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Phase-flip transition in volume-mismatched pairs of coupled 1-pentanol drops
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We have explored a variety of synchronization domains and observed phase-flip transition in a pair of coupled
1-pentanol drops as a function of the volume mismatch. Both experimental observations and numerical studies
are presented. The experiments were carried out in a rectangular channel in a ferroin deionized water solution
premixed with some volume of pentanol. A single pentanol drop (= 3 uL) performs back and forth oscillations
along the length of the channel due to the well-known Marangoni forces. In the present work, for a pair of
drops, the drop 1 volume was changed from 3 to 5 uL in steps of 1 uL, whereas the drop 2 volume was varied
from 1 to 3 uL in steps of 0.5 uL. A systematic investigation of all the possible combinations of the drop
volumes showed the presence of three different types of synchrony—in-phase, antiphase, and phase-switched.
In-phase synchronization was robust for a volume mismatch of >3.0 uL between the two drops. On the other
hand, antiphase synchronization was robust when the volume mismatch was <2.0 uL. The phase-switched state
is a synchronized state involving a phase-flip transition in the time domain. This state was observed for the
intermediate range of volume mismatch. Numerically, the system has been investigated using two Stuart-Landau
oscillators interacting via a coupling function in the form of Lennard-Jones potential. The numerical results

suitably capture both in-phase and antiphase oscillations for a pair of volume-mismatched pentanol drops.

DOI: 10.1103/PhysRevE.106.034614

I. INTRODUCTION

Self-propelled objects and their mutual interactions pro-
vide a platform to study various processes, such as active
transport processes in living cells, bacterial locomotion,
chemotaxis [1-3], the design of synthetic microswimmers
[S] or microrobots [4], and many more [6-9]. A self-
propelled object, under certain configurations, is capable
of performing oscillatory motion [10-13], rotational motion
[14], and stochastic transport [15]. Two or more interact-
ing self-propelled objects in the same environment can give
rise to a variety of phenomena, such as pattern formation
[16-18], synchronization [19-32], etc. When multiple self-
propelled objects are synchronized due to some suitable mode
of coupling, their dynamics can lock to a certain phase differ-
ence. The self-propelling objects can exhibit either in-phase
synchronization (i.e., a phase difference close to zero) or
antiphase synchronization (i.e., a phase difference close to ).

Moreover, some research groups have investigated “mode
switching” behavior recently. Mode switching implies a tran-
sition from one dynamical state to a completely different
dynamical state. A mode switching from global oscillations to
traveling waves and vice versa has been observed for multiple
Belousov-Zhabotinsky (BZ) beads as a function of electric
potential by Kuze et al. [33]. Another study involves switch-
ing from the ballistic to the random mode by changing the
chemical state of a droplet [34]. A few other self-propelled
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camphor systems also exhibit such mode switching [35,36].
A pentanol droplet on an aqueous surface has been studied
by Nagai et al. [37,38]. It was observed that the dynamics
of the droplet switched from irregular translational motion to
vectorial motion when the droplet volume was changed from
0.1 to 0.1-200 uL.

The self-propulsion mechanism of a pentanol drop on an
aqueous medium is derived from the instantaneous surface
tension imbalance around the drop. The imbalance in the
surface tension profile is followed by a spontaneous symmetry
breaking in the concentration gradient around the drop due to
the well-known Marangoni effect [8]. In the case of multiple
self-propelled drops, their coupled behavior is derived from
the mutual interplay of their surface tension gradients.

Similar to the mode-switching behavior observed previ-
ously in self-propelled systems (as mentioned), here we report
the “phase-flip” transition [39,40] as a function of a system
parameter (i.e., volume mismatch). In this case, the relative
phase difference between the oscillatory dynamics of two
synchronized 1-pentanol drops switches from O to m as the
volume mismatch is varied. However, for certain volume mis-
matches, it can happen that the synchronized oscillations can
abruptly switch from in-phase to antiphase as time progresses.
This behavior is termed “phase-switched” dynamics. To reit-
erate, the “phase-switched” dynamics emerge by virtue of the
underlying phase-flip transition.

Experimental observations were verified numerically con-
sidering two bidirectionally coupled Stuart-Landau [41]
oscillators. The coupling function was chosen to be the
Lennard-Jones [42] potential. The numerical results are able
to qualitatively capture the in-phase and antiphase syn-
chronization. The volume mismatch between the drops is
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FIG. 1. (a) Left: Schematic of the experimental setup: a rect-
angular quartz boat [outer dimensions: 10.0 cm (L), 2.5 cm (W),
1.7 cm (H); inner dimensions: 9.7 cm (L), 2.3 cm (W), 1.5 cm (H)]
containing an aqueous solution including ferroin and 1-pentanol.
Right: The linear channel [outer dimensions 9.6 cm (L) x 2.1 cm
(W) and inner dimensions 7.6 cm (L) x0.7 cm (W)] with a thickness
of 90 um. (B) Top view of the rectangular boat in the experiments
shows that the smaller 1-pentanol drop is introduced in the solution
when the bigger drop is already present.

analogous to the mismatch between a pair of coefficients for
the coupling function in the simulations.

This paper is organized into six different sections following
the Introduction in Sec. I. The experimental setup and related
protocols are discussed in Sec. II. In Sec. III, all the ex-
perimental observations are presented. The numerical model
is discussed in Sec. IV, followed by the numerical results
presented in Sec. V. Finally, in Sec. VI, a brief discussion of
the results is provided.

II. EXPERIMENTS

Figure 1(a) presents a schematic diagram of the experimen-
tal setup (left) and the rectangular channel (right). Figure 1(b)
shows the top view of the quartz boat employed for the
experiments. The experiments were performed with a pair
of 1-pentanol drops moving in a rectangular channel. The
aqueous solution was prepared from 15 mL of deionized (DI)
water adding 70 pL of ferroin and 350 pL of 1-pentanol.
Ferroin was used as a dye. A thin transparent plastic sheet
(of thickness 90 pum, used in lamination) with a channel of
inner dimensions of 0.7 cm in width and 7.6 cm in length
was placed to float on the aqueous phase [shown in Fig. 1(a)].
The temperature was maintained between 300 £ 2.5 K, and
all the experiments were performed in an open environment
but without allowing any cross-ventilation across the room.
The maximum drop volume used was 5 uL. and the minimum
was 1 uL. In our study, the bigger drop (i.e., drop 1) volume

Volume Dropl
Drop 2 5uL 4 pL 3uL
1.0 pL A. In-phase A. In-phase A. In-phase
B. Phase-switched B.  Anti-Phase
C.  Phase-switched (Rare)
1.5 uL A. In-phase A.  Phase-switched A.  Anti-phase
B.  Anti-phase
2.0 L A.  Phase-switched A. Phase-switched A.  Anti-phase
B. Anti-Phase (Rare) B.  Anti-phase
2.5uL A. Phase-switched A.  Anti-phase A. Anti-phase
B. Anti-phase
3.0 uL A.  Anti-phase A.  Anti-phase A. Anti-phase
B. Phase-switched (Rare)

FIG. 2. Overview of the different coupled dynamics observed for
all the volume-mismatched pairs of 1-pentanol drops.

varied from 3 to 5 uL in steps of 1 uL, and the smaller drop
(i.e., drop 2) volume was varied from 1 to 3 uL in steps of
0.5 pL. For all the experiments, the bigger drop was intro-
duced at first in the air-aqueous interface, and within 5-10 s
the smaller drop goes in the channel, as shown in Fig. 1(b)
(the smaller drop is being introduced when the bigger drop is
already present). The reason for following this protocol was
to minimize the chances of smaller drops breaking or sticking
to the edges of the channel. When the drop volume is lower
than 3 uL, in addition to the back and forth motion, it also per-
forms a little zigzag motion along the channel, and this zigzag
motion increases as the drop volume is further lowered. This
zigzag motion sometimes causes the drop to stick to the edges
and thus the drop loses some volume at the edge. Due to this
loss of volume, the drop experiences a high surface-tension
gradient from the edge to the waterway. So, it quickly tries
to return from the edge to the main waterway, i.e., from the
low surface-tension region to the high surface-tension region.
During this sudden movement, (i) either the drop can quickly
attach to the opposite edge of the channel and can lose some
further volume of pentanol there, or (ii) the deformation in
the drop can cause it to break into droplets. To avoid this,
the bigger pentanol drop was placed first in the solution. This
way, the movement of the bigger drop in the channel lowers
the chances for the smaller drop to get attached to any of the
edges of the channel.

All the videos were captured using a GoPro camera with a
frame rate of 30 frames per second. The time-series analysis
was performed using OpenCV and MATLAB.

III. EXPERIMENTAL RESULTS

A global summary of the coupled dynamics observed ex-
perimentally in all the pairs of 1-pentanol drops is presented
in the table shown in Fig. 2. It can be observed that in
some pairs there exist multiple stable states with varying de-
grees of robustness. For example, pair (3,1) shows in-phase,
antiphase, and phase-switched modes of synchrony among
which only in-phase and antiphase states are robust, whereas
the appearance of phase-switched dynamics is less frequent.
Similarly, for pair (5,2), phase-switched is the dominant state,
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FIG. 3. (a) A complete time series showing phase-switched oscillations for the pair (5,2.5), where x; (cm) vs time (s) corresponds to the
oscillations of 5 uLL and x, (cm) vs time (s) for 2.5 uL. Dotted black lines represent channel edges. The rectangular green box in the dashed
line indicates the region of transition from in-phase to antiphase oscillatory modes. The video file is attached in the Supplemental Material [43]
as Movie 2. (b) Phase portraits x, (cm) vs x; (cm) correspond to the dynamics within 20-50 s. (c) Phase portraits x, (cm) vs x; (cm) correspond

to the dynamics within 159-189 s.

and antiphase is less frequent. However, for pair (5,2.5), both
phase-switched and antiphase are almost equally probable.

In total, we have studied the dynamics of 15 sets of pairs,
among which pair (3,3) has already been reported in our
previous work [30]. The dynamics related to each pair have
been studied multiple times to verify the robustness of our
observations. However, the number of experiments performed
was not enough to provide a quantitative measure or a statis-
tically significant analysis. The main goal was more to survey
different domains of observed coupled dynamics.

At first, the dynamics are discussed for the total volume of
8 L. In this case, the volume of drop 1 is 5 nL, and the drop 2
volume is 3 uL. For the sake of convenience, let us denote the
pair of 5 and 3 pL drops as pair (5,3), and the same notation
will be followed throughout for other combinations as well.
Every time, for a fixed volume of drop 1, the drop 2 volume
was lowered systematically to observe the different domains
of coupled dynamics.

In all the experimental position time-series plots, the drop
1 (i.e., higher volume) time series has been plotted in “red”
and the drop 2 (i.e., lower volume) time series is presented in
“blue.” In each case, any “stable dynamics” or a “stable state”
implies that the oscillations will last for at least 10 cycles.

Pair (5,3): In this case, both the volume mismatch and the
individual drop sizes allow them to perform mostly antiphase
oscillations. A complete time series is shown in Fig. S1 in the
Supplemental Material [43]. The corresponding short video
file is attached in the Supplemental Material [43] as Movie
1. For this pair, the phase-switched dynamics appeared only
once out of seven successful experimental runs.

Pair (5,2.5): This pair of drops exhibit both phase-switched
and antiphase modes of synchronization. Here, the time series
are presented only for the mixed-phase dynamics. Figure 3(a)
presents the full time series showing the transition region.
Figure 3(b) shows the phase portraits within a time window
of 20-50 s confirming in-phase synchrony, and Fig. 3(c)

confirms the antiphase synchrony within a time window of
159-189 s. The corresponding short video file is attached in
the Supplemental Material [43] as Movie 2. In Fig. 3(a), it can
be observed that the frequency of the antiphase oscillations is
higher than the frequency of in-phase oscillations. This obser-
vation is consistent with the previous study [39] on phase-flip
transition. A full time series related to purely antiphase oscil-
lations is presented in Fig. S2 in the Supplemental Material
[43].

Pair (5,2): In this case, the drops exhibit long in-phase
oscillations followed by short antiphase oscillations, i.e.,
phase-switched dynamics. Figure S3 shows the full position
time series of the drops in the Supplemental Material [43]. The
corresponding short video file is attached in the Supplemental
Material [43] as Movie 3.

Pair (5,1.5): This pair performs in-phase oscillations
presented in Fig. S4 in the Supplemental Material [43]. In-
terestingly, in this pair, the drops have also been observed to
cross each other and switch sides in the channel area. The
corresponding short video file is attached in the Supplemental
Material [43] as Movie 4.

Pair (5,1): This pair shows in-phase oscillations as shown
in Fig. 4. In this case, drop 2 (i.e., 1 uL) is trapped in the flow
field governed by the movement of drop 1 (i.e., 5 uL). The
corresponding short video file is attached in the Supplemental
Material [43] as Movie 5.

Pairs (4,3) and (4,2.5): Both pairs synchronize via an-
tiphase oscillations, and their full time series are presented
in Figs. S5 and S6, respectively, in the Supplemental Material
[43]. The corresponding video files are attached as Movie 6
for pair (4,3) and Movie 7 for pair (4,2.5).

Pair (4,2): This pair shows both phase-switched and an-
tiphase mode of synchrony, but the phase-switched state is
more robust than the antiphase. Out of six experimental runs,
the phase-switched dynamics was observed four times and the
antiphase dynamics was observed only two times. Figure 5(a)
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FIG. 4. (a) A complete time series showing in-phase oscillations for the pair (5,1), where x; (cm) vs time (s) corresponds to the oscillations
of 5 uL and x, (cm) vs time (s) for 1 uL. Dotted black lines represent channel edges. The video file is attached in the Supplemental Material

[43] as Movie 5. (b) Phase portraits correspond to x, (cm) vs x; (cm).

shows the full time series showing a transition from an in-
phase to an antiphase mode of synchrony. Figure 5(b) shows
the phase portraits for the dynamics in a range of 20-50 s,
and Fig. 5(c) presents the phase portraits that correspond to
the dynamics within 70-100 s. Here also, in Fig. 5(a), we
can observe that the frequency of the out-of-phase dynam-
ics is higher than that of the in-phase dynamics. Also, the
amplitudes of the in-phase oscillations are almost double the
amplitudes for the antiphase oscillations. This is because,
during in-phase oscillations, the drops have the whole channel
length available for their synchronized sailing, but during
antiphase oscillations, the repulsive interaction between the
drops allows each of them to occupy only half of the channel
length. The corresponding short video file is attached in the
Supplemental Material [43] as Movie 8.

Pair (4,1.5): This pair is mostly unstable. The drops quickly
merge with each other. However, a few times when the coa-
lescence could be avoided, the drops mostly exhibited either
phase-switched or antiphase mode of oscillations. Both these
dynamics are presented in Fig. S7 in the Supplemental Ma-
terial [43]. Due to the highly unstable nature of this pair, the
time series are short. The corresponding short video files are
attached in the Supplemental Material [43] as Movies 9a and
9b.

Pair (4,1): This pair is also highly unstable as the drops
mostly merge with each other. A few times, when the merging
could be avoided, the pair showed both in-phase and phase-
switched modes of synchronization. But, the phase-switched
dynamics is the most robust one. In that case, the drops mostly
start with in-phase oscillations, and after some time they go on
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FIG. 5. (a) A complete time series showing phase-switched dynamics for the pair (4,2), where x; (cm) vs time (s) corresponds to the
oscillations of 4 uL and x, (cm) vs time (s) for 2 uL. Dotted black lines represent channel edges. The rectangular green box in the dashed line
indicates the region of transition from in-phase to antiphase oscillatory modes. The video file is attached in the Supplemental Material [43] as
Movie 8. (b) Phase portraits corresponding to the dynamics within 20-50 s. (c) Phase portraits corresponding to the dynamics within 70-100 s.
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FIG. 6. Phase-switched dynamics in a pair of 4.0 and 1.0 uL drops. (a) The oscillations time series show the transition from in-phase to
out-of-phase dynamics. The video file is attached in the Supplemental Material [43] as Movie 10. Parts (b) and (c) present the phase portraits

corresponding to in-phase and antiphase domains.

performing antiphase oscillations. Out of five successful ex-
perimental runs, the phase-switched dynamics were observed
three times. Figure 6(a) shows the position time series of the
drops, and Figs. 6(b) and 6(c) are the phase portraits confirm-
ing the in-phase and antiphase oscillations, respectively. The
corresponding short video file is attached in the Supplemental
Material [43] as Movie 10.

Pairs (3,3), (3,2.5), and (3,2): All these pairs show an-
tiphase oscillations. Antiphase mode of synchronization was
already reported for pair (3,3) in our previous work. The time
series and the phase portraits corresponding to pairs (3,2.5)
and (3,2) are presented in the Supplemental Material [43] in
Figs. S8 and S9, respectively. The corresponding short video
files are attached in the Supplemental Material [43] as Movies
11 and 12, respectively.

Pair (3,1.5): This pair also performs antiphase oscillations.
The time series and corresponding phase portrait are shown

in Figs. 7(a) and 7(b), respectively. The corresponding short
video file is attached in the Supplemental Material [43] as
Movie 13.

Pair (3,1): This pair is extremely unstable. In this case,
the pair can synchronize via both in-phase or antiphase os-
cillations. The dynamics mostly follow in-phase transient
oscillations but can settle into performing either in-phase
[Fig. 8(a)] or antiphase [Fig. 8(c)]. Figures 8(b) and 8(d) are
the phase portraits of the dynamics corresponding to Figs. 8(a)
and 8(c), respectively. The corresponding short video files are
attached in the Supplemental Material [43] as Movies 14a and
14b. The phase-switched dynamics are rare.

IV. NUMERICAL MODEL

The period-1 oscillations of a single pentanol drop
are modeled by using the equations of an uncoupled
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FIG. 7. (a) A partial time series showing antiphase oscillations in a pair of 3.0 and 1.5 wL drops. The dotted black lines indicate the edges
of the rectangular channel. Extended time series are presented in Fig. S10 in the Supplemental Material [43]. The video file is attached in the
Supplemental Material [43] as Movie 13. (b) Phase portraits show how x, (cm) is changing with respect to x; (cm).
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FIG. 8. The two most possible dynamics observed for a pair of 3.0 and 1.0 wL drops. Part (a) shows in-phase oscillations of the drops, and
the corresponding phase portraits are shown in (b). The video file is attached in the Supplemental Material [43] as Movie 14a. Part (c) shows
the antiphase oscillations of the drops, and the corresponding phase portraits are shown in (d). The dotted black lines both in (a) and (c) indicate
the edges of the rectangular channel. The corresponding video file is attached in the Supplemental Material [43] as Movie 14b.

Stuart-Landau (SL) oscillator as given by Eq. (1). The set
of equations governing the motion of a single oscillator is as
follows:

X(t) = x(Of1 — [x(t)* +y()*]} — wy(@),
Y(t) = yO{1 — [x(t)* + y(1)*]} + ox(2). (1)

In the equations, variables x(¢) and y(¢), respectively, de-
note the position and the velocity of the moving oscillator,
whereas w represents the natural frequency of the oscillator.

To capture the qualitative features of the experimental ob-
servations for a pair of volume-mismatched pentanol drops,
we have considered two Stuart-Landau oscillators. The oscil-
lators are bidirectionally coupled with a slight mismatch in
their autonomous frequencies in an effort to mimic the ex-
periments. The sets of equations governing the motion of two
coupled Stuart-Landau oscillators are given by the following
equations:

X1(1) = xy (O] — [x1 () + 1)1} — o1y (1),

Y1) = yiOf1 = [x1()* + 1)1} + o1 (1)
— B *xV(r),

(1) = )1 — [0) +y2(t)*1) — waya (1),

¥a(t) = ya(){1 — [2(t)* + y2(t)°1} + w2xa (1)

+ B V(r). 2

B1 and B, are the coefficients of the coupling function,
which is V(r). The coupling function has been chosen as the
form of Lennard-Jones potential as given in Eq. (3). r(¢) is
the time-dependent separation between the oscillators, and is
defined as | x; — xp |,

a 12 a 6
V‘”:VW[%) B (ﬁ) }

In our simulations, the parameters are Vp = 0.1, e =1, a =
0.38, w; = 5.05, and w, = 5.00. The initial set of conditions
were chosen as (x1, y1) |¢=0)= (0.9, —0.1) and (x2, y2) |¢=0)=
(—1.0, —1.0). The set of equations were solved using the
Runge-Kutta fourth-order (RK4) method. The time step was
chosen as df = 0.01. The volume-mismatched drops in ex-
periments are analogous to the pair of SL oscillators with

Br # B

3

V. NUMERICAL RESULTS

The mismatch in the values of 8, and f, is similar to the
mismatch in the volumes of drops in experiments. For the sake
of simplicity, the f§; value was fixed and the B, value was
varied to observe in-phase and antiphase oscillations. All the
results are presented after discarding the transients (i.e., the
first 500 time units) from the time series.
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FIG. 9. (i) Time series are showing the in-phase oscillations for §; = 1.0 and B, = 0.4, and the corresponding phase portraits are shown
in (ii). (iii) Time series are showing the antiphase oscillations for 8; = 1.0 and 8, = 0.62, and the corresponding phase portraits are shown in

Fig. (iv).

(i) In-phase oscillations were obtained for ; = 1.0 and
B> = 0.40. The corresponding time series and the phase-space
plots are shown in Figs. 9(i) and 9(iii), respectively.

(i1) Antiphase oscillations were obtained for 8; = 1.0 and
B> = 0.62. The corresponding time series and the phase-space
plots are shown in Figs. 9(ii) and 9(iv), respectively.

The numerics are able to capture both in-phase and
antiphase dynamics observed in the experiments and thus
confirms the phase-flip transition by suitable tuning of the
mismatch between B; and B, values. However, it is unable
to capture the phase-switched state observed experimentally.

VI. DISCUSSION AND CONCLUSIONS

Based on the volume mismatch between the pair of drops,
mainly three different types of coupled dynamics were ob-
served. These are (i) in-phase, (ii) phase-switched, and (iii)
antiphase dynamics. When the volume mismatch is >3.0 uL,
the drops always synchronize via stable in-phase oscillations.
In that case, the pair is analogous to the master-slave config-
uration where the bigger drop acts as a master and controls
the movement of the smaller (i.e., slave) drop. The smaller
drop is trapped in the flow-field created by the bigger drop
and thus moves in tandem with the bigger drop exhibiting
in-phase synchronization. This in-phase synchronization was
observed for pair (6,1) as well (not presented here). For a
volume mismatch of > 2.0 uL and < 3.0 uL, the pairs show
multiple stable states including the phase-switched dynamics.
At alower level of volume mismatch in the range of < 2.0 uL,
the drops always synchronize via antiphase oscillations. In

this case, the volume mismatch is not sufficient to let the
bigger drop control the movement of the smaller drop.

In the “phase-switched” state, drops first synchronize via
stable in-phase oscillations, and after some time they make
a transition from stable in-phase to perform stable antiphase
oscillations. A possible explanation for the appearance of
this “phase-switched” state is the following. Being in the
in-phase mode of synchrony for a long time, the concentra-
tion gradients around the drops are modified in such a way
that the bigger drop can no longer trap the movement of the
smaller drop. Therefore, in the end, the drops start moving
in antiphase. However, it needs to be pointed out that the
“phase-switched” dynamics imply phase-flip transition as a
function of time. The drops show a transition from stable
in-phase to stable antiphase oscillations as time progresses.
The reverse (i.e., transition from stable antiphase to stable
in-phase) was not observed experimentally. Moreover, it was
observed that the frequency of the antiphase oscillations is
always higher than the in-phase oscillations. On the con-
trary, the amplitudes of the antiphase oscillations are always
lower than the amplitudes of the in-phase oscillations. A
pair of drops readjusts their speeds according to their dy-
namical state. Therefore, a pair of drops move with faster
speed while performing antiphase oscillations than in-phase
oscillations.

Another set of experimental observations shows that the
total duration of the stable state is highly dependent upon both
volume mismatch and on the individual drop sizes. When the
smaller drop volume is < 1.5 uL and the volume mismatch
between the drops is approximately in the range of 2-2.5 uL,
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the coupled dynamics persists for a shorter period of time. For
example, the stable state for pair (4,2) exists for a longer pe-
riod of time than the dynamics observed for pair (3,1), though
the volume mismatch is exactly the same (i.e., 2 L) for both.
Similarly, the duration of the stable state observed for the pair
(4,1.5) is short. In such cases, the drops mostly merge with
each other. Moreover, in the current channel configuration, it
has been observed that a pair of drops exhibit stable dynamics
(i.e., one or multiple stable states) only when one of the drops
is of 3 L volume. This is why the coupled dynamics for the
pair of (1 uL, 1 uL) and a pair (2 uL, 2 uL) are not reported
in the present work.

Figure 2 summarizes all the domains of synchronization
observed for individual pairs of 1-pentanol drops. At a par-
ticular drop 1 volume, the mode of synchrony switches from
in-phase to antiphase as the volume mismatch is lowered. For
example, pair (5,1) shows in-phase synchrony, but pair (5,3)
shows antiphase synchrony. Such a phase-flip transition has
been confirmed multiple times for other pairs as well. There-
fore, it is evident that the phase-flip transition can be achieved
by tuning the volume mismatch between the drops. The level
of volume mismatch from low to high switches the mode of
coupling from “bidirectional” to “unidirectional.” In the bidi-
rectional mode of coupling, the drops interact repulsively, and
in the unidirectional coupling mode, the drops are attractive
to each other. Hence, the switching of the coupling mode
is the underlying reason for the occurrence of the phase-flip
transition.

The numerics capture the phase-flip transition from in-
phase to antiphase oscillations as a function of parameter
mismatch and thus support the experimental observations. The
difference in the values of 8; and 8, decides the coupled state
of the system. When the difference between these coefficients
is high, the oscillators show in-phase synchrony, and for small
difference the oscillators perform antiphase synchronization.
However, the phase-switched state was absent in the numerics.

The present work explains that suitable tuning of the vol-
ume mismatch results in altering the underlying mode of
coupled dynamics. Our results provide some groundwork in
the field of self-propelled objects and active matter. This can
help to develop and design artificial motors or microswim-
mers to study chemotactic movements. Furthermore, our
observations can be useful to study drug delivery in the in-
tracellular transport processes. As per the requirement, only
some amount of volume/size mismatch between two self-
propelled objects can decide their mode of interactions, which
can further aid in performing any specific tasks.
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