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gradients of surface-active substances exist. In the present paper, we describe the experimen-
tally observed coupling between relaxation oscillations at neighboring droplets in a concentration

gradient. By a numerical parameter study, we evaluate the oscillation characteristics depending
on relevant material parameters and the pairwise droplet distance. Based on these findings, we
demonstrate that hydrodynamic interaction in multidroplet configurations can lead to a synchro-
nization of the oscillations over the whole ensemble. This effect has the potential to be used as a
novel approach for information transmission in microfluidic applications.

1 Introduction

Complex sequences of microfluidic processes can be condensed
on extremely small platforms as realized in lab-on-a-chip devices.
This generates the need for alternative approaches in signal trans-
mission like microfluidic networks™ or molecular communica-
tion? for an enhanced process control and flexibility. Marangoni
convection offers a promising tool to convey information in such
devices. This flow is triggered by gradients in interfacial tension
due to concentration variations of a surface-active solute (soluto-
capillary case) or temperature variations (thermocapillary case).
The resulting high velocity magnitudes, which operate on small
scales, are particularly suitable for the limited space in microflu-
idic channels. These characteristics are utilized in recent works by
specifically introducing fluidic interfaces in capillary channels to
create a Marangoni-based micromixer® . Furthermore, the Ma-
rangoni effect is an elegant method for a controlled droplet actu-
ation®® even capable of substituting the geometrical microfluidic
structure via an externally imposed temperature distribution on a
planar liquid film®. Marangoni convection also allows the small-
scale patterning of films to manufacture functional surfaces 011
or the structured deposition of nanoparticles from evaporating
droplets™213, These developments are supported by continuing
basic research on Marangoni pattern formation which provides a
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detailed understanding of the complex spatio-temporal evolution

of the flowI#I9

Besides the pattern resulting from hydrodynamic instability
over the whole interface, interaction of discrete neighboring
sources of Marangoni convection can likewise lead to convective
structures. In??, multiple droplets of partially miscible fluid are
dissolving in a surrounding liquid with an imposed vertical tem-
perature gradient. They show diverse convective modes depend-
ing on the number of droplets and the presence of surface Ma-
rangoni effects. A completely different approach to create surface
tension gradients is pursued in?Y. This theoretical study consid-
ers an interface with photoresponsive surfactants which change
their surface activity due to illumination. Coupling the intensity
of discrete light spots to the local advection velocity by feedback
control results in the formation of complex patterns including pe-
riodically switching states. The Marangoni effect is able to pro-
pel or deform emulsion droplets immersed in the surrounding
phasel2223 o floating on the liquid surface2425, Ensemble inter-
actions between multiple droplets give rise to various collective
phenomena like dynamic ordering, clustering and synchronized
deformation.

Such self-propelled droplets are frequently used to model bio-
logical systems like micro-organisms. In this way, the com-
plex interplay of hydrodynamics, external gradient fields and bi-
ological signals on the group dynamics can be broken down to
unravel the main influence parameters. The need for these con-
trollable model systems to understand different swarming mech-
anisms is reflected in the diversity of biological systems. Indeed,
spatio-temporal pattern can form in a dense population of self-
propelling cells by purely hydrodynamic interactions without the
exchange of chemical signals between the cells?8. A second ex-
ample is the spreading of bacteria on nutrient-rich subphases
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which is controlled by different physico-chemical mechanisms.
An efficient strategy for the spreading is the production of strong
bio-surfactants??. The collective secretion induces a Marangoni
flow in the bacterial biofilm, which rapidly expands the colony in
fingering patterns. The coupling of discrete elements leading to
spatio-temporal patterns of the whole ensemble can also be found
in biological communication schemes%3L, In such systems, it
is often advantageous to exploit the signal dynamics rather than
steady-state information32:33,

In our work, the dynamic signal is created by Marangoni-driven
relaxation oscillations at single droplets placed in a concentra-
tion gradient of surface-active solute. Here, a short active phase
of Marangoni convection periodically alternates with a long re-
laxation phase. In the active phase, the Marangoni convection
consumes the driving concentration gradient. In the relaxation
phase, the gradient is restored by diffusion and buoyancy-driven
convection. This repeated coupling of consuming and regenerat-
ing processes which take place on different timescales is summa-
rized by the term "relaxation oscillations". Relaxation oscillations
are not limited to this specific configuration but are known from
many dynamic systems like density oscillators®#, human heart-
beat or electronic relaxation oscillators®>. Marangoni-driven re-
laxation oscillations at droplets or bubbles were observed in vari-
ous fluid combinations where concentration gradients of surface-
active substances exist200, A similar periodicity is obtained by
the spreading of a strong surfactant from a droplet located under
a plane surface or an interface®!42. Here, a single convection cell
decays and rekindles due to the combined action of adsorption-
desorption kinetics and geometric confinement. Generally, the
characteristic times of such Marangoni-driven relaxation oscilla-
tions depend on the material parameters of the fluids and so-
lutes37I38143144]

This potential to control the oscillation dynamics together with
the rather simple set-up of droplets placed in a concentration
gradient makes the Marangoni-driven relaxation oscillations an
excellent candidate for the study of ensemble convective inter-
action. In our work, we show the strong feedback between re-
laxation oscillations at neighboring droplets. The droplets them-
selves are static in position, which reduces the complexity of our
system compared to mobile droplets. By such coupled oscilla-
tions, it is possible to use the droplets as a novel medium to prop-
agate a signal along a distance manifold exceeding the diameter
of a single droplet. The small length scale of the observed phe-
nomena opens the possibility to utilize this effect for information
transmission in microfluidic applications.

The first part of our study (Sec. provides the basis for
controlled oscillation dynamics by considering a single droplet.
Therefore, we characterize the structure of the flow and the influ-
ence of the governing parameters on the relaxation oscillations.
The second part (Sec. [3.2) is devoted to interacting droplets.
We present experimental observations of coupled oscillations at
neighboring droplets. By numerical simulations, we determine
the optimal distance between two droplets for synchronized os-
cillations. Finally, we study two different multidroplet configura-
tions where information, i.e. oscillation with a certain frequency
and amplitude, is conveyed along a defined path.

2|  Soft Matter, [year], [vol.], 1-13

2 Methods

2.1 Experimental system

Our chemical system consists of three common substances: lig-
uid paraffin, water and 2-propanol (isopropanol). All chemicals
are used as purchased. Water and 2-propanol are of HPLC grade,
and liquid paraffin is of pharmaceutical quality (Ph.Eur., DAB).
The relevant material parameters of the system are summarized
in Table They are taken from the literature or estimated by
suitable relationships as described in%°. Liquid paraffin contain-
ing 5 vol-% 2-propanol and water are filled in the narrow gap of
a Hele-Shaw cell (gap width 1 mm) forming a two-layer system
with an upper organic phase (2) and a lower aqueous phase (1).
The width and height of each layer amount to approx. 20 mm
and 35 mm, respectively. The exact geometry of the Hele-Shaw
cell as well as the filling procedure are explained in detail in 404>,
During the filling, small droplets of the oil phase remain in the
aqueous phase at the glass wall of the Hele-Shaw cell. As shown
in Fig. [2(a), the droplets are located at different distances from
the overlying interface of the two liquid layers. The diameter of
the droplets is typically 0.2 — 0.5 mm, corresponding to a volume
of a few nanoliters.

The two-layer system serves to form a concentration gradient
in the aqueous phase surrounding the droplets. Due to the hy-
drophilic nature of the short-chain alcohol 2-propanol, partition
is largely in favor of the aqueous phase. This leads to an in-
tense mass transfer from the organic to the aqueous layer and,
accordingly, to a concentration gradient of 2-propanol evolving
in the aqueous phase. This concentration gradient has two con-
sequences, which are important for our study: An increasing 2-
propanol concentration lowers both the density of the aqueous
phase surrounding the droplets and the interfacial tension at the
droplet surface. For the dependence of the aqueous solution den-
sity p(1) and the interfacial tension ¢ on 2-propanol concentra-
tion ¢, a linear relationship based on a solutal expansion coeffi-
cient B, and an interfacial tension coefficient o, is assumed“°.
Hence, a stable density stratification establishes in the fluid sur-
rounding the droplets and gradients of interfacial tension build
up. This leads to a periodic Marangoni convection interacting
with buoyancy-driven convection and diffusion. In“4? we showed
that this phenomenon can be observed at various droplets and
also bubbles in our chemical system. A mechanism was proposed
for the temporal evolution of the convection describing it as re-
laxation oscillations.

Now we largely extend this knowledge by evaluating the in-
fluence of the system parameters, which control the characteris-
tics of the relaxation oscillations. Therefore, we make use of the
specific conditions given by the mass transfer of 2-propanol over
the interface of the two-layer system and of a defined parametric
study in numerical simulations described in the following section.

2.2 Numerical simulations

The mathematical model underlying our simulations is presented
in the previous work of Schwarzenberger et al. 0. Hence, we only
provide the main aspects here and refer to the previous work for
detailed information. We use a diffuse interface model to simulate
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Description Symbol Unit Value Ref.
Molar mass water M kg/mol 18.02-1073 46
Molar mass paraffin oil (eicosane) M kg/mol 282.55.1073 46
Molar mass 2-propanol M, kg/mol 60.10-1073 46
Mass density water p!! } kg/m? 998 46
Mass density paraffin oil pr(j} kg/m? 850 47
Mass density 2-propanol Pp kg/m? 781 46
Dynamic viscosity water n M) Pa-s 1.00-1073 46
Dynamic viscosity paraffin oil ) =v@ pr(lz} Pa-s 28.9.1073
Kinematic viscosity paraffin oil v® m? /s 34.107° 47
Oil/water partition coefficient of 2-propanol H (mol/1)/(mol /1) 0.16 48
Diffusivity 2-propanol in water bW m? /s 1.08-107° 2
Diffusivity 2-propanol in paraffin oil p®? m? /s 910! 50
Oil/water interfacial tension Cref N/m 50.1-1073 48
Interfacial tension coefficient O 1/mol -2.71 48
Solutal expansion coefficient 2-propanol in water Be 1/mol —0.0167

Initial conc. for 5 vol% 2-propanol in paraffin oil o mol /1 0.649
Gravitational acceleration g m/s* 9.81

Table 1 Properties of the system liquid paraffin/water with interfacial mass transfer of 2-propanol; Phase 1 is the aqueous phase marked with upper

index (1) and phase 2 the organic phase marked with %)

the two-phase flow problem with a surface-active solute®l. Mo-
tivated by the experimental set-up, we assume a 2D Hele-Shaw
situation®2 with a parabolic velocity profile across the gap of the
Hele-Shaw cell. The droplet therefore is modeled as a cylindrical
fluid domain between the plates. The mass transport is expressed
by an advection-diffusion equation and the momentum transport
by the incompressible Navier—Stokes equations coupled with the
Marangoni shear stress balance at the interface. We validated nu-
merically*? that the inertia term in the Navier-Stokes equations
can be omitted in the considered parameter regime. As initial con-
dition, we suppose that the fluid is at rest (v =0). The aqueous
phase surrounding the droplets is modeled by a rectangular fluid
domain of size L, x L, with an initially constant vertical concen-
tration gradient of 2-propanol (c(y) = k.y). That means, the non-
steady state in the experiment with an evolving concentration
profile in the aqueous phase is approximated by a steady-state
concentration field with a constant concentration gradient. Since
the initial concentration distribution is predefined in the simula-
tions, the liquid paraffin layer (overlying the aqueous phase in
the experiments) is disregarded. Furthermore, the solute con-
centration in the droplets is neglected due to the low partition
coefficient. We apply the Boussinesq approximation and Henry’s
model so that the aqueous solution density p(!) and interfacial
tension ¢ depend linearly on the concentration ¢ of 2-propanol:

pV =pl+pilBec, &)
O = Opef + Gref(XCC, (2)

with the solutal expansion coefficient f., the reference density
of water pr(; }, the reference interfacial tension of the oil/water
system oy, and the interfacial tension coefficient of 2-propanol
.

At the lateral boundaries, we assume a no flux condition
(n- Ve =0). At the lower boundary, the concentration is set to
zero (c(0) = 0). At the upper boundary, the concentration is held

This journal is © The Royal Society of Chemistry [year]

fixed to the value c¢(Ly) = k.L,. For the velocity, a no-slip con-
dition (v = 0) is imposed on all boundaries. A domain size of
L, x Ly =8 mm x 8 mm is used in the single droplet simulations.
Fig. [1] shows that the oscillation period, which characterizes the
dynamics of the convection, is approximately invariant on domain
size for domains larger than this. For the multi-droplet configu-
ration, the domain size is L, x Ly = 8 mm x 10 mm to ensure ap-
proximately the same minimum distance of the droplets from the
domain boundaries. The grid resolution is adapted to capture the
fine structures arising during Marangoni convection. The mesh
size (longest side of triangles) amounted to 3.906-10~> m at the
interface and 1.5625-10~* m in the bulk phase.

120 ; — ; ;
drop diameter 0.3 mm —+F—

100 r 1
80 r 1

60 r 1

Period [s]

40 1

20 1

O 1 1 1 1 1 1
2 4 6 8 10 12 14 16

Domain size [mm]

Fig. 1 Oscillation period over domain size for reference simulation pa-
rameters.

For the single-droplet reference simulation, we chose input pa-
rameters corresponding to our experimental conditions*®. The
droplet size was set to 2r = 0.3 mm and the initial concentration
gradient to dc¢/dy = k. :=25.4 mol/(l-m). The remaining material
parameters are summarized in Table 1. Based on these settings,
we varied the solutal expansion coefficient S, the interfacial ten-
sion coefficient o, the solute diffusivity in the aqueous phase D(!)
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and the droplet radius r as shown in Sec. Furthermore, we
studied the influence of the droplet distance for two interacting

droplets (cf. Sec.[3.2.2).
3 Results

3.1 Relaxation oscillations at single droplets
3.1.1 Dependence of oscillation frequency in experiment

In this section, we describe experimentally observed relaxation
oscillations at liquid paraffin droplets in the aqueous phase which
motivated our subsequent numerical study. The snapshot in
Fig. 2(a) is recorded via a shadowgraph optics. This technique
is sensitive towards the second derivative (Laplacian) of the re-
fractive index field®3 and therefore can visualize structures in the
concentration field if the solute changes the refractive index of
the fluid. In our experiment, 2-propanol diffuses into the aqueous
phase due to the mass transfer from the overlying organic phase
(liquid paraffin with 5 vol-% 2-propanol). The interface sepa-
rating both phases appears as a solid black line in Fig. 2(a). It is
slightly deformed due to the filling of the liquids in the Hele-Shaw
cell. At the right margin, a pinning edge is visible which belongs
to the design of the experimental container®®. The droplets in
the aqueous phase, numbered 1-4 in Fig. 2, appear as black cir-
cular dots due to their high interfacial curvature shadowing the
transmitted light in the optical path. The concentration gradient
resulting from the 2-propanol mass transfer triggers relaxation
oscillations of Marangoni convection at the droplets.

This mechanism forms the key stone of our study and can be
explained as follows4?. The droplets are subjected to high so-
lute concentration at the upper side, implying both low interfacial
tension ¢ and density p(!), and low concentration at the bottom,
i.e. both higher ¢ and p(!). Therefore, Marangoni convection
at the droplet surface is directed downwards, entraining lighter
fluid rich in solute to lower regions of higher density. The initially
stably stratified aqueous phase is stirred, and the additional buoy-
ancy accelerates the rise of the lighter fluid at some distance from
the droplet surface. As a result, an intense mixing of the fluid
takes place which rapidly exhausts the vertical concentration gra-
dient in the vicinity of the droplet and leads to the breakdown of
Marangoni convection.

The mixed fluid is visible as a double vortex with high black-
and-white contrast around each droplet in Fig. 2(a), particularly
pronounced at droplet 1 and 2. This feature is used in the graph
in Fig. 2(b) to display the temporal evolution of convection. We

[ _

evaluate the standard deviation s = , / -1; ‘):1 (G; — G)? of the gray
i=

values G; in a rectangular image section of approx. 500 pix-

els in the surrounding region of the respective droplet, where

_ n

G= % '21 G; is the mean gray value of the n pixels. The image
i=

section is chosen such as to avoid interference of convection from

the other droplets, e.g. a region at the lower right side was ana-
lyzed for droplet 4. In the state of active Marangoni convection,
the contrast and therefore the standard deviation of gray values
is high. This corresponds to a rise of the curves in Fig. 2(b).
In the subsequent relaxation phase, the initial vertical concen-
tration gradient is slowly restored by both the buoyancy-driven

4| Soft Matter, [year], [vol.], 1-13

convection, which carries the mixed fluid upwards, and diffusion.
Thereby, the mixed region surrounding the droplets fades and
the standard deviation in Fig. 2(b) decreases. When the vertical
concentration gradient of 2-propanol is rebuilt, the next cycle of
Marangoni convection starts. This repeated process leads to the
relaxation oscillations in the curves of Fig. 2(b). The evolution
of convection at droplet 4 is not shown in this graph, because it
is strongly influenced by the overlying droplet 3, as will be dis-
cussed later (see Sec.|3.2.1).

Fig. 2(b) indicates that the oscillation frequency depends on
the droplet position, i.e. on the surrounding concentration gra-
dient. The acting concentration gradient however is determined
not only by the position of the particular droplet, but also by the
length of time. This is visible in Fig. [3|(a), where the oscillation
frequency is plotted over time for droplet 1-3. The starting time
t =0 is defined as the end of the filling procedure. In this graph,
the frequency f =1/7, is defined as the inverse period 7,, i.e. the
inverse time span between two neighboring peaks in the standard
deviation curves. Depending on the droplet position, characteris-
tic progressions of the oscillation frequency are obtained. As the
concentration gradient advances into the aqueous bulk phase, the
convection first sets in at droplet 1, followed by droplet 2 and 3.
The curve for droplet 1 (red squares) rapidly rises to a maximum
of 0.1 Hz and drops again afterwards. The discrete frequency val-
ues result from the framerate of the shadowgraph records which
is set to 2 Hz. Droplet 2 (green circles) likewise shows an ini-
tial increase of oscillation frequency followed by a decrease, but
its frequency maximum is lower and shifted to later times. For
droplet 3 (blue triangles), only a moderate rise can be observed
without reaching a clear maximum in the duration of the experi-
ment.

Since it is the concentration gradient along the droplet surface
which causes the relaxation oscillations, we estimate its depen-
dence on time and distance from the interface of the two-layer
system to interpret the frequency values. The time-dependent
concentration profile ¢(y,#) for the diffusion process in the accept-
ing aqueous phase resulting from an initial concentration ¢ in

the donating organic phase takes following well-known form'>%;

H71€0

Iyl
cairrnt) = erfc . 3
" 1+H-1,/D) /D) 2v/ D¢

We remark that the interface is located at y =0 and that y < 0
holds in the lower aqueous phase according to the notation of
Eq.|(3)} Fig. 3(b) depicts the concentration gradient (dc/dy)g;fs
derived from Eq. (3) as a function of time for defined distances
to the interface. These distances correspond to droplet 1 (1 mm,
red curve with "+"-symbols), droplet 2 (2 mm, green curve with
crosses) and droplet 3 (3.6 mm, blue curve with asterisks). The
curves resemble the temporal evolution of oscillation frequency
in Fig. 3(a). This comparison suggests that the acting concen-
tration gradient dominates the characteristics of the relaxation
oscillations and that slight variations of other parameters like the
droplet size are of minor influence. For droplets which are sub-
jected to a high concentration gradient (like droplet 1), large ve-
locities are obtained both for the Marangoni- and the buoyancy-

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Temporal evolution of (a) oscillation frequency for droplet 1-3 in comparison with (b) the vertical concentration gradient (dc/dy)g;s, for purely

diffusive mass transfer of 2-propanol from the organic into the aqueous layer.

driven convection at the droplet. Thus, the temporal evolution of
both the active and the relaxation phase is accelerated leading to
a higher oscillation frequency.

Indeed, Fig. 3 is restricted to a qualitative comparison between
oscillation frequency and driving concentration gradient. This is
visible in the larger time scale of the abscissa for the diffusive con-
centration gradient (dc/dy)girs. The difference is attributed to
the convective mass transfer of 2-propanol enhancing the prop-
agation of the solute front into the aqueous phase. Marangoni
convection is not only initiated at the droplets but also at the in-
terface of the two-layer system itself, visible as a light-gray arc in
the upper part of Fig. 2(a). Although these aspects are neglected
for the rough estimation based on purely diffusive mass transfer,
Fig. 3 underlines the role of the concentration gradient as driving
force for the relaxation oscillations.

This journal is © The Royal Society of Chemistry [year]

3.1.2 Numerical characterization of relaxation oscillations

3.1.2.1 Velocity and concentration distribution. The nu-
merical simulations of a droplet placed in an initially constant
vertical concentration gradient provide a deeper understanding
of the above-described experimental observations. Fig. [d shows
the 2D concentration and velocity distribution around the droplet
for the state of active Marangoni convection and directly after its
breakdown (corresponding to state 3 and 5 as defined below).
For the sake of visual clarity, velocity vectors of equal length are
plotted to illustrate the structure of the flow. The active phase in
Fig. 4(a) is characterized by the Marangoni-driven downstream
at the droplet surface and the buoyancy-driven rise in the sur-
rounding fluid leading to the double vortex already observed in
the experiments. Because of the decline of interfacial convection,
the structure of the flow essentially changes from active to relax-
ation phase. Fig. 4(b) reveals that the main flow direction in the
surrounding of the droplet is inverted and the buoyancy-driven
rise becomes dominant.

Soft Matter, [year], [vol.], 1-13 |5



Fig. 4 Velocity (vectors of equal length) and concentration field (color coding) in the single-droplet reference simulation with close-up views of the
velocity profile inside the droplets. (a) Peak of interfacial velocity in state 3, (b) lowest interfacial velocity in state 5. The droplet diameter (0.3 mm)

serves as a scale bar.

The temporal evolution is further detailed in Fig. |5} Fig. 5(a)
displays the mean interface velocity and the mean interface con-
centration during a full oscillation period. Five characteristic
states are marked at the velocity curve (red line), indicating the
corresponding times for the velocity profiles in Fig. 5(b). These
profiles depict the distribution of the vertical velocity component
vy over a horizontal line beginning at the center of the droplet,
crossing the interface and extending 1.5 mm towards the right
boundary of the numerical domain. The five characteristic states
are defined as follows:

1. relaxation phase: point of time well within the long phase of
low interfacial convection

2. velocity rise: maximum positive slope of interfacial velocity
curve

3. velocity peak: maximum of interfacial velocity curve

4. velocity decrease: maximum negative slope of interfacial ve-
locity curve

5. lowest velocity: minimum of interfacial velocity curve

The quiescent relaxation phase (state 1) is chosen as a start-
ing point of the oscillation period shown in Fig. 5(a). As visible
in Fig. 5(b), a slight Marangoni flow directed downwards at the
interface still exists in this state, but the flow remains at a low
velocity magnitude for quite a long time. In state 2, the concen-
tration gradient in the surrounding of the droplet is sufficiently
restored so that the Marangoni flow is rapidly amplified to reach
its peak in state 3. The 2D concentration and velocity distribution
in Fig. 4(a) demonstrates the reason for this amplification. Due
to the downflow at the droplet surface, solute-rich fluid is sucked
to the top region of the droplet thereby enhancing the interfacial
tension difference between the top and the bottom of the droplet.
As a result of this intense advection of solute, the interface con-
centration increases in Fig. 5(a). The velocity profiles in Fig. 5(b)
illustrate the growing interfacial downflow in state 2 and 3. Fur-
thermore, two recirculation zones with positive vertical velocities
establish by continuity. One is located in the droplet center, i.e.
towards a distance of zero in Fig. 5(b). The second upflow, which

6| Soft Matter, [year], [vol.], 1-13

is supported by the rise of the lighter solute-rich fluid due to buoy-
ancy convection, forms in the outer regions (distance > 0.5 mm).
In consequence of this recirculation, the mixing zone builds up,
visible as a region of homogeneous color in the concentration dis-
tribution of Fig. 4, finally causing the breakdown of interfacial
convection in state 4. Note that a small secondary velocity peak is
visible in Fig. 5(a) which is connected to the upstream of solute-
rich fluid right at the termination of the active phase. Shortly
after, the state 5 of lowest interfacial convection is reached. Even
if the flow structure within the droplet remains similar to state 3
(see detail of Fig. 4), the corresponding velocity magnitudes in
Fig. 5(b) are close to zero in state 5. Without the opposing Ma-
rangoni convection, the buoyancy-driven upflow shifts close to
the droplet surface. The restoring processes of buoyancy-driven
convection and diffusion cause the decrease of interfacial concen-
tration in Fig. 5(a) whereby the oscillation cycle closes.

3.1.2.2 Variation of important system parameters. As
stated in the previous sections, the interaction of three physical
mechanisms causes the occurrence of the relaxation oscillations:
Marangoni convection, buoyancy convection and diffusion. In
terms of the material parameters in Table 1, these mechanisms
are represented by:

e «: interfacial tension coefficient
e f3: solutal expansion coefficient

o DW): diffusivity of surface-active solute in the aqueous phase

To estimate their influence on the oscillation dynamics, each of
these main parameters is varied separately by a factor of 0.3 to
10 (compared to the reference simulation) in following steps: 0.3,
1, 3, 10, while all other parameters are kept constant. Further-
more, to check the robustness of the observed phenomena on the
droplet size, two more simulations are performed with doubled
and halved droplet radius r. Based on the definition of relaxation
oscillations as repeated coupling of a short active and a long re-
laxation phase, we define two characteristic oscillation times from
the temporal evolution of surfactant concentration (blue crosses)
in Fig. 5(a). The active phase is represented by the time span

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 One oscillation period in the single-droplet reference simulation. Numbers refer to five characteristic states of the temporal evolution. (a) Mean
interface velocity (left axis, plus symbols) and concentration development (right axis, crosses). (b) Profiles of vertical velocity v, over a horizontal line
starting at the droplet center. The black vertical line marks the position of the interface.

of rising surfactant concentration, denoted 7., and the relax-
ation phase by the time span of decreasing surfactant concentra-
tion #,4j4y. In Fig. |§|, these characteristic oscillation times are plot-
ted over the relative parameter values o/ 0. r, B/Bref, pM /Dg}
Since Marangoni convection dominates the active phase of the re-
laxation oscillations, #,s. is used to show the impact of &/ ot s in
Fig. 6(a). Buoyancy-driven convection and diffusion act as the re-
generating processes, hence t,,;,, is plotted over B/B., p) /D(rg.
in Fig. 6(b,c).

By contrast, the moderate variation of r only has a minor in-
fluence on the characteristic oscillation times of our system (less
than 5 s on 7,,,, and less than 1 s on #,;,.) and therefore is not
shown in a separate graph. The same applies to the dependence
of t,¢14¢ ON o and f,5, On B, DU which is equally weak. For large
o, representing a strong surfactant, the high Marangoni velocities
in the active phase are able to mix the surrounding fluid in a very
short time. The velocity profiles in Fig. 5(b) show that the interfa-
cial convection directed downwards largely exceeds the upstream
supported by buoyancy convection at a larger distance from the
droplet surface. Diffusion of solute is an even slower process,
hence the value of alpha dominates #.;s,.

Due to the reduced interfacial convection in the relaxation
phase,  and D) become effective. Large § means that the up-
stream in the surrounding liquid is augmented so that the mixed,
solute-rich fluid quickly returns to the upper regions what sig-
nificantly shortens the duration of #,.,, in Fig. 6(b). However,
the progression of t,.,, in Fig. 6(c) emphasizes that diffusion is
necessary to sufficiently redistribute the mixing zone. The dif-
fusive time scale for the reference simulation can be estimated as
Taify = (2r)? /Dﬁi} where the droplet diameter 2r is used as a char-
acteristic length scale. The obtained value 7,;rr = 83 s agrees in its
order of magnitude with the observed relaxation time. Slowly dif-
fusing solutes like long-chain molecules result in extremely long
relaxation times while the oscillations are high-frequent for large
DWW, This trend is also relevant for the thermocapillary case since
thermal diffusivities considerably exceed solutal values. Further-
more, the curves for a/ay.r, B/Brs confirm the experimentally
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observed frequency dependence on the concentration gradient.
A higher concentration gradient yields both higher gradients in
interfacial tension and solution density. Both effects result in a
higher oscillation frequency, but Fig. 6 indicates that the larger
contribution to this is coming from f3.

3.2 Multidroplet configurations

3.2.1 Droplet interaction in experiment

In the experimental results of Sec. [3.1.1] the temporal evolu-
tion of the relaxation oscillations at droplet 4 (cf. Fig. 2) was
excluded. As already noted in this Section, the approximation
based on pure diffusion is not able to fully capture the actual con-
centration distribution around the droplets due to the additional
convective mass transfer. The Marangoni flow at the surface of
the droplets locally pushes the concentration front further into
the aqueous bulk phase. This effect can even induce relaxation
oscillations at neighboring droplets. Fig.[7]illustrates such an in-
teraction between droplet 3 and 4. Droplet 3 is subjected to a
higher concentration gradient because of its smaller distance to
the interface of the two-layer system. Fig. 7(a), upper image,
shows a phase of active Marangoni convection at droplet 3. Its
mixing zone grows and conveys fluid rich in 2-propanol to the
lower regions. In this way, Marangoni convection is initiated at
droplet 4, see Fig. 7(a), lower image. The Marangoni vortex at
droplet 4 takes on the solute-rich fluid built up around droplet 3
and thereby is amplified. When the concentration gradient in the
surrounding of both droplets is erased, the active phase again
expires. By this interaction, droplet 3 transfers its oscillation fre-
quency to droplet 4. The temporal evolution of convection in
Fig. 7(b) almost matches except a slight leading of droplet 3 (cor-
responding to a marginal phase difference) due to the start-up of
convection. Such a mode-locking of temporal or spatial periodic-
ity, where a certain frequency is imposed by coupling effects, is a
known phenomenon in nonlinear systems=2. We now employ this
coupling to propagate a signal in a multidroplet configuration.
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system is depicted in Fig. 2(a).

3.2.2 Droplet interaction in simulation

3.2.2.1 Two droplets. In this section, we perform a numer-
ical distance study of pairwise droplet interaction which then
serves as a basis to arrange ensembles of multiple droplets. The
surface-to-surface distance is varied from 0 mm to 3 mm (i.e.
up to tenfold droplet diameter). Note that the limiting case of
touching spheres primarily is of theoretical interest since coales-
cence has to be considered for this configuration. Three different
distances in this range are shown in Fig. to The po-
sition of the upper droplet remains fixed. The vertical position
(y-coordinate) of the lower droplet is changed in every simula-
tion, whereas its horizontal position (x-coordinate) is held con-
stant. From the evolution of the mean interface concentration,
e.g. Fig. [8(d), the dominant oscillation frequency is extracted
using fast Fourier transformation. This evaluation is performed
in the time interval r € [200s,800s] to ensure that the system is
settled after the initial oscillations with higher amplitudes and
slightly different period lengths. Thereby, the dominant frequen-
cies in the later stages are captured. Furthermore, an interval
length of 600s is sufficient to capture enough periods for every
case of the droplet distances.

Three ranges (A, B, C) with different behavior can be distin-
guished when the dominant frequency of the upper (red curve,
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plus symbols) and the lower droplet (blue curve, crosses) is plot-
ted over the distance in Fig. El At small distances (interval
[0,1.3mm], range A), the oscillation frequency of both droplets
perfectly matches due to the direct coupling as already observed
in the experiment. Fig. 8(d) shows an example of the transi-
tion region B which is detailed below. In range C, i.e. for dis-
tances larger than approx. 1.9mm, the droplet oscillations be-
come rather independent in Fig. 9. In the theoretical case of infi-
nite droplet distance, the oscillation frequency should be equal for
the upper and lower droplet, i.e. the blue and red curve should
again coincide. However, the dominant frequencies of the lower
droplet vary around the value for the upper droplet in range C.
Those variations probably are caused by following effects: Firstly,
in our phase field model, the initial grid is locally refined near the
interface. Depending on the droplet position, the mesh around
the droplet interface may change marginally due to this adap-
tation which leads to slightly different concentration gradients
along the interface. Secondly, the upper droplet causes mixing
of the solute inside the Hele-Shaw cell. Even if the mixing is
not strong enough to create a noticeable frequency coupling at
such a large distance, it still changes the concentration gradients
in the region above the lower droplet influencing its oscillation
frequency.

Range B corresponds to intermediate droplet distances lying in

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 (a) - (c): Examples of the droplet positions for the three ranges observed in Fig. 9. A section of 4 mm x 7 mm of the whole domain size of
8 mm x 10 mm is shown. (d) Solute concentration over time for one example case in range B.

the interval [1.3,1.9mm)]. Here, the distances are too large for an
instantaneous coupling and too small for quasi independent oscil-
lations. This leads to strong variations in the dominant frequen-
cies in range B since the partial influence of the upper droplet
may cause less periodic and more irregular behavior of the lower
droplet. Fig. 8(d) illustrates the oscillations of the mean solute
concentration over time for an example distance of 1.2 mm. For
the upper droplet, the periodicity of the process remains regu-
lar and similar to other distances. The oscillations of the lower
droplet vary in amplitude and frequency. One observes a period-
icity every four pulses (e.g. ¢ € [250s,500s]). Within those larger
periods, the first two pulses feature high amplitudes and are syn-
chronized with the pulses of the upper droplet. The remaining
two pulses have lower amplitudes and are not synchronized with
the upper droplet. At other distances in range B, also temporary
synchronization was observed, i.e. a frequency locking of both
droplets over a limited time span. Furthermore, different integer
frequency ratios (e.g. 1:4) occurred due to the partly coupled
oscillations of both droplets. The partial synchronization is no
longer noticeable at the larger distances in region C. A detailed
analysis of the complex behavior in range B is beyond the scope
of the present work. Fig. 9 rather is used to determine suitable
droplet distances for our investigations with multidroplet ensem-
bles. Therefore, we choose a value within range A to ensure direct
transmission of the stimulation from one droplet to the next.

3.2.2.2 Droplet chains. For the multidroplet simulations, we
choose two chain configurations displayed in [Fig. 10|and [Fig. 11]
as basic examples for information transmission along different
paths. Twelve 0.3 mm-sized droplets are arranged in a linear
droplet chain and in a quarter-circular arc with the same x,y-
position of the first droplet and with a distance of 0.5mm in the
linear case and 0.44mm in the quarter-circular case.

Indeed, the relaxation oscillations now are initiated over the
whole droplet ensemble as shown in by the progression

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Dominant frequencies of two vertically aligned droplets with differ-
ent distances. The position of the lower droplet is changed in y-direction
only, whereas the position of the upper droplet remains unchanged. Dot-
ted vertical lines distinguish between range A, B, and C (described in the
text), respectively. Note that these lines are only for illustration, as there
is a smooth transition between the ranges.

of the mean solute concentration at the upper (red curve, plus
symbols) and the lowest droplet (blue curve, crosses). Fig. 10
and Fig. 11 depict different stages of one ensemble oscillation
cycle. Starting from an adjacent concentration distribution sim-
ilar to the bulk, the active phase of Marangoni convection sets
in at the first droplet in Fig. 10(a) since it is located nearest to
the upper boundary with fixed concentration. Subsequently (b),
a front of high solute concentration (regions of increasingly red
color) is transported downwards to the last droplet. At the end of
the active phase (c), a jet of solute-rich fluid has even penetrated
the bulk below the last droplet. This low-density fluid first rises
at the side of the droplet chain. However, after termination of
the Marangoni-driven downstream (d), an ascending solute front
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develops, now passing the droplets in reverse direction. For the
circular arc in Fig. 11, the downstream of solute-rich fluid pro-
ceeds similar to the linear case. However, the lower droplets are
positioned nearly horizontally. This reduces the overall concen-
tration gradient acting at the droplet ensemble so that the pene-
tration depth of the solutal jet is smaller. Furthermore, it leads to
different characteristics in the relaxation phase. The mushroom-
shaped buoyant plume rises directly above the last droplets, i.e.
passing the ensemble sideways without pronounced interaction.
Videos V1 and V2 in the supplementary material further illustrate
the whole process.

Next, we examine how these differences impact the oscillations
of the mean solute concentration in the linear case (subscript /)
and the circular arc (subscript ¢) in Fig. 12. In([Fig. 12(a)] around
t = 160s, one observes a concentration increase during the ac-
tive phase of Acj; = 3.409 - 10~>mol/] at the first droplet and
Acip; = 1.131-1077mol/1 at the last droplet. For the circular arc
in the oscillation amplitudes at the first (Ac; . = 3.421-
107> mol/]) and at the last droplet (Acja . = 1.095- 107> mol/1) are
almost identical to linear case. With regard to the oscillation fre-
quency, a more pronounced influence of the droplet configuration
is obtained. Due to the larger overall concentration gradient, we
observe smaller oscillation periods of 39.7 s in the linear case and
longer periods of 59.7 s for the circular arc. The interaction with
the buoyant rise for the linear chain causes additional sub-pulses
(see secondary peaks at blue curve in Fig. 12(a)) which are absent
for the circular arc.

To quantify the rate of information transmission, we define a
velocity v

V= L (€))]

At’
where [ is the (arc) length of the droplet chain and Ar is the length
of time between the peaks of mean solute concentration at the
first (upper) and last (lowest) droplet, resulting from the phase
difference of the oscillations. In[Fig. 13} v is plotted over time.
The data points are drawn at the time when the peak at the first
droplet is reached. Besides the droplet chains in linear and circu-
lar arc configuration, we include the simulation with two droplets
and the same droplet-to-droplet distance for comparison. At small
times, a considerable velocity decrease can be observed in Fig. 13
for all configurations since the initial linear concentration gra-
dient induces a strong mixing which changes the concentration
distribution for the subsequent oscillations. The droplet pair soon
tends to a constant, but relatively low velocity. For the linear
droplet chain, the highest velocity values are obtained because
the acting concentration difference along the characteristic (ver-
tical) length of the whole ensemble, i.e. the Marangoni driving
force is significantly larger. Furthermore, the large characteristic
length leads to an increase of the restoring force by buoyancy
convection. Hence, the velocity curve stays on a higher level
throughout the whole simulation time. The variance of the curve
progression for the linear case is due to the above-mentioned sub-
pulses, which influence the specific time for the first local maxi-
mum of one oscillation period at the last droplet. As can be seen
in Fig. 12(a) (e.g. around ¢ = 2505s), the sub-pulses become more
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pronounced in the later stage.

The ensemble effects are reduced at the circular arc. Firstly,
the vertical length of the circular ensemble which is relevant for
the acting concentration gradient is smaller by a factor of 0.58
compared to the linear chain. Secondly, the nearly horizontally
arranged last droplets have a retarding effect since the initial con-
centration gradient along the lower end of the circular arc tends
to zero. Nevertheless, in the observed time span, the transfer rate
for this ensemble configuration still exceeds the droplet pair.

4 Summary and outlook

To demonstrate the versatility of the system, the first part of our
study investigates the characteristics of solutal Marangoni-driven
relaxation oscillations at single droplets. The signal dynamics
generated by this effect can be tuned via the material parame-
ters of the employed substances. Based on the experimentally ob-
served feedback between the oscillations at neighboring droplets,
the simulations use this phenomenon to propagate a signal along
a defined path in multidroplet configurations. The ensemble ef-
fects enhance the transfer characteristics, as the solute transport
velocity in a vertical droplet chain considerably exceeds the two-
droplet case. It even is possible to bridge over a blind area of hori-
zontally arranged droplets where concentration gradients initially
are absent.

The various coupling modes and the transient synchroniza-
tion observed in our simulations with intermediate droplet-to-
droplet distances provide interesting phenomena for subsequent
research. However, our study is not only an intriguing example
of spatio-temporal structure formation due to ensemble interac-
tions in oscillator networks. It specifically addresses information
transmission at length scales relevant for microfluidic applica-
tions. Since the local concentration gradients may be inherent
in the process, e.g. in consequence of surfactant consumption
or production in a chemical reaction, the oscillatory flow can di-
rectly reveal information about the process state. To adapt our
model configuration to microfluidic geometries, the influence of
near system boundaries on the coupling of the droplets has to
be investigated. Furthermore, future work is necessary to create
well-defined droplet (or bubble) alignments for first microfluidic
experiments. A promising approach is the droplet attachment at
hydrophobic spots on the solid substrate®. Tools to produce such
substrate structures in microfluidic devices, also suitable for mass
manufacturing, are already available®®, Preliminary simulations
on diverse configurations shown in [Fig. 14]such as looping, split-
ting or merging droplet chains underline the geometrical flexi-
bility which could be reached by a combination with substrate
patterning techniques.
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Fig. 10 Snapshots of one oscillation cycle for the linear droplet chain.
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Fig. 11 Snapshots of one oscillation cycle for the droplets arranged in a quarter-circular arc.
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