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We report experiments on an active camphor rotor. A camphor rotor is prepared by infusing camphor on a
regular rectangular paper strip. It performs self-propelled motion at the air-water interface due to Marangoni
driven forces. After some transient (periodic) dynamics, the rotor enters into the aperiodic bursting regime,
which is characterized as an irregularly repeated rest (halt) and run (motion) of the rotor. Subsequently, this
aperiodic (irregular) rotor is entrained to a periodic (regular) regime with the help of a suitable external periodic
forcing. Furthermore, we conducted experiments on two such coupled aperiodic camphor rotors. In this set of
experiments, synchronized bursting was observed. During this bursting motion, one rotor follows the movement
of the other rotor. A numerical point particle model, incorporating excitable underlying equations, successfully

replicated experimentally observed aperiodic bursting.
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I. INTRODUCTION

An oscillator can show periodic, aperiodic, or chaotic dy-
namics [1]. The dynamics of an oscillator are termed aperiodic
when at least one of the system variables oscillates with an
irregular period. Aperiodic dynamics can be achieved directly
after some transients, or the system can display a transi-
tion from periodic to aperiodic dynamics [2,3]. Aperiodic
dynamics have been observed in a plethora of systems includ-
ing chemical [4-6], physical [7], and biological [8] systems.
Many aperiodic systems show a key behavior known as spik-
ing or relaxation oscillations [9]. In this type of oscillation,
one of the system variables displays an excitation or burst
followed by a relaxation. These bursts may be periodic or
aperiodic. Irregular relaxation oscillations have gained much
attention and have been explored in diverse natural and ar-
tificial settings [10-12]. An example germane to irregular
spiking behavior appears in biological activities such as the
EEG (electroencephalogram) and, in some cases, even in
an ECG (electrocardiogram). A control of such aperiodic or
chaotic dynamics is important because of its relevance to
therapeutic treatments [13,14]. Aperiodic dynamics can be
morphed into periodic dynamics with the help of an external
periodic forcing [15-17], nonfeedback control [18], and even
a time delay [19]. The modification of system dynamics using
an external forcing typically leads to entrainment of the dy-
namics, wherein the oscillator phase is mode locked with the
phase of the forcing.

In this work, we report experiments showing aperiodic
bursting dynamics of an active camphor rotor. The term “ac-
tive” implies that the rotor moves on the fluidic surface by
itself and does not require any external source for motility. In
our experiments, rotor is a rectangular strip of paper which
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is camphor infused. This rectangular strip can exhibit transla-
tional as well as rotational motion at the air-water interface.
For this work, we pin this paper strip at one end to curb
the translational motion. The strip is thus confined only to
perform rotational self-motion at the air-water interface. The
motion is evoked by the surface tension imbalance introduced
by the inhomogeneously distributed camphor layer around the
rotor.

Self-propelled motion of camphor and its derivatives has
been extensively reported in experimental as well as numer-
ical studies [20-24]. Reference [25] and Ref. [26] provide a
good review in regards to the development of the camphor sys-
tem. This tabletop experimental system has been used to study
complex biological processes as well. For instance, Biswas
etal. have employed a camphor disk to study first passage time
[27] and Tiwari et al. have studied a camphor disk string in the
context of flagella and cilia motion [28]. Recently, a camphor
rotor has been used as a miniature electricity generator [29].
Moreover, a camphor particle has also been realized as a logic
gate for information processing [30].

Our previous studies related to the self-propelled cam-
phor rotors have focused on establishing collective dynamics
such as synchronization [31,32] and chimeralike states [33]
in the periodic domain. In the context of nonlinear aspects
of self-propelled entities, efforts have been made to study
the relaxation or intermittent dynamics. Notable work in
this direction has been reported by Nakatas’ group [34,35].
The intermittency was achieved by pouring surfactant at the
air-water interface [36,37] or by increasing the number of
camphor disks [35] or by changing the camphor disk po-
sition on the attached plastic sheet [38]. However, most of
these studies focus on circular particles. To the best of our
knowledge, there has not been any experimental proof of
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FIG. 1. Schematic diagram of side (left) and camera (right) view
of experimental setup. The red color solid line represents the needle
used for making the pivot. The white dashed line imitates the plastic
sheet placed on the water surface. The setup is the same for all
experiments, except a miniature air pump was positioned outside the
container for entrainment experiments and the number of pivots was
two for the synchronization experiments.

aperiodicity in the active rotors placed at the air-water inter-
face. Towards this end, we performed experiments on such a
self-propelled camphor rotor.

In the present work, three sets of experiments were con-
ducted. First, we showed the presence of aperiodic bursting
dynamics in a single pinned camphor rotor. “Bursting” here
refers to the rotor’s halt (stop) and go (motion). Throughout
the manuscript, an irregular repetition of this bursting is called
“aperiodic dynamics or aperiodic bursting dynamics” of the
camphor rotor. Next, control experiments were performed:
wherein a rotor was subjected to an external periodic signal.
This forcing resulted in the entrainment of the rotor to the
perturbation frequency and, consequently, displaying periodic
bursting dynamics. Lastly, we studied a pair of coupled ape-
riodic rotors, which were coupled on the water surface via
the camphor layer. In this setting, the rotors exhibit the phe-
nomenon of synchronization [39,40], in which rotors behave
in unison with a delay. Furthermore, we rationalize the ex-
periments by simulating a set of dynamical equations which
emulate the observed relaxation oscillations.

The manuscript is arranged in four main sections: Intro-
duction (Sec. I), Experiments (Sec. II), Numerical Model
(Sec. III), and Discussion and Summary (Sec. IV). Further-
more, Sec. II is divided into two subsections that describe
(A) the experimental methods and preparation and (B) the
results. Similarly, Sec. III is divided into two subsections
describing (A) the numerical model and (B) the simulation
results. Finally, the results are summarized and discussed in
Sec. IV.

II. EXPERIMENTS
A. Method and preparation

The experiments were performed in a sliced inverted rect-
angular pyramid shaped glass container. This lower rectangle
in this container had dimensions of 30 cm x 20.5 cm and the
upper rectangle had the dimension of 34.5 cm x 25 cm. The
depth of the container from the upper to the lower rectangle
was 4.2 cm. To block air disturbances interfering with the
rotors’ dynamics, the experiments were performed inside a
plexiglass enclosure. Figure 1 shows the schematic diagram
depicting the experimental setup’s side (left) and camera
(right) view. The room temperature for all the experiments

was set between 25.2 + 0.7°C. The relative humidity lies
between 49% and 69%.

To make pivot(s), thin needle(s) (red color in Fig. 1) was
(were) fixed on a black painted aluminium sheet. For the third
set of experiments, two needles were fixed at 6.0 cm and
4.2 cm distance, respectively. We placed an aluminium sheet
fitted with pivots inside the glass container, which was later
filled with 900 ml deionized water. With an aim of reduc-
ing the surface area exposed to rotor(s), we take a regular
plastic sheet and cut a 11 cm x 6 cm rectangular section in
the middle. This plastic sheet was placed gently on a water
surface such that the pivot was in the middle of the rectangular
section.

Rectangular strips of dimensions 2.0 cm x 0.4 cm were
drawn on a computer and printed on a clean A4 size paper
sheet with a black and white laserjet printer. The strips were
kept black in color with a white circular dot at one end to aid
with rotation tracking. At the other end of each paper strip,
a hole was punched with a needle. 100 ul of 1.2M solution
of laboratory-grade camphor in ethanol (purity 99.9%) was
poured onto each ribbon. The strips were left in the poured
solution for 60 s and then left to dry in the air for 600 s.
After ethanol had dried off from the rectangular paper, only
camphor was left on it. Throughout this manuscript, we will
refer to this camphor infused paper as camphor rotor ribbon.
Finally, these ribbons were pivoted on the thin needles and
were introduced at the air-water interface through the holes.
On touching the water surface, the camphor ribbon starts to
rotate immediately. Initial environmental fluctuations decide
the initial rotation direction, and hence it can be clockwise
(cw) or counterclockwise (ccw) [31]. This ribbon continues
its rotation in this initial direction unless externally perturbed.

The dynamics of ribbons were recorded with a high-speed
video camera (GoPro Hero-4, frame rate 120 Hz, 720 p
resolution), placed vertically above the glass container. The
experimental videos were analyzed in MATLAB using the stan-
dard particle tracking code (adapted for MATLAB by Blair and
Dufresne [41], which is based on the Crocker and Grier [42]
algorithms). This algorithm returned x and y positions of the
tracked white dots, which we refer to as the rotors’ positions.
However, for visual convenience, we choose to show the speed
time series of the rotors. Speed was calculated from the rotor’s
x and y positions every 0.5 s (60 frames).

B. Results

This section is divided into two subsections, where the
results are presented for a single rotor and two rotors. Fur-
thermore, in the single rotor case, results are shown for both
the autonomous as well as the entrained dynamics.

1. Single rotor

Autonomous. The word “autonomous” here refers to the
natural dynamics of a single rotor. In this set of experiments,
a single ribbon was placed at the water surface. Initially, the
camphor ribbon showed periodic rotational motion, exhibiting
regular oscillations. However, after some time has elapsed,
the rotors start exhibiting an aperiodic rotational motion. In
the current work, we discarded the initial periodic motion and
focused on the aperiodic component of the rotors’ motion.
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FIG. 2. Autonomous camphor rotor dynamics in the aperiodic
regime. Panel (a) shows the temporal evolution of rotor speed. Panel
(b) shows the corresponding histogram (bin count = 20; bin width =
0.5) of interspike interval time (IST). N denotes count of interspike
interval time.

Figure 2(a) shows the temporal evolution of the rotors’ speed
between 1200 s and 1600 s (0 s was set when the ribbon
touched the water surface). The salient feature of the rotors’
dynamics is the bursting or spiking nature of its motion,
wherein the rotor halts (almost zero speed) and then moves
after irregular periods of time. This bursting is aperiodic and
hence is characterized by irregular interspike intervals. We
define an interspike interval as the time span between two
successive speed maxima. In Fig. 2(b), a histogram provides
evidence of a distributed interspike interval and hence a sig-
nature of aperiodicity or irregularity in the speed time series
and the rotors’ dynamics.

It should be emphasized that, after a halt, the camphor
ribbon is stochastically triggered by environmental fluctua-
tions, and it randomly rotates in either cw or ccw direction.
Therefore, during each halt-move cycle, the rotor can switch
its rotation direction (see Supplemental Material video s1.mp4
[43D).

Entrainment. Next, we seek control over these irregular
rotor dynamics with external periodic forcing. A miniature
dc air pump (CJP31-C03A1) was used for this purpose. This
pump created a small but periodic air disturbance at the wa-
ter surface. Previous work [44] has verified that the pump
acts as a source of environmental perturbation, and not as a
source of any significant kinetic energy to the system. The

air pump was clamped on a stand which was placed near the
glass container. The position of the pump was such that its
air-output nozzle pointed directly towards the pivot needle.
A 1.5 V dc voltage supply powered the miniature pump.
Furthermore, the and the off state of the pump was controlled
by a periodic signal generated by a signal generator (Tektronix
AFG-3022C). The signals’ waveform was rectangular and its
amplitude was +5 V. The pulse width of the periodic signal
was kept constant at 0.5 s. Therefore, in each experimental
run, the pump was ON for 0.5 s and OFF for (T-0.5) s, wherein
T represents the signals’ time period. The ON state of the
pump is indicated by a loud noise (see Supplemental Material
video s2.mp4 [43]). For readers’ visual convenience, we have
manually written ON in the video whenever the pump is in the
ON state. Furthermore, in Fig. 3(d) (inset), we have shown
the time series of the pumps’ state, i.e., the external forcing
signal. The sound signal was extracted from the entrainment
experiment video (s2.mp4) using standard MATLAB filters to
plot this time series.

For this set of experiments, again, a fresh camphor ribbon
was placed onto the water surface. In the aperiodic regime, we
present results corresponding to the OFF-ON-OFF state of the
forcing signal (Fig. 3). An OFF state here refers to the pump
being completely switched off, whereas an ON state refers to
the periodic switching of the pump as described above. The
data in each state is plotted for 100 s. After the first OFF
state [Figs. 3(a) and 3(b)], the forcing signal was switched
ON for 100 s at 100 mHz frequency (time period = 10 s).
We choose the pump switching frequency based on the rotors’
autonomous frequency in the first OFF state. In the ON state
of the pump, the rotor showed a remarkable response to an
external forcing (see video s2.mp4). Whenever the pump is
ON, the rotor moved either in cw or ccw direction. Figure 3(c)
shows a spike in rotor speed every ~10 s, hence corroborat-
ing the rotors’ entrainment to the external forcing frequency.
After the pump is switched OFF, the rotor returns to aperiodic
dynamics [Figs. 3(e) and 3(f)]. A comparison of interspike
interval histograms in OFF [Fig. 3(b)], ON [Fig. 3(d)], and
OFF [Fig. 3(f)] shows that the forcing signal has squeezed the
interspike interval distribution to around 10 s. Therefore, the
pump has evoked nearly periodic dynamics at a predetermined
frequency, in an otherwise aperiodically rotating camphor rib-
bon.

We want to point that, in the second OFF state, the inter-
spike interval shifts towards higher values. This shift is not
because of the air pump but the natural slowing down of the
rotor with time. This slowdown is in agreement with previous
observations reported in our other related works [31,32]. A
possible cause of this slowdown is discussed in Sec. III. Fur-
thermore, this continuous decay in the autonomous frequency
of the rotor restricted its entrainment for a long time.

2. Two rotors

To investigate the collective behavior of aperiodic rotors,
two rotors were now placed at the water surface. The rotors
were kept at a pivot to pivot distance (/) greater than /.. We
define /. as twice the length of a single ribbon (2 x 2.0 cm
= 4.0 cm). It should be noted that, at / > [., rotors do not
physically collide. Figure 4 depicts the irregular dynamics of
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FIG. 3. Entrainment: time series of speed (a),(c),(e) and histogram (b),(d),(f) of interspike time interval (IST) for OFF-ON-OFF pump
state. N denotes the count of interspike interval. Bin count = 20; bin width = 0.5 for histograms. Panels (a),(b) and (e),(f) show aperiodic
dynamics of the camphor rotor before the pump was turned ON and after the pump was turned OFF. Red plots (c),(d) show the speed and
histogram of the interspike interval when the pump is ON. Both plots portray nearly periodic dynamics characterized as a constant interspike
time interval. The inset inside panel (d) shows the pump (forcing) status. A high sound amplitude corresponds to the ON state of the pump,

while zero sound amplitude corresponds to the OFF state.

a coupled rotors pair. We placed two camphor rotors at a pivot
to pivot distance / = 4.2 cm. After the transient dynamics
have elapsed, both the rotors were found to exhibit irregular
dynamics at the air-water interface. Figure 4 shows the speed
time series of both rotors from 1300 s—1500 s (0 s is when
the first rotor touched the water surface). It is clear that when
one rotor burst into motion, the other one follows its burst
almost instantaneously or with a time delay (see Supplemental
Material video s3.mp4). Nonetheless, both rotors respond to
each other’s movement and perform synchronized bursting on
the water surface. Rotors are coupled through the exchange
of camphor molecules at a common fluid surface. This type
of indirect chemical coupling between camphor particles has
been reported previously in [31,45]. As previously mentioned,
in the irregular domain, rotors are in a stochastically triggered
intermittent state. Therefore, we believe that a random burst
in one of the rotors acts as an environmental fluctuation and
triggers the motion in the other rotor.

III. SIMULATIONS

In this section, we will discuss the numerical model and
simulation results.

A. Model

To corroborate our experimental observations, we carried
out simulations incorporating a three-dimensional excitable
system. To reiterate, a rotor shows bursting dynamics and,
after each halt, it can burst in cw or ccw direction. Inspired
by this, in numerics, we choose a quintic nullcline system
[Egs. (1)—=(3)], such that the angular speed is kept at an
excitable fixed point. Furthermore, we intuit that noisy en-
vironmental fluctuations generate bursts in rotor dynamics.
Therefore, a fixed amplitude noise [Eq. (3)] was used to trig-
ger excitable oscillations in the system. The quintic term in
the temporal evolution of angular speed ensures that noise can
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FIG. 4. Speed time series of two coupled aperiodic camphor
rotors. Red and black curves correspond to first and second camphor
rotor.

randomly kick angular speed in a positive (cw) or negative
(ccw) direction. Denoting the angular displacement, speed,
and acceleration as 6, w, and «, respectively, the dynamical
equations are as follows:

0(t) = o(t), (1)
o) = e[~ (1) + 20°(t) — (1) — a(t)], )
a(t) = w(t) + Dn(t), 3)

wherein 7(¢) is a Gaussian white noise centered around zero
and having unit variance and D refers to the noise strength.
For D = 0, fixed point (0,0,0) is a stable fixed point; hence
the system will not show bursting dynamics if unperturbed.
Subsequently, to mimic entrainment in numerical settings, we
added a periodic external perturbation in Eq. (3) as follows:

a(t) = w(t)+ As(t) + Dn(t), “4)

where A is the amplitude of periodic rectangular pulses s(z).
These pulses correspond to periodic switching ON and OFF
of the miniature air pump in experiments.

Lastly, we studied two coupled excitable systems
[Egs. (1)-(3)] respective to the third set of experiments
(Sec. B 2). As mentioned previously, a burst in one of the
rotors seems to activate the burst in the other rotor. We believe
that, for synchronized bursting, the angular speed of rotors
should mutually adjust, and the term responsible for coupling
will be angular speed [Eqgs. (5)—(7)]. Imagine the coupling as
if camphor concentration around one rotor is transported to
the other rotor. For i, j = 1, 2, the equations are as follows:

(1) = w;(t), (5)
ai(t) = €[ — ] (1) + 207 (1) — wi(t) — ;(1)],  (6)
o;i(t) = wi(t) + Dn(t) + Kw;. (7

The parameter K in Eq. (7) corresponds to the magnitude
of perturbation experienced by a rotor due to the motion of the
other. It incorporates the combined effect of the pivot to pivot
distance between the two rotors and the chemical coupling due
to shared camphor concentration fields.
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FIG. 5. Numerical results for the autonomous oscillator. (a) The
temporal evolution of speed; panel (b) shows the corresponding
histogram of the interspike interval time (IST). N denotes the count
of interspike interval.

B. Results

This aforementioned set of equations was simulated using
a Runge-Kutta fourth order algorithm with a time step of 1073
The first 1000 time units (1 time unit = 10° time steps) were
discarded as transients and data was analyzed for the next
49 000 time units. In Figs. 5, 6, and 7 a considerable portion
of the analyzed data is presented. For all numerical cases, the
noise amplitude D and € was set to be 0.5 units and 50 units,
respectively. Initial values of w and o were kept fixed at 0.0
unit and 0.01 unit, respectively. The initial value of 6, on the
other hand, was chosen randomly in the range [0, 2r]. In the
following subsections, we will talk about detailed simulation
results corresponding to the three sets of experiments.

1. Single oscillator

Autonomous. Figure 5 shows the (a) temporal evolution of
angular speed and (b) distribution of the interspike interval for
autonomous differential equations (1)—(3).

The time series shows large spikes in the angular speed
aperiodically occurring on top of a bed of noisy fluctuations.
Consequently, the histogram of interspike intervals exhibits a
broad range distribution. Both Figs. 5(a) and 5(b) confirm the
aperiodic nature of the bursting dynamics.

Entrainment. In this case, Egs. (1), (2), and (4) were simu-
lated with the amplitude of the periodic signal (A) being fixed
at 0.2. The signal was high (ON) for 0.017 time units and
zero (OFF) for the remaining time period, i.e., T — 0.01T
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FIG. 6. Entrainment: numerical time series of speed (a),(c),(e) and histogram (b),(d),(f) of interspike time interval (IST) for OFF-ON-OFF
periodic signal. N denotes the count of interspike interval. Panels (a),(b) and (e),(f) show aperiodic dynamics before switching ON external
forcing and after the forcing was OFF. Red plots (c),(d) show speed and histogram of the interspike interval when the periodic signal was ON.

time units. 7 here stands for 200 time units. Following the
same procedure as done experimentally, in Fig. 6 , we have
presented the speed time series and the interspike interval
for the OFF-ON-OFF state. When there is no external signal
(OFF state), the dynamics is irregular and the same is evident
from Figs. 6(a), 6(b) and Figs. 6(e), 6(f). However, in the
presence of external forcing (ON state), a relative control
over aperiodic dynamics was observed [Figs. 6(c) and 6(d)].
When compared to the OFF state, the bursting in the ON
state is relatively regular. The width of the interspike interval
distribution has reduced and is found to be centered around
the external signal’s time period (200 time units).

2. Two oscillators

Figure 7 reports the simulation results corresponding to
dynamical equations (5)— (7). Angular speeds’ temporal evo-
lution for the two-oscillator system is presented for (a)
coupling OFF state (K = 0.0 unit) and (b) coupling ON state
(K = 0.7 unit). It is evident from Fig. 7(b) that, when coupled,
both the oscillators fire nearly simultaneously.

IV. DISCUSSION AND SUMMARY

In this work, we reported aperiodic dynamics, control of
aperiodicity, and synchronized bursting of camphor rotors. A
camphor rotor, when placed on an air-water interface, forms a
camphor layer on the water surface. Any environmental fluc-
tuations at this point may lead to the anisotropic distribution
of the camphor layer. This inhomogeneously distributed layer
results in a net surface tension gradient around the rotor, and
hence a Marangoni force in the higher surface tension direc-
tion. Initial rotation direction can be cw or ccw and is picked
up randomly. Once the ribbon starts rotating in a particular
direction, this motion of the rotor itself maintains an asymme-
try in camphor concentration. Thus the ribbon would continue
rotating until disturbed externally or the surface activity is
diminished.

After some transient dynamics, this rotor enters into an
aperiodic bursting regime, wherein it performs irregular ro-
tations. Furthermore, the rotor showed intermittent bursting
characterized as irregular spikes in speed. A spread in the
speed interspike interval distribution confirmed this aperiodic
nature of the rotor dynamics. In the surface area available to
the ribbon, we believe that, as time progresses, the camphor
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FIG. 7. Numerical speed time series of (a) two uncoupled ape-
riodic oscillators (K = 0.0 unit) and (b) two coupled aperiodic
oscillators (K = 0.7 unit). In (b), the red and the black curves cor-
respond to the first and the second oscillator, respectively.

layer globally reduces the surface tension. This causes the
ribbon to enter a metastable excitable state. In this state, any
minute environmental fluctuation can trigger activity in the
rotor. We would like to emphasize here again that the camphor
rotor has a finite life span on the water surface. We argue
the rotors’ finite life is due to the accumulation of camphor

molecules on the surface of water coupled with loss of the
rotors’ fuel, i.e., camphor [33]. These two factors together
result in lowering the surface tension gradient at the air-water
interface. Hence less Marangoni driving forces act on the
rotor.

Following this characterization, we showed that the con-
trol of this aperiodicity in rotor dynamics could be achieved
with external enforcement. A miniature air pump acts as a
periodic environmental perturbation on the water surface and
gives rise to periodic rotations of ribbon. We subsequently
conducted experiments on two coupled aperiodic rotors and
reported synchronized bursting of these rotors. The camphor
layer around one rotor interacts with the camphor layer of the
other rotor and results in a chemical coupling.

To probe further into such excitable dynamics and gain
a better understanding of the phenomenon underlying our
experimental observations, we presented a numerical model
incorporating excitable differential equations. The model was
able to qualitatively reproduce the experimental observation
for one and two aperiodic rotors. We believe that our tabletop
experiments, showing aperiodic bursting dynamics of the ac-
tive rotor, are an exciting contribution showing the nonlinear
aspects related to the active matter field. Our experiments
showing the control of aperiodic self-rotations of camphor
ribbon on the air-water surface might inspire researchers to
investigate similar behavior in other self-propelled particles.
Our model was able to demonstrate that the mechanism be-
hind the experimental observations can be explained by a
rudimentary excitable system without using complex fluid dy-
namical equations. Our approach of modeling the experiments
via a general model makes the insights from it more widely
applicable in a plethora of nonlinear systems.
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