding a second degree of freedom (2-DoF) to the absolute motion of the
microfluidic circuit. This modification allows for reorientation of the circuit
with respect to the centrifugal force. For example, the disk may comprise a
bistable mechanical system in which the chip can reach two distinct orien-
tations. The bistability is ensured, e.g., thanks to a magnet-spring system
operated by the centrifugal force itself (34), or thanks to mechanical stops
and a switch of position operated by the Euler force (35). Chip reorienta-
tion may also be achieved thanks to an additional servomotor placed on the
disk directly below each chip (36; 37; 38; 39; 40). Such motors are usually
powered through a slip ring, which increases friction and wear (a solution
to this issue is to power the motors with a wireless system (41)). Finally,
chip reorientation can be induced by the differential rotation of concentric
shafts actuated by two distinct servomotors, either through four-link mecha-
nisms (42) or planetary gearboxes (27). All these strategies involve dedicated
centrifuge instruments (in opposition to commercial centrifuges) that com-
prise mechanically complex systems. These systems are prone to parasitic
vibrations if not properly designed and fabricated. Moreover, the increased
load on the main shaft necessarily reduces the maximum rotation speed and
acceleration at which the chip may be safely rotated.

This study introduces a novel 2-DoF system for implementing sequen-
tial sample preparation steps with centrifugal microfluidics. Our manual
approach simply provides bidirectional flow control with minimal instrumen-
tation, which can be operated by non-experts in the field. This allows the
manipulation of liquids at the sub-microliter scale without requesting valves.
The microfluidic features (the chip) are separable from the rotating support
(e.g., the disk, or a support compatible with lab centrifuges) (Figure la-
b). Thanks to this separability, the microfluidic elements may be manually
reoriented on-demand with respect to the direction of the centrifugal force,
e.g., through flipping (Figure 1c).

In the microfluidic device described here, the dispensed liquid is cen-
trifuged to fill a metering chamber (Figure 1c/1-2). A given volume is se-
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lected, and the excess liquid is drained off. Then the microfluidic chip is
flipped to pull the metered liquid into a storage chamber. During this man-
ual flip, the direction of the centrifugal force is inverted compared to the
metering step. Upon centrifugation, the liquid sample may remain stable in
the initial chamber as long as the centrifugal force can be balanced by capil-
lary forces (Figure 1¢/3). When the centrifugal acceleration reaches a certain
threshold, the interface of the liquid sample is destabilized and the sample
flows to the next chamber (Figure 1c/4). We analyze the interface stability
experimentally and provide a semi-empirical physical model to predict its
threshold. We show that its behavior is robust to different liquid solvents
and chip materials. This robust and versatile system may address the need
for miniaturization of sample preparation steps in R&D environments.

2. Materials and methods

2.1. Design, fabrication and materials

The microfluidic chips used in the experiments were designed with Solid-
Works and fabricated by the Sirris research center. They were either man-
ufactured through PMMA milling and injection, or 3D-printed in a resin
material (Detax Medicalprint, clear-04016). They were rectangular-shaped,
4.5 mm thick, 20 mm long, and 10 mm wide. Each chip comprised a central
pyramidal well (two other, off-centered wells were not used for the present
experiments). The well had a squared cross-section with an area of 9 mm?
at the inlet and 0.01 mm? at the outlet. A microfluidic circuit including a
metering and a storage chamber was engraved downstream of the well. Adhe-
sive tape (Labelor, 3635E5-38B3297) was used to cover the chips and seal the
microfluidic circuits. Five different liquid solvents were considered: DI wa-
ter (density p ~ 1000 kgm ™, surface tension v ~ 0.072 Nm™'), ethylene
glycol (EG, Sigma Aldrich P3015, p ~ 1110 kgm ™ y1q =~ 0.045 Nm™'),
a water-glycerol mixture (Sigma Aldrich G5516, 50%-50% by volume, p ~
1140 kgm™3, y¢ ~ 0.068 Nm™! ), an aqueous solution of sodium dode-
cyl sulfate (SDS 0.1% or 3.5 mM, Sigma Aldrich 74255, p ~ 1010 kgm™3,
e =~ 0.052 Nm™!), and phosphate-buffered saline (PBS, Lonza 17-512F,
p =~ 1000 kgm™3, y¢ =~ 0.061 Nm~'). The surface tension of SDS and PBS
solutions was measured with the pendant drop technique. The advancing
and receding contact angles, denoted 6, and 6, respectively and associated
with each pair of liquid vs. chip material, were measured optically. They are
given in Table 1.
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Figure 1: (a-b) Three microfluidic chips were sandwiched between two PMMA layers,
thereby forming a disk that could be centrifuged. (a) Exploded CAD view. (b) Actual
device. The inset is a zoom on the microfluidic features of a chip. Diluted dye solutions
were metered, stored in different chambers, and prepared for mixing, through a sequence
of centrifugation and flipping steps described in the next sections. (¢) Microscope views of
the chip after each step of a typical sequence. The chip contains an inlet well, a metering
chamber, and a storage chamber. 1) 5 pL of diluted blue dye (sample) were initially
dispensed in the well. 2) Upon centrifugation at 56 ¢, the sample moved into the metering
chamber that selected 720 nL (the remainder flew to the waste). 3) The chip was detached
from its support, flipped, and reattached. 4) Upon centrifugation at 110 g, the sample
was transferred to the storage chamber. A scale bar is visible in c¢2, the scale is the same
in (cl-c4).



Table 1: Measured advancing and receding contact angles (6., 6,) of the different pairs of
liquid and chip material considered in these experiments.

Solution (Material) | 6,[°] 6,[°]
Water (Tape) 102 72
EG (Tape) 97 60
Glycerin 50% (Tape) 99 68
SDS 0.1% (Tape) 89 49
PBS (Tape) 106 71
Water (PMMA) 91 64
EG (PMMA) 64 42
Water (Resin) 89 57
Glycerin 50% (Resin) | 76 55
SDS 0.1% (Resin) 73 40
PBS (Resin) 89 62

2.2. Fxperimental setup

The microfluidic chips were specifically designed to enable centrifugation
in two configurations with different rotating supports, motors, and instru-
mentation. In the first configuration, referred to as chip-on-a-disk, three
microfluidic chips were sandwiched between two disk-shaped PMMA layers
screwed together (Figure 1a). The chips were positioned 5 cm from the center
of the resulting disk, and equidistant from each other. This unified structure
mimics LOAD platforms while providing greater flexibility by allowing the
use of different materials and microfluidic designs on the same disk. As a
result, the manufacturing time and cost of the prototypes were drastically
reduced. A centrifugal bench was built to control the disk rotation. The
angular speed could go up to 3000 rpm, which corresponded to a centrifu-
gal acceleration of 504 ¢ at the radial position of the microfluidic chambers
(Figure 2a). The setup comprised a computer-controlled stepper motor as-
sociated with a vertical shaft on which the disk was placed. A high-speed
camera, either a Photron AX50 camera for monochromatic (grayscale) imag-
ing or a Phantom MIRO M110 camera for color imaging, was used with a
macro lens (Zeiss Milvus 2/100M) to image the chips from the top. The mo-
tor controller sent a trigger signal to the camera once per rotation to image
the region of interest (ROI). The motion blur in the tangential direction was
reduced to 10 pm thanks to an exposure time of 11 ps. The resolution was
10 pm pixel™. In the second configuration, referred to as chip-off-a-disk,
we simply placed the microfluidic chips in a conventional lab centrifuge (Ep-
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Figure 2: Microfluidic chips were centrifuged in two configurations: (a) Chip-on-a-disk:
a homemade centrifugal setup was used to centrifuge the disk at different speeds up to
3000 rpm (chip at 504 g). A camera was triggered once per rotation to image the mi-
crofluidic chip. (b) Chip-off-a-disk: Four chips were placed vertically within a 3D-printed
support that fitted into the swinging-bucket rotor of a commercial lab centrifuge. The
centrifuge could spin at up to 4680 rpm (chip at 2204 g).



pendorf 5430R) thanks to 3D-printed supports adapted to a swinging-bucket
rotor (A-2-MTP) (Figure 2b). This centrifuge machine enabled rotation at
a maximum speed of 4680 rpm, which corresponded to 2204 g within the
bucket. In the centrifuge machine, the motion of the fluids within the chip
could not be imaged in real-time. Instead, once centrifugation was stopped,
the microfluidic chip was removed from its support and transferred for ob-
servation in bright field microscopy (Zoom Advanced 2, with camera Canon
EOS 5D mark IIT). The resolution was 0.5 jum pixel ..

2.3. Chip preparation and testing

The microfluidic chips were cleaned with isopropanol (VWR(C20922-364)
both after fabrication and after each set of experiments. Chips were then
dried with compressed air and sealed with adhesive tape. For each experi-
ment, we first dispensed 5 pL of liquid in the well and centrifuged to meter
a sub-microliter volume. Then the microfluidic chip was flipped in order to
transfer the metered liquid into the storage chamber by reversing the direc-
tion of the centrifugal force. Once the liquid was in the storage chamber, the
chip was flipped a second time and an attempt at transferring the liquid to
the other side of the storage chamber was made. We considered 15 metering
chambers and 9 storage chambers, with similar qualitative shapes but dif-
ferent sizes. The width of the metering (resp. storage) chamber varied from
0.4 mm to 3 mm (resp. from 0.45 mm to 1.6 mm), while its depth varied
from 0.2 mm to 1.6 mm (resp. from 0.1 mm to 1.2 mm). The liquid volume
selected in the metering (resp. storage) chambers varied from 24 nL to 3.2
nL (resp. from 150 nL to 3.2 pL). The instability threshold was defined as
the centrifugal acceleration beyond which the liquid was transferred from one
chamber (or side) to the opposite chamber (or side). In the chip-on-a-disk
configuration, it was measured by imaging the liquid motion in real-time,
while incrementing the angular speed from 900 rpm (45 ¢) to 3000 rpm (504
g) with increments of 20 rpm every 5 seconds. At each increment, the angular
speed was increased at 1000 rpm s™1, so the transition lasted approximately
20 ms. The rotation was stopped as soon as the transfer of liquid was ob-
served. In the chip-off-a-disk configuration, the flipped chips were centrifuged
for 30 s at constant angular speed, then removed from the centrifuge and the
possible occurrence of the instability was deduced from microscope observa-
tion. These steps were repeated with an acceleration increased from 200 g
to 1300 g by steps of 100 g.



2.4. Data Analysis

The instability threshold was measured for metering and storage cham-
bers of different sizes with water in PMMA chips. Additional measurements
were made for some configurations with other liquids, and/or resin chips in-
stead of PMMA chips. Measurements were made with the chip-on-a-disk
setup, except for the configurations yielding very high thresholds that could
only be tested with the chip-off-a-disk setup. At least four independent
threshold measurements were taken for each considered configuration (cham-
ber, liquid, chip material). The data analysis and model fitting are solely
based on the median of these measurements for each configuration.

3. Results

3.1. Phenomenology

3.1.1. Metering

The time sequence of the metering process is illustrated in Figure 3. A
volume of 5 pnL of blue-dyed water was dispensed into the well. The chip
was then centrifuged at 14 g to initiate the fluid motion. The centrifugal
force was then increased to 56 g, and the liquid was compelled to ingress the
metering chamber while the excess liquid was efficiently drained through the
waste channel. The metering step was achieved in one second. It successfully
selected a certain amount of liquid within the metering chamber. If neces-
sary, the chips were centrifuged again at 504 g to perfectly empty the waste
channel. The selected volume in the metering chamber was measured (£5%)
with the image processing software ImagelJ.

3.1.2. Instability upon “flipping”

The time sequence of the instability generated after having flipped the
chip is shown in Figure 4. Flipping and centrifuging the microfluidic chip
allowed the liquid sample to move out of the metering chamber. Before any
rotational motion was applied, the interface was in a stable equilibrium state.
Upon rotation at a given acceleration (110 g in Figure 4), a gradual destabi-
lization of the interface was observed. Systematically, the contact line on the
opposite side to the waste channel advanced, while the contact line at the
entrance of the waste channel remained pinned. In figure 4, the thickness of
the line delimiting the liquid/air interface provides information on the direc-
tion of motion of the contact line on both faces parallel to the plane of view
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0.00s 0.06 s 0.12s 0.18s 0.24s 0.30s
0.48s 0.54 s 0.60s 0.66 s 0.96s

Figure 3: Snapshots were taken during the metering step. After having dispensed 5 pL
of blue-dyed water in the well, the chip was centrifuged at 56 g. The liquid first invaded
the metering chamber (width W = 1.5 mm, depth H = 0.5 mm), then the waste outlet
(bottom left). Centrifugal forces progressively pushed the liquid through the waste outlet
(depth 0.3 mm). The liquid in the metering chamber (=~ 720 nL) separated from the liquid
in the waste outlet. The acceleration was finally increased to 504 g to remove the liquid
plug in the waste channel.
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(a smaller local contact angle results in a larger interface curvature and sub-
sequently in a wider zone of total reflection of light across the interface). The
thicker line at the center of the chamber corresponds to a receding contact
line, while the thinner line on the wall opposite to the waste corresponds to
an advancing contact line. The liquid was progressively transferred out of the
metering chamber by creeping on the sealing tape and the opposite wall to
the waste channel. It took less than a second for the liquid to fully reach the
storage chamber. The left /right asymmetric design of the metering chamber
played a key role in dictating the direction of the liquid interface. Some lig-
uid remained a fraction of a second longer on the side of the waste channel.
It was quickly pulled down, without having the opportunity to penetrate the
narrow channel leading back to the well. A similar instability was observed
when the liquid plug was in the storage chamber (Figure 5a). Centrifuging
the chip at 162 g was proved sufficient to initiate the interface destabiliza-
tion. Subsequently, the liquid was entirely moved downward in less than
40 ms (t = 3.03 s). The symmetric design of the storage chamber allowed
the contact line to move without any imposed direction. In particular, the
liquid was seen to creep significantly along the tape during the instability.

3.1.3. Combination of unit operations

The flipping strategy allowed us to independently handle liquids in cham-
bers of different sizes with different acceleration thresholds. This also enables
controlling the movement and storage of different liquids within a microfluidic
device. Figure 6 illustrates the key steps and outcomes of this strategy in
a centrifugal microfluidic device manipulating three selected volumes of dif-
ferent dye solutions without mixing. In the initial step, an aqueous solution
of blue dye dispensed in the inlet well was metered thanks to centrifugation
at 56 g. The selected volume was about 730 nL, in a chamber of width
W = 1.5 mm and height H = 0.5 mm. The other chambers remained empty.
Subsequently, the device was flipped and centrifuged at 110 g, which induced
the transfer of the metered blue sample into the storage chamber of width
W = 0.8 mm and height H = 0.5 mm (Figure 6a). The device was flipped
again, and another aqueous solution of red dye was metered through centrifu-
gation at 56 g. The selected volume was measured to be about 710 nL. So
far, this gentle acceleration was insufficient to dislodge the blue sample from
the storage chamber (Figure 6b). To separately isolate red and blue samples
in the storage chamber, the acceleration was increased to 162 g, which moved
the blue sample towards the other side of the storage chamber (Figure 6¢).
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1.40s 1.64s 1.76 s 1.88s 2.00s

2.08 s 2.12s 2.16s 2.20s 3.00 s

Figure 4: Time sequence illustrating the destabilization of the liquid interface in the
metering chamber (width W = 1.5 mm, depth H = 0.5 mm) when the chip was flipped
and then centrifuged again. Before rotation, the interface was in static equilibrium. The
rotation speed was ramped from rest to 1400 rpm (110 g) at 1000 rpm s~!, so the final
speed was reached after 1.40 s. At 110 g, the interface was destabilized in less than 1 s.
Owing to the left/right asymmetry of the chamber induced by the presence of the waste
outlet channel (top right), the liquid interface moved downward on the left side. A tiny
volume of liquid remained a fraction of a second longer on the right side of the chamber,
before being pulled down. The liquid could not penetrate the narrow channel (0.1 mm)
that led back to the well. In a fraction of a second, the liquid was entirely transferred to
the storage chamber.
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1.70s 2.80s 292s 2.96s 2.99s 3.03s

Figure 5: Time sequence illustrating the destabilization of the liquid interface in the
storage chamber (width W = 0.8 mm, depth H = 0.5 mm) when the chip was flipped
and then centrifuged again. Before rotation, the interface was in static equilibrium. The
rotation speed was ramped from rest to 1700 rpm (162 g) at 1000 rpm s~!, so the final
speed was reached after 1.70 s. Owing to the symmetric design of the storage chamber,
the liquid interface moved downward either along the tape or the chamber walls.

(a) (b) () (d) ()

Figure 6: Liquid samples in chambers with different sizes (and consequently different
acceleration thresholds) can be handled independently. Metering chamber: width W =
1.5 mm and depth H = 0.5 mm. Storage chamber: width W = 0.8 mm and depth
H = 0.5 mm. (a) A given volume of blue dye sample was transferred to the storage
chamber after being metered. (b) Upon centrifugation at low acceleration (i.e., 56 g),
a second, red dye sample was metered. However, the acceleration was not sufficient to
dislodge the blue sample from the storage chamber. (c) Increasing the acceleration above
the threshold (162 g) pulled the blue sample towards the other side of the storage chamber.
(d) The red sample was transferred to the storage chamber at 110 g; the blue and red
samples were not merged. (e) A third sample containing a gray dye sample was metered
while the red sample remained in position.

14



Upon flipping, the red sample was then transferred to the storage chamber at
110 g. At this stage, the blue and red samples were still kept separated, one
on each side of the storage chamber (Figure 6d). Finally, a third solution was
dispensed in the inlet well and pushed to the metering chamber upon cen-
trifugation at 56 g (Figure 6e). Although the storage chamber had already
been wetted by both red and blue samples, the red sample remained at its
attributed location in the storage chamber. This exemplary workflow demon-
strates the ability of the technique to independently manipulate individual
liquid samples sequentially loaded in the device thanks to well-chosen levels
of acceleration. Merging the different samples in the storage chamber would
have been possible too, by choosing a different sequence of accelerations.

3.2. Instability threshold

We measured the instability acceleration threshold associated with each
configuration (various metering and storage chambers, liquids and chip ma-
terials). The variation of this threshold with chamber width (for a given
depth H = 0.2 mm) is shown in Figure 7. The threshold decreases with
an increase in width. It is also systematically smaller for EG than for DI
water. A careful look at the complete set of measurements (cf. table avail-
able in supplementary material) reveals that the threshold also decreases
with increasing depth, though the variation is significantly less pronounced
than the dependence on chamber width. Interestingly, the threshold remains
relatively constant when only the volume of liquid in a given chamber is
varied (cf. metering chamber with W = 1.5 mm and H = 1 mm, and stor-
age chamber with W = 0.8 mm and H = 0.5 mm, in the data table in the
supplementary material).

Assuming negligible contact angle hysteresis and a contact angle close to
90°, the dependence of the acceleration threshold (a.) on chamber dimensions
and liquid properties can be estimated from an energy analysis developed in
the appendix. This analysis suggests that the interface remains stable when

:m<0_1> ’YLG<62> 'YLG(&) 1
a < Q¢ P W2 +p WH +p 2 ’ ()

where v, and p are the liquid surface tension and density, respectively. Di-
mensionless coefficients c¢;, ¢ and c3 are explicitly dependent on the slope
of the liquid-air interface (A.13). Subsequently, they depend on the contact
angle at each wall. They may also likely depend on contact angle hysteresis,
which has been neglected in the analysis. These coefficients are determined by
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Figure 7: Threshold acceleration a. (in ¢) as a function of chamber width W (in mm),
for chambers of same depth H = 0.2 mm, in PMMA chips. The box plots represent the
threshold measurements (median, quartiles and whiskers of the distribution of measured
values). The solid lines represent the prediction from Equation (1). Blue symbols and
curve correspond to water in metering chambers; red symbols and curve correspond to
water in storage chambers; and green symbols and curve correspond to EG in metering
chambers.
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the linear regression of Equation (1) on the measured acceleration threshold
(median of measured values for each configuration). Although the coefficients
are expected to be independent of W and H, they may still depend on the
exact shape of the interface in equilibrium, the wetting properties of the
solid walls, and the boundary conditions that the liquid-air interface is sub-
jected to. For this reason, different sets of coefficients were determined for
the metering and the storage chamber. Only the data obtained with water
on PMMA chips were used for this linear regression. The coefficients that
minimize the residual on threshold acceleration are ¢; = 15.97, ¢o = 2.82 and
c3 = 0.44 for the metering chamber (fit on 15 data points), and ¢; = 8.17,
co = 3.21 and ¢3 = 0.017 for the storage chamber (fit on 9 data points).
The threshold values predicted by Equation (1) with these coefficients for
each configuration are compared to the measured values in the parity plot of
Figure 8. The agreement is very good, with a coefficient of determination
R? = 0.99 for the metering chambers, and R? = 0.95 for the storage cham-
bers. Remarkably, the coefficients adjusted to water/PMMA data predict
the instability threshold of every other considered fluid/solid configurations
(EG/PMMA, water/resin, glycerin 50% /resin, and PBS/resin) with reason-
able accuracy, typically within +15%. This is likely due to the fairly similar
contact angles across these configurations. However, for SDS 0.1%, which
corresponds to the smallest contact angles, there is an overestimation by a
factor of 1.32. This factor was determined by taking the median of the cal-
culated ratio a{™ /a{™*" ) across three sets of dimensions considered for
the metering chamber of resin chips.

4. Discussion

The observed phenomena are reminiscent of a Rayleigh-Taylor instabil-
ity, in which the centrifugal (inertial) forces destabilize the liquid interface,
while capillary forces stabilize it. A few previous studies investigated this
instability for liquids confined in a rectangular chamber, and only with ideal
boundary conditions (e.g., Weislogel & Hsieh (43), Jacobs & Catton (44)).
The proposed equation also captures this balance of centrifugal and capil-
lary forces. By adjusting coefficients, one could make this equation valid for
other, arbitrarily complex boundary conditions. Such cases would be hard to
simulate numerically and there would be no hope of a closed-form ab initio
description of the fluid instability, especially in the presence of significant
contact angle hysteresis. Therefore, the present equation with adjustable co-
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Figure 8: Parity plot comparing the threshold acceleration measurements to the predic-
tions from Equation (1), with coefficients given in the main text obtained with water in
metering and storage chambers on PMMA chips. The coefficient of determination for wa-
ter - PMMA data is R% = 0.99 (resp. R? = 0.95) for the metering (resp. storage) chamber.
Different symbols and colors correspond to different configurations: (Blue triangles) water
— metering — PMMA, (Magenta triangles) water — metering — resin, (Green triangles) EG
— metering — PMMA, (Purple triangles) SDS 0.1% — metering — resin, (Brown triangles)
Glycerin 50% — metering — resin, (Orange triangles) PBS — metering — resin, (Red circles)
water — storage — PMMA, and (yellow circles) water — storage — resin. Black and gray
dash lines indicate discrepancies of +15% and +30%, respectively.
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efficients represents the best option to quickly estimate the threshold when
designing similar microfluidic systems. The fact that the adjusted coefficients
are of order unity confirms the validity of the model. Moreover, measure-
ments obtained with a variety of liquids on another chip material (i.e., resin)
can be predicted very well with coefficients adjusted for DI water on PMMA
chips. For example, as the ratio yq/p of EG is almost half that of water, the
good prediction indicates that the dependence of the threshold on v g/p is
correctly captured by Equation (1). As observed experimentally (Figure 7),
the primary factor affecting the instability threshold is the chamber size, and
more specifically the width W and depth H, at the level of the liquid inter-
face. A smaller chamber yields an increased energy cost per unit volume to
modify the curvature of the liquid interface, and consequently a higher ac-
celeration threshold. For given W and H, there is no significant dependence
on liquid volume: only the position of the liquid interface matters, and the
amount of liquid above does not.

Furthermore, our experimental results reveal that the boundary condi-
tions imposed on the interface by the microfluidic design have an impact
on the instability threshold. The contact line is free to move in the storage
chamber (actually, its motion is still limited by contact angle hysteresis),
while it is partially pinned at the entrance of the waste channel in the me-
tering chamber. This pinning condition constrains the interface deformation
and consequently stabilizes its shape, which yields a higher threshold than
for a storage chamber of similar dimensions (Figure 7).

While the adjusted coefficients always satisfy ¢; > ¢ > c3, the corre-
sponding terms in Equation (1) may still be of the same order of magnitude
since W > H. In Figure 9, the ratios of second to first term [coW/(c1 H)]
and third to first term [c3W?/(c; H?)| of Equation (1) are plotted against the
effective capillary length A = \/71g/(pac). For the metering chamber, the
term in ¢; /TW? clearly dominates both other terms of Equation (1), as long
as A < H. The primary dependence of the threshold on W is expected when
W > H, since a perturbation of the interface in the z-direction generates less
curvature (and therefore less interfacial energy, so it is more unstable) than
a perturbation of similar amplitude in the y-direction. This is observed at
time 2.12 s in Figure 4 (the perturbation is in the left-right direction, not in
the front-back direction). Nevertheless, when A\ > H, the threshold exhibits
a significant dependence on H. This can be explained as follows. The height
of a static liquid meniscus scales as the capillary length (45), and so should
the maximum difference of elevation between two points of the interface at

19



10t T . . T
A ]
L}
.AA
() A
100 F ° o o é )
o *» AR
~ ® AA
~— I Ad
=l [4AA A o)
;l/ﬁ I M\
U.\Ulo-l-_ & o =
o FAAA
ST o
3 I
(@) (@)
107 ¢ o .
o P
0.4 T O.6I | I0.8I | I1III1.2III1.4I”1.6I”1.8
% [
H

Figure 9: Variation of acceleration ratios 2 (W/H) (filled symbols) and £ (W/H )? (empty
symbols), with the ratio of capillary length and depth. Blue triangles (resp. red circles)
correspond to water in the metering (resp. storage) chamber on PMMA chips.

20



equilibrium. Consequently, the interface inclination with respect to the plane
normal to centrifugal force is of the order of A\/H. When A\/H > 1, the in-
terface is significantly inclined in both directions. The corresponding term
Oy f 0y f 0z Ozn in Equation (A.13) becomes significant, and so is the cor-
responding term ¢y /(W H) in Equation (1). The same trend is observed for
the storage chamber, although the term in ¢y /(W H) is never negligible. This
is in agreement with the observation that the interface is often inclined in the
storage chamber (Figure 5), with some significant differences in elevation be-
tween the tape wall and the opposite chip wall. From an engineering point of
view, the table in Supplementary Material confirms that the terms involving
H bring a negligible contribution to the threshold as long as 1 < W/H < 3.
For larger aspect ratios, these H terms have to be taken into account.

Our analysis of the instability threshold seems robust to variations in
liquid and chip material properties. Nevertheless, the contact angles were
not strongly varied in these experiments, and we still expect some variation
of the model coefficients with both advancing and receding contact angles.
This is particularly evident in the case of SDS 0.1%, where the receding
contact angle is much smaller than for other solvents. As a result, the in-
stability threshold for SDS 0.1% in the metering chamber of the resin chip
was overestimated by a factor of 1.32. Although less roughness is expected
on the surface of horizontal walls in a resin chip, the printed layers can
form vertical walls in a microchannel/chamber with higher roughness than
the machined microchannels/chambers on PMMA. An attempt was made
to highlight the influence of surface roughness and any varying parameters
between resin and PMMA chip while using the same liquid (water) in the
experiments. As a result, we observed an overestimation (resp. underesti-
mation) of the instability threshold by a factor of 1.14 (resp. 0.84) for the
metering (resp. storage) chamber. Moreover, we checked that the microflu-
idic system does not work with perfectly wetting liquids (e.g., most oils on
PMMA, or highly-concentrated SDS solutions on resin) that wick the entire
microfluidic network upon initial filling of the inlet well.

5. Conclusions

This study investigated a microfluidic system in which fluids were moved
controllably thanks to the reorientation (flipping) of microfluidic chips in a
centrifugal force field. While this flipping is not possible with the monolithic
disks found in most lab-on-disk systems, we achieved it by decoupling the
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microfluidic chips from their rotating support (either a disk or the swing-
ing bucket of a centrifuge): the chips were simply clamped on the support
and could be flipped between successive centrifugation runs. Clamping the
chips also proved to be an efficient and cost-effective approach for testing
and developing microfluidic designs. The fluid trapped at the bottom of
microfluidic chambers moves away upon flipping if the centrifugal accelera-
tion is higher than a given threshold. This fluid instability is analogous to
Rayleigh-Taylor instability. We measured this threshold for various cham-
ber geometries and dimensions, fluids, and chip materials. We proposed a
semi-empirical physical model with three coefficients adjusted to capture the
threshold dependence on these parameters. The instability threshold was
found to be primarily influenced by the chamber dimensions (width W and
depth H) at the level of the liquid-air interface. Smaller dimensions yield
a higher threshold. The relative influence of W and H was discussed and
correlated to the shape taken by the interface at equilibrium, which is dic-
tated by the effective capillary length A. This instability threshold is a key
parameter for the design of complex microfluidic workflows based on the flip-
ping/reorientation strategy. Chambers with different functions may have dif-
ferent sizes, so liquids therein would only be dislodged when their respective
threshold is reached. It is therefore possible, at intermediate accelerations,
to dislodge fluids only in the largest chambers and not in the others. This
allows the temporary storage of different fluid samples in different chambers,
and their merging/mixing on demand by exceeding the corresponding insta-
bility threshold. The boundary conditions imposed on the chamber walls
(e.g., pinning at the entrance of the waste channel) represent another degree
of freedom for microfluidic design: not only do they significantly influence
the threshold, but they may also constraint the interface perturbation and
guide the destabilized fluid in a preferred direction (here, towards the stor-
age chamber rather than back into the inlet well). In conclusion, reorienting
microfluidic chips in a centrifugal force field offers an efficient, low-cost, and
reconfigurable control strategy for microfluidic flows. The relevant control
parameters, identified in this work, pave the way to the design of microflu-
idic workflows of arbitrary complexity. This approach will likely meet the
needs of miniaturization of sample preparation workflows, especially in R&D
environments where robustness and versatility are key.
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Appendix A. Model of the instability threshold

The suggested dependence of the acceleration threshold on the chamber
dimensions can be rationalized thanks to an energy analysis. The instabil-
ity threshold should correspond to the smallest acceleration for which some
perturbation would decrease the total energy associated with the position
of the liquid interface (i.e., this energy would switch from a minimum to a
maximum, at least with respect to some perturbations).

Nevertheless, calculating the equilibrium shape of the interface and its
stability is still a challenge both in physical and mathematical terms. Among
others, properly modeling the contact angle hysteresis induced by a rough and
chemically heterogeneous solid surface is far from trivial. Hysteresis would
imply that there might be a large number of local minima in the energy
landscape. The observed interface shape would then depend on the history,
namely, on the conditions in which the liquid was initially loaded in the
chamber. In this appendix, for the sake of simplicity, we will assume that the
chip/tape surfaces are ideal (i.e., rigid, perfectly smooth, flat, and chemically
homogeneous) and with negligible contact angle hysteresis. Nevertheless, any
dependence on contact angle highlighted in this simplified analysis should be
understood as "unknown and non-trivial dependence on wetting properties,
including contact angle hysteresis”.

Figure A.10 schematically illustrates a cross-sectional view of the equi-
librium shape and perturbations of the interface, for the metering chamber.
The equilibrium shape of the interface is described by a function z = f(x,y),
where x € [0, W] and y € [0, H]. Both x, y and z are lengths.

The surface energy of the liquid-air interface is

EL =va /OH /OW \/1 + (0 f)? + (0, f)?dady, (A1)

where v1,¢ is the liquid surface tension, namely the energy per unit area of
this interface. The surface energy associated with the wetting of chamber
walls (i.e., the local conversion of a solid/gas interface into a solid/liquid
interface) is given by

H W
Es = (vsn1— 73(;,1)/ FO0,y)dy + (ysr2 — 78@,2)/ f(z, H)dz
O W
+  (sL,3 — 7sa.3) /0 JW,y)dy + (ysLa — Vsa4) /0 f(x,0)d£A.2)
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Figure A.10: Schematic cross-sectional view of the equilibrium shape f(z,y) and pertur-
bation n(x, y) of the liquid interface in a metering chamber. The interface can be subjected
to different boundary conditions on each side: for example, the drawing illustrates a con-
stant contact angle on the left wall (03) at x = W, and a pinned contact line on the right
wall at the entrance of the waste channel at = 0 (i.e., n(0,y) = 0). Here, v represents
the liquid surface tension, and s, (resp. 7ysr,) denotes the energy per unit area of the
solid/gas (resp. solid /liquid) interface on each wall s.
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where ~vg1,; (resp. 7sq,) represents the energy per unit area of solid/liquid
(resp. solid/gas) interface on each wall i.
The potential energy associated with centrifugal acceleration is

H w
E,=-2 / / Fdady. (A.3)
2 0 0

When the interfaces are in stable equilibrium, the total energy Er, + Es + E,
should be minimized. Therefore, we aim at identifying the function f(z,y)
that minimizes the functional

Flf(z,y)] = BEL+Es+E, (A.4)
B H W  pa H W )
= e [ [ i@ @ -5 [ pay

H w
+ (VSLJ - ’VSG,l)/ f(0,y)dy + ('YSL,Z - 75(;,2)/ f(z, H)dx
0 0

H w
+ (VSL,?) - 78(;,3)/ f(W y)dy + (78L,4 - 75(},4) / f(% 0)d$-
0 0

We consider an infinitesimal perturbation n(x,y) of the equilibrium f(x,y)
that also satisfies volume conservation, namely

H W
/ / ndaxdy = 0. (A.5)
o Jo

We then calculate the resulting modification of F' through a Taylor series for
| < 1:

B
F[f+n] = Ff]+ A+ 2 +00) (A.6)
with
H W H W
A = ’YLG/ / axfaxn;ayfgyndxdy—pa/ / fndxdy
o Jo o Jo

H w
+ (ys1 — 78@,1)/ n(0,y)dy + (vsL2 — 75(;,2)/ n(x, H)dz
0 0
H W
+ (ysL3 — YsG.3) / n(W,y)dy + (YsL4 — Ysa4) / n(z,0)dz
0 0
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_ VT4 (0, £)*1(0en)? = 20, f0, f0unOyn + [1 + (02.1)*1(9yn)*
= VLG/ / {

N3

w H
pa / / n°dady,
0 0

and where N = /1 + (9,f)? + (9,f)?. The terms A and B represent the
first-order and second—order terms in the perturbation 7, respectively. The
interface shape f is an equilibrium solution if the corresponding energy F' is
extremum, which corresponds to A = 0. Integration of the first integral of A
by parts yields

_ HW o 0,f
= e [ (5 e (5 < o

R /H [(azf _ OsL1 T 75@,1) 77} dy + %G/ K@,f N YsL2 — VSG.2
0 N TG S 0 N TG

H 147
Ouf 3 — O, f —
+ 7LG/ [( = + YSL,3 ’YSG,3> 77} dy — 7LG/ {( X[ _ SLa4 — 78GA
0 YLG =W 0 TLG

In this equation, the first integral represents the sole term associated with the
shape of the liquid interface across the whole domain under any perturbation
1. Consequently, when A = 0, the first integral must also be zero; and by
taking the volume conservation constraint (A.5) into account, it can then be
proven that the expression inside the bracket must be constant. This yields
a partial differential equation reminiscent of the Young-Laplace equation

O f Oy f
VLG[ (N>+ (N) ’YLGf:| (8.9)
where P is a constant with the dimension of pressure. For any perturbation 7,
each subsequent integral in Eq. (A.8) independently represents the condition

of contact lines on each wall. Therefore, when A = 0, the integrand of each
integral must be equal to zero, corresponding to the boundary conditions at

the walls:
{(0]6 ’YSL1—’YSG1> } -
77 - 07
N LG =0

{(af ’YSLQ—’YSG2) — 0
N /’7 - 9
YLG
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Oy —
{( / 4 YSL,3 75(;,3) 77} — 0,
N TLG =W

ayf YsL,a — ’YSG4) }
— : : = 0. A.10

In the first of these four constraints, [0, f/N],_, is mathematically equivalent
to — cos 6y, where 0; is the angle made by the liquid/gas interface with wall
1 at x = 0. Therefore, the constraint can be rewritten

{(— cos by — w) 77} = 0. (A.11)
=0

LG

It is satisfied either when the contact line is pinned (1 = 0), or when the con-
tact angle satisfies the Young-Dupré relation (cosf; = (ysc1 — Ysr1)/7La)-
A similar reasoning can be done for the three other constraints. In the special
case where |0, f| < 1 and |0, f| < 1, equation (A.9) resumes to a Poisson’s
equation for which analytical solutions exist. By contrast, there is no known
analytical solution to equations (A.9) and (A.10) in the general case where
slopes 0, f and 0, f are finite, so numerical solutions should be sought (43).
Through the boundary conditions (A.10), this solution f(z,y) will necessar-
ily depend on the contact angle (and by extension, contact angle hysteresis)
on each wall where the contact line is not pinned.

The second-ordered term B( f,n) indicates the stability of the equilibrium
solution. Indeed, F' is minimized with respect to f when B is strictly positive
for any perturbation 7. We express the derivatives of  in B in terms of
normalized coordinates & = /W € [0,1] and § = y/H € [0, 1], namely
0o = (95m) /W and dyn = (9m)/H:

H 1+ a —99, fO o
B = &% / / L+ O,f) (0:n)*dZdy + 1. / / f f (0zm)(Oym)didy

+ 7LGVV// 1+ yn)dedy paWH/ / n*dzdg. (A.12)

We define
1 1
X = / / n*dzdg,

1
T = // i 8f zn)Qdfd@?,
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N Y

¢ = / / L+ M (9ym)2dEdy. (A.13)

Therefore, by substituting A.13 into A.12,
C1 Co
B= [ ( —> - } WHYy.
e (e + g )~ eo) WHX
Since mathematically x > 0 for any 7, the stability condition B > 0 yields

e () o ) 0 ) A

The coefficients c;, c; and c3 explicitly depend on the slopes 0, f and 9, f of
the liquid-gas interface. Consequently, they must depend on contact angles
(and hysteresis) at each wall, as well as on dimensions W and H. These
dependencies cannot be unveiled without explicitly calculating f(x,y), which
is out of the scope of this study for the aforementioned reasons. Nevertheless,
in the case of contact angles at 90°, 0, f and 9, f would be equal to zero, and
the coefficients ¢; would be independent of W and H. By continuity, the
dependence of these coefficients on W and H should remain weak for the
slightly hydrophilic surfaces considered in this work (6; < 90°). Moreover,
we can hint at the variations of ¢; and ¢3 with contact angles thanks to
the following trick. We consider for example a non-pinned contact line 2 at
y = H (i.e., with local contact angle 03). We further assume, for the sake of
simplicity, that the contact line is almost at constant elevation f, namely

|0:f] < [0y f] (A.15)

at y = H. Close to this contact line, we mathematically obtain 0, f ~ cot 0,
N ~ /14 (9,f)?, and ultimately [1 + (9,f)?]/N? =~ sinfy. With similar
hypotheses, close to contact line 4 at y = 0, [1+(9, f)?]/N? ~ sin 6y, and close
to the contact line 1 at z = 0 (resp. 3 at z = W), [1 + (9.f)?/N? =~ sin 6,
(resp. sin#3). Therefore, as long as the solid walls are hydrophilic (6; < 90°),
decreasing 6; would yield a decrease of sin#;, and thus a decrease of the
contribution of the interface close to the contact lines to the integrals of ¢; and
c3 in Eq.(A.13). In summary, in the first approximation, the coefficients ¢;
may be considered independent of chip dimensions W and H and dependent
on contact angles (and more generally on wetting properties). They are
expected to decrease with decreasing contact angles in the case of hydrophilic
walls.
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