Capacitive coupling synchronizes autonomous microfluidic oscillators
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ABST

Even identically-designed autonomous microfluidic oscillators have device-to-device

oscillat? ity that arises due to inconsistencies in fabrication, materials, and operation
conditions ork demonstrates, experimentally and theoretically, that with appropriate
capacitive couEng’ these microfluidic oscillators can be synchronized. The size and

characteristics ofdhe capacitive coupling needed and the range of input flow rate differences
chronized are also characterized. In addition to device-to-device variability,
thin-device oscillation noise that arises. An additional advantage of coupling
multiple fluidic oScillators together is that the oscillation noise decreases. The ability to
synchronize multiple autonomous oscillators is also a first step towards enhancing their

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/elps.201700398.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/elps.201700398
https://doi.org/10.1002/elps.201700398
https://doi.org/10.1002/elps.201700398

usefulness as tools for biochemical research applications where multiplicate experiments with
identical temporal-stimulation conditions are required.

INTRORBEGEIN
Efforts to equirements for external controllers has led to the development of self-

switching simesefluidic circuits [1-5]. An autonomous fluid circuit type that is of general
usefulngsspimsbielo gy are microfluidic oscillators that convert two constant input flows into
altematingﬁuid flows to allow periodic delivery of chemicals or to mimic the pulsatile nature
of biologi flows such as blood flow [1,6]. A key requirement for biological studies is
the abilityffo perf@rm multiplicate experiments and controls. This can be a challenge for self-
switching i@ circuits because of circuit-to-circuit variability that leads to slightly
different og@i n characteristics. This paper describes a strategy to overcome this
challengempacitive coupling to synchronize multiple oscillators. We also demonstrate
that couplﬁ' ator systems have an additional advantage of reduced noise. That is, intra-
device variationsfin oscillation frequency and amplitude of each oscillator is reduced when

multiple o rs are coupled together.

First descged by Huygens, in the classical case of periodic self-sustained oscillators [7],
interactio pling between the individual systems can lead to synchronized behaviors

[8] dependi he coupling strength [9]. More specifically, weak coupling results in
frequencyfpu f one oscillator towards the other but with incomplete synchronization
particularly withlarger phase shifts and frequency mismatch. A stronger coupling will lead to
full sy n. An overly strong coupling of out of phase oscillators effectively
quenches e er, pulling each oscillator unit into a zero-amplitude standstill or

“oscillati [10]. While these general properties of coupled oscillators are well known,
it is no 1 ropriate coupling can be realized for self-switching microfluidic oscillator

systems. Here, we performed physical experiments along with simulations of coupling two or
four fluidig oscillators through capacitive units. As anticipated, we found that the minimum
coupling Mequired for synchronization is dependent on the period difference between
coupled fluidigoscillators. Experimentally, synchronization was demonstrated between
fluidic osg ith period differences as great as 61 seconds. We additionally show
through sifglatidhs that there is a unique minimum coupling capacitance requirement, even
between fluidicoscillators with relatively small differences in oscillation periods, and that
this is dicjted by the parasitic capacitance of the fluidic oscillator’s switching valves. While
this w on the synchronization of coupled oscillators, simulations were used to
predict there disruption of the oscillators could occur. Oscillator disruption
included sfates 1n which an oscillator would “leak” and have signal from each input being
simultane put even if oscillating between various states, or amplitude death where
the output si opped oscillating and remained at an amplitude standstill. Simulations
predicted a narrow range of conditions where oscillation disruption and amplitude death
should oc ¢ were unable to create such conditions in our experimental system. We

s discrepancy arises from the variation inherent in experimental systems
whereas simuldtigns were performed with very discrete conditions.

Even for a single oscillator circuit, real-life oscillations are “noisy” where frequency and
phase fluctuations caused by inherent instability of syringe pumps as well as leaks, debris,
and other potential fabrication variations. Generally, a well-known incidental benefit of
coupled oscillators is the effect of “noise reduction” [11,12]. We show experimentally that
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this also applies to coupled fluidic oscillators; resulting in more uniform and consistent
operation compared to non-coupled individual oscillators. Furthermore, this noise reduction
effect was more significant for a system with four coupled oscillators as compared to two
couple i . These proof-of-principle demonstrations and description of the

mechanismgofoperation and beneficial characteristics of coupled fluidic oscillators not only
advance tl @ pf microfluidics but are envisioned to facilitate transfer of such technology
from micrgflmidiCadeyice developers to biological end users [13].

MATER]hD METHODS

Device Fabricati

Methods \m-nicroﬂuidic oscillators and coupling capacitor master mold fabrication
were simi se previously presented [14]. The microfluidic oscillator device consists of
Isiloxane (PDMS) layers assembled as previously described. Briefly, the
um or 100 um height, for oscillators and coupling capacitor, respectively)
were imprinted in the top and bottom layers, and a PDMS membrane (target thickness: 11
um) was positioned between them. 1:10 PDMS (Sylgard 184, Dow Corning, Midland, MI,
USA) wa onto the master mold and allowed to cure within a gravity convection oven
at 60 °C fq e cured PDMS slab was then removed from the mold and cut into
individualfde ayers. Concurrently, PDMS membranes were fabricated by spin-coating
1:10 PDMS ont0 glass slides pre-treated with silane. PDMS membranes were then cured

three polydi
device features

within nvection oven for 5 min at 120 °C and 10 min at 60 °C. Prior to final
assembly, a 2-gdf biopsy punch was used to remove PDMS from the inlet and outlet ports of
the top r. The bottom layer and membrane were then treated by plasma oxidation

(Covance MP, FemtoScience, Hwaseong-si, Gyeonggi-do, South Korea) to facilitate bonding
and, following bonding, were then placed in a gravity convection oven at 120 °C for 5 min

and at 60 min. Thru-holes were then made in the membrane to allow fluid
communicaiemgbetween the top and bottom device layers, using a 350-um biopsy punch (Ted
Pella Inc., @ p, CA, USA). The top layer was then treated by plasma oxidation to

facilitate bon@Mg with the membrane-bottom layer assembly. Following treatment, but
preceding , the normally closed region of the top layer was “deactivated” by being
broughm contact with an unoxidized PDMS “stamp”. Following final bonding,
assemble%evic’ were incubated for 2 min within a gravity convection oven at 120 °C.
Coupling Capacitors were fabricated in the same fashion, except they did not require thru-
holes to be;ﬁd within them, or have any region deactivated.

Coupling simulgtgons

In the tudy, commercial software (PLECS, Plexim GmbH, Switzerland) was used for
the numerica lation of the microfluidic oscillators and coupling capacitor. Based on
electro-hydraulic circuit analogy, microfluidic channels are simulated as electric resistors,
flexible membranes correspond to capacitors, and the flow rates are transformed into electric
current. The input flow rates and coupling capacitance were adjusted according to the settings
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of each experiment. All other parameters used in the model were from experimental
measurements [15]. A schematic of the model is shown in Fig. SI 1a.

Microﬂ“lator Testing and Data Processing

A syringeel KDS220, KD Scientific, Holliston, MA, USA) was used to provide

constant velumefiiesflow to the device. 3 mL syringes (Becton, Dickinson and Company,
Franklim [sakessid/, USA), filled with filtered deionized water mixed with and without food
coloring, ;ere connected to the inlet ports via Tygon tubing (Saint-Gobain™ Tygon™ R-
3603 Clea tory Tubing, Saint-Gobain Performance Plastics, Akron, OH, USA).
Microﬂui@)ators were monitored by using a 3-way valve to connect pressure sensors
(Model 14 , Honeywell, NJ, USA) at the device inlets via Tygon tubing (R-3603
Clear Lab ubing) to measure source pressure. Source pressure data was collected for
valves to m;)ressure buildup and release corresponding to fluid accumulation and

i tively, through the valves. The occurrence of fluidic oscillations and the

f these oscillations relative to source pressure profiles were initially
verified vi all subsequent quantification and assessment, however, was performed
using soumre data. Data was obtained at a sampling rate of 1000 Hz, every 100 data

evacuatio

coincident timin

points we ed (resulting in 1 data point per 100 ms), and stored using LabVIEW
(National I nts, Austin, TX, USA). Voltage data were collected using LabVIEW and
processedwnstrate oscillation frequency of the microfluidic oscillators tested.

RESU ISCUSSIONS
Two separate ofluidic oscillators, designed and fabricated with the same parameters
when er the same infusion flow rate, e.g. 5 pL/min (Fig. 1a), are expected to

execute equivalent operations. Yet, like any manufacturing process, inherent variability
exists. Additional idiosyncrasies [14] arise due to the instabilities of syringe pump systems
[16] and syringes [17]. Real-life imperfections such as minor leaks and introduction of debris
or particulates into the circuits can also cause inconsistencies. Combined, these parameters
lead to device-to-device variability as shown experimentally for two presumably “identical”
oscillators operated under “identical” conditions as visualized in a pressure change over time
plot (Fig. 1b) and a phase portrait (Fig. 1¢). The phase portrait is a geometric representation
of the Mf these two dynamical systems, demonstrating the pressure trajectories of
s in each oscillator, indicating the interaction between the two oscillators.

pressure r , 1.e. Fig. 2D.
In this e define microfluidic oscillator synchronization as the simultaneous switching
by the v its in each oscillator; where the opening and closing of the membrane valve is

determined by the relative difference between the source minus gate pressure versus the
threshold pressure [15]. Learning from electrical systems, we utilized various size
microfluidic capacitors [18], comprised of a flexible membrane that allows exchange of
fluidic energy or pressure, while keeping the actual fluids separate (Fig. SI 3a,b), to couple
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the two oscillators (a schematic is shown in Fig. 1d and an actual setup can be found in Fig.
SI2). With the incorporation of the microfluidic coupling capacitor we accomplished
synchronized behavior with regards to pressure profiles between the two oscillators (Fig. Ic
and f).

As the siz oupling capacitor increased, we found increased synchronization between
the two cotipit ofluidic oscillators (Fig. 2b, ¢). The measured oscillator valve pressures

were ifipl in eq. 1 to quantify the coupling strength afforded by different coupling
capacitors

dp .
_:A + b 1
< > o W+ esing (1

Here w is Wal frequency of the oscillator and Aw is the frequency mismatch between

the oscillators, &71s the coupling strength, and ¢ is phase difference of the two oscillators; for
brief desc nd derivation of equation (1) for the analysis of phase synchronization see
suppleme i ation, or for more in depth description see previous literature on
oscillator lgeldageand synchronization [19,20]. Using the empirical data, we determine the

maximumicoupling strength achieved by each coupling capacitor used within our system.

and coupl tors. We have previously shown that electrical circuit simulation software
can effecti pture features of microfluidic oscillators [6,21]. Here we simulate device-
y as devices with differences in the phase of oscillation or with both
differences in e and period. Simulations predicted that out of phase oscillations could be
synchr ith a critical coupling capacitance of 1x107"* N s/m’ (Fig. 3) but that
oscillators that are both out of phase and with different periods from each other require a
stronger coupling (e.g. 1x10™"* N s/m’). Additionally, we identified a minimum critical

In additio rimental studies, we performed simulations evaluating two non-coupled
1

to-devi

capacitan for effective coupling, which was dependent on the magnitude of the
parasitic capaesiance of the valves within the oscillators. We also note, that increasing the

e, of the coupling capacitors minimizes the potential of oscillation
@@mplitude death, which appears to be a condition specific response (Table SI
1), only o with relatively large input flowrate differences between the two oscillators,

size, or ca
disruption 3

and wi vely small window of coupling capacitance (size); this phenomena was not

observed irigally, highlighting the facile synchronization of the two oscillators, by using
larger coupling capacitors.

Increasin%I the diSension of the square microfluidic coupling capacitors resulted in increasing
synchronization between oscillators. We characterized the behavior through both the pressure
alve units in each oscillator, as well as the phase portraits of these pressures.

by using smaller capacitors, such as the 1.5 mm x 1.5 mm capacitor, the
oscillators becont® unstably synchronized (Fig. 2a). The coupled oscillators appear to have
some synchronicity; however, they shift in and out of this synchronized state, most likely
indicating that the coupling strength of 0.0915 is insufficient to reach complete entrainment,
but rather produces unstable synchronization. This is further reinforced when visualizing the
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phase portrait of P, vs. P», where a triangular pattern emerges, however this coordinated
behavior has instability, as the positioning of this pattern shifts through the entirety of the
experime;ial dat? Increasing the coupling capacitance, we see the stable synchronization

betwee ators (Fig. 2b, c¢), where the phase portrait of Py vs. P, shows a consistent
triangular with increasingly fixed positions with increasing coupling capacitance. The
coupling 73 and 43.15, for the larger microfluidic capacitors (2.0 mm x 2.0 mm

and 3.0ianm, respectively), concomitantly increases synchronization of the
oscillatorsSioupling of the oscillators also appeared to result in frequency stabilization,
generally
(Fig. S14

rating a reduction in period variation with increasing coupling strength

The microfluidic capacitor can couple the oscillators while preventing the liquid from passing
through it evier, the presence of the elastic PDMS membrane may limit the extent of the
force trans¥@#€d #fom one oscillator to the other. Implementing a direct connection may be
experime\mdeal for cell based experiments, as the mixing of solutions may

compromi imental conditions when utilizing differing media compositions and
biomolecule stimulants; however, we identified that this results in the strongest coupling
behavior (fig. 2d). Direct coupling of the oscillators with tubing results in the source pressure
waveform ightly synchronized, overlapping more so than that seen with microfluidic

capacitor , reaching a maximum coupling strength of 45.307. Additionally, the phase
portrait o shows a diagonal pattern, indicating a high degree of entrainment

between the two oscillators. Considering methods to circumvent direct coupling and
subseq
simulated th

xing of solutions, while increasing the coupling strength of the system, we
ementation of two coupling capacitors, one for each set of valves. These
simula strated stronger coupling phenomena when using two coupling capacitors
as compared to one in that the shift from asynchronous behavior to synchronized oscillations
happen atgaller coupling capacitor sizes (Table SI 1). In addition to oscillators that have

even duty 0% - 50% in terms of time open for each of the two valves of an
oscillator) malyzed synchronization between oscillators operated with asymmetric input
flowrates nonsymmetrical duty cycles [14]. Figure 4 shows experiments using
oscillators metric input flow rate combinations of: 1) 5 uL/min flow rates into the
coupled v s via syringes B and D, and 2.6 pL/min into the non-coupled valve units
via syr C; 2) 2.6 uL/min flow rates into the coupled valve units via syringes B and
D, and indihto the non-coupled valve units via syringe A and C; 3) non-paired input

flow rates, wi L/min input via syringes A and D, and 2.6 pL/min input via syringes B

and C. When the$wo asymmetric oscillators are working separately, the measured periods are
132.8 s anl #7’s, respectively. When using combination 1 we achieved synchronization in
all coupling e

wherea «@

behavior whe

ditions except when using the smallest microfluidic coupling capacitor,

er two asymmetric input flowrate combinations only resulted in synchronized
g oscillators were directly connected. The oscillation periods for
synchronized asymmetric oscillators was 160.0 s for the two oscillators. These experimental
results with intentionally mismatched oscillator properties are consistent with the general
properties of coupled oscillators that the larger the mismatch in phase and period, the more
difficult it is to achieve synchronization. This inability to couple non-synchronous variations
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between valves, could be remediated by increasing the coupling capacitance, or
implementing dual valve coupling as presented in Table SI 1.

In biolo“iments more than two microfluidic oscillators may be required to function
in parallel, gmder the same oscillatory behavior. For example, in the study of cellular signal
ire, parallel experiments might require oscillators outputting oscillatory
equencies, but different concentrations. Figure 5a demonstrates the
ability 1 Jeareroscillator coupling from two to four oscillators. The four oscillators are
coupled b apacitors with 3.0 mm chambers. All four oscillators have a constant input
flow rate o, in. The pressure profiles of the oscillators demonstrate robust entrainment
(Fig. 5¢). @Qompatied to the pressure profiles of the separated four oscillators (Fig. 5b), these

results demonStrate that the coupling phenomena, can be implemented when an array of
synchroniged@scillators are needed, as long as the coupling strength meets the minimum

requireme rifhe system.

L
Beyond the practical use of experimentally maintaining similar frequencies when oscillating

solution types, these coupled microfluidic oscillators also made us reflect on how these
oscillators can be used to replicate different phenomena present in coupled systems. First, we
noticed at lower coupling (1.5 x 1.5 mm capacitor) that beat skipping occurs and can be seen
in Figure 2, where the wave forms appear to align on most of the peaks, and yet oscillator 2
will skip one of the peaks achieved by oscillator 1, subsequently resynchronizing with
oscillator 1. The period data presented in Figure SI 4 further illustrates this phenomenon.
Additionally, in Figure SI 4, two instances of this occurred with the 2.5 mm x 2.5 mm
capacitor. Similar inputs into each of the coupled oscillators resulted in a highly synchronized
behavior with a different number of cycles occurring between each “skipped beat”,
furthermore this aberrant behavior returned to synchrony after only missing one “beat”.
Though we did not investigate the skipped beats within our system, this has been previously
discussed in cell-based phase locking analysis applied to biochemical circuit architecture
built on oscillatory cell signaling systems [22]. Recreating such a response in a microfluidic
architecture may enable a mechanically representative system, in which analogous
parameters could be defined. Furthermore, we were surprised that a coherent oscillatory
activity of the two paired oscillators occurred, in which both oscillator’ period was
dramatically decreased. This co-dependent frequency pulling was an unexpected result, as we
had initially expected the frequency of one oscillator to more closely resemble the frequency
of the other, rather than stabilizing at a dramatically higher frequency for both oscillators.
This coherent oscillatory response of moving from a higher period, as independent
oscillators, to a reduced period between the paired oscillators, extended to coupling 4
oscillators together. Integrating a larger array of oscillators together may additionally be able
to provide a model system to study the collective synchrony in large scale rhythms of
populations Wignteracting elements [23].

CONCLUSIONS

In this work we demonstrate that multiple microfluidic oscillators can be coupled via fluidic
capacitors to synchronize their oscillations. Simulations identified a relationship between the
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internal capacitance of the microfluidic valve units and the coupling capacitors capacitance,
such that a minimal critical capacitance needs to be used to generate sufficient coupling
strength ta synchi)nize the two oscillators. Generally, the necessary critical capacitance is at

least on magnitude higher than the parasitic capacitance of the switching valves.
Microflui ators with asymmetric inflow pairings can also be synchronized, provided
the oscillal pled through the valves receiving the larger inflows. An incidental

beneﬁtaf W oscillators is noise reduction. Comparing coupled oscillator systems with
two and fqur oscillators coupled together, we also observe that the noise reduction generally
decreasedL-fold. These results demonstrate usefulness of fluidic oscillators in gaining

fundameng@ inST@hts into the properties of real-world coupled oscillator systems that possess

oscillator—w;tor variability as well as within oscillator noise. The ability to synchronize
multiple self-spmgching oscillators is also a first step towards enhancing microfluidic
oscillatorsi u ess as a biomedical research tool for multiplicate experiments that require

identical temporal-stimulation conditions.
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Figure 2

Capacitor size = 1.5 mm, coupling strength £ = 0.0915  Capacitor size = 2.0 mm, coupling strength £ = 8.073

2.7
w 334 ——Oscillator 1] & 350~ . 1275
o —— Oscillator 2], 5 & © —— Oscillator 1 ©
= ] = o ——— Oscillator 2 o
- 32 ™~ = =
= 25 = - ~
19 314 | 8 i 3.254 -
= 24 = 5] {2550 8
— -4 = ] [}
Q [*] —] =
o 3.0 n S =
(o] 230 8 3.00 8
- =
o 294 © - -
g 2.2 g g J2.25 8
a 289 @ 5 275 s
®» 24 @ H ]
@ @
P 27 £ 3 2
r . r T T i 2. o o
2500 2750 3000 3250 3500 3750 4000 2.50 . . ; ; 2.00
" 3000 3200 3400 3600 3800 4000
Time (s) )
Time (s)
_28 . . T _28 . .
o] ]
o - o
= ,n =
N 287 el 1 ~
s Lo Al :}\ s 2.5 4
LFYe L P e Sk i} ]
3 fal o E
» o -"? P i i
Q23] g F L T Q24
° -t L - T =]
@ e T e . @
= - o =
722 PR | 3
] - n 234 i
o <
o o
2.1 . : . : T T T ‘ T
2.7 2.8 2.9 3.0 31 3.2 3.3 2.9 3.0 3.1 3.2 33
Pressure of Oscillator 1 (kPa) Pressure of Oscillator 1 (kPa)

(a) (b)

Capacitor size = 3.0 mm, coupling strength ¢ = 43.15: Direct connection, coupling strength £ = 45.307
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—&— Ci=1e-14 m°/N
—o— Ci=1e-15 m*/N

= - e ™ —A— Ci=1e-16 m*/N

— —w—Ci=1e-17 m*N
<
w

E

8 1E-14

S -~ @ = o
8

O

©

o

§ 1E-15

o y s v A A
c

a

=]

§ 1E-16

8 A & —¥ — v
=

=

O

1E-17

-
-
—

¥ v I M 1 ' T

30 45 60 75 90
Delay of inputs (°)

Author |\ .

This article is protected by copyright. All rights reserved.



a=c=2.6uL/min a=c=5pL/min a=d=2.6pL/min
b=d=5uL/min _ b=d=2.6ul./min _b=c=5uLl./min
1.5 mm 0.004 0.050 0.036
2.0 mm 0.274* 0.045 0.033
2.2 mm 0.581* 0.077 0.033
2.5 mm 0.682* 0.062 0.030
3.0 mm 2.672* 0.085 0.029
Direct Connection 5.409* 10.462* 11.337*
*Synchronized

Non-synchronized

(b)
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Figure 5
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