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Spontaneous oscillation in particle numbers has been reported recently, in which two chambers
connected by a narrow channel are alternately filled and emptied by self-propelled particles. The
challenge in realizing the application of this oscillation lies in promotion of the oscillatory periodicity.
By placing an asymmetric obstacle at an appropriate position near a channel opening, we can
significantly improve the oscillation quality, which approaches the quality of an ideal oscillation.
Additionally, we experimentally explore the relationship between the oscillation quality and various
system parameters such as the obstacle position. Based on experimental observations, we incorporate a
random noise into our previous model and properly reproduce the experimental results. The agreement
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between theory and experiment uncovers the mechanism of delicate competition between noise and
unidirectional particle flow in influencing the oscillation quality. Our findings provide new insights for the
optimization of the oscillation quality, expand the conventional rectification capability of the ratchet
effect due to the obstacle, and make it possible for spontaneous oscillation to serve as a reliable source
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1. Introduction

Due to its non-equilibrium nature, active matter frequently
exhibits exceptional collective behaviors that are unprecedented
in an equilibrium system. Various behaviors encompass ratcheting
effects,' ™ active crystals,”® giant number fluctuations,'*"" topo-
logical edge flow,>™*° and spontaneous oscillation.'®™*° Among
these behaviors, spontaneous oscillation is a very special and
significant type because it is a basic element to understand
a universal collective phenomenon - synchronization.?®**
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Its occurrence is recognized as a signature of instability in
linearized equations of motion. Additionally, a reliable system
capable of generating controllable spontaneous oscillation is a
fundamental prerequisite for many potential applications,*?
such as serving as a periodic clock."®

Recently, both simulations and experiments have found a
novel type of spontaneous oscillation-population or particle
number oscillation®*>* that differs from conventional oscilla-
tion in the direction or magnitude of motion of active
particles.'®™%**2” When a monolayer of artificial active parti-
cles is placed in two containers connected by a narrow channel,
these particles can alternately fill two chambers, resulting in
periodicity in the particle number over time. In addition to its
scientific interest and significance, the phenomenon also holds
attractive advantages for potential applications. In this sce-
nario, there is no need to preprogramme instructions for the
particles to transport cargos. By only constructing a simple
geometric structure and endowing the particles with activity,
the particles can autonomously accomplish the targeted trans-
portation of materials. Besides, the number of particles during
transportation oscillates periodically over time, which can serve
as a rhythmic signal for active devices.

However, the oscillation period in previous studies exhibited
unsatisfactory quality, even in simulations. Such oscillation
with a low periodic quality severely reduces the transportation
efficiency, as a notable decrease in the number of transport-
ing particles occurs during flow reversal. And, the resulting
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periodic signal would be inadequate as a reliable rhythmic source.
Even more importantly, the aperiodic oscillation obstructs further
exploration into cooperative motion and synchronization of active
particles. Apart from the system exhibiting the particle number
oscillation, the issue of unsatisfactory oscillation quality is also
common in other active systems. The oscillatory periodic signals in
these systems often rely on multiple averaging to be extracted,
which is particularly prominent in artificial active matter. Conse-
quently, enhancing the oscillation quality in active systems has
emerged as a significant and common challenge.

The quality of oscillation periodicity is closely related to the
robustness of the unidirectional particle flow in the channel.
If the stability of the unidirectional flow can be enhanced, or
the noise causing random interruptions in the unidirectional
flow can be weakened, it is expected that the oscillation quality
will be significantly improved. The key to maintaining the
stability of the unidirectional flow lies in promptly guiding
active particles into the channel, that is, achieving directional
transport of particles towards the channel opening. As is well
known, the ratchet effect plays a crucial role in the directed
transport of active particles. Among various ratchet structures,
obstacles, as an effective and simple means, can rectify the
motion of active particles, enabling directed transport in var-
ious scenarios.>®** Inspired by the distinctive phenomenon in
active matter, it seems feasible to exploit the ratchet effect
between obstacles and particles to enhance the stability of
unidirectional flow, thereby further improving the oscillation
quality.

In this article, we present a simple method that effectively
addresses this complex problem. We place a specially designed
obstacle in front of the channel openings. By adjusting the
obstacle’s position, we have promoted the oscillation quality - a
quantitative measure of the periodicity - to three times its
original value, approaching the oscillation quality of an ideal
oscillation. Furthermore, we have systematically investigated
the dependence of the oscillation quality on the system para-
meters. According to experimental observations, we introduce
noise into the previous model and successfully reproduce the
relationship between the oscillation quality, amplitude, frequency,
and system parameters. The theoretical and experimental results
are generally consistent, and thus reveal its essential mechanism
influencing the oscillation quality.

2. Results and discussion
2.1. Experimental results

As shown in Fig. 1, two circular vessels connected by a straight
narrow channel are fixed onto an electromagnetic shaker. The
asymmetrical dumbbell-shaped particles used in the experi-
ment are composed of a large sphere and a small sphere
connected by a rigid rod. The diameter of the large sphere
(dp) is 4 mm, and the diameter of the small sphere (dg) is
2.5 mm. The mean squared displacement (MSD) of an active
granular particle can be found in the ESIL.{ Vibration-activated
granular particles shuttle between two chambers through the
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Fig. 1 Schematic diagram of the experimental system (top view) with
geometric features. R indicates the radius of the chamber, L the length of
the channel, d the distance between the obstacle and the channel open-
ing, and 0 the angle of the obstacle tip. The enlarged images show a
teardrop-shaped obstacle located at the passageway of each channel.

channel, periodically filling and emptying each one. The experi-
mental system is very similar to the one used in ref. 24.
However, in this system, a teardrop-shaped obstacle is placed
inside each container, at a distance of d from the channel
opening. The obstacle’s shape comprises an isosceles triangle
and a semicircle with a radius of 3 mm, as shown in the
enlarged image of Fig. 1. Experimental videos for conditions
with and without obstacles are available in the ESIL.t

With the obstacles, the periodicity of the spontaneous
population oscillation is notably improved. Fig. 2(a) and (b)
illustrate the time evolution of the normalized particle number
in one container without/with obstacles, respectively. In com-
parison, the curve with obstacles in Fig. 2(b) exhibits a more
pronounced periodicity. The peaks and troughs along this
curve are more evenly spaced, presenting a smoother profile,
void of the erratic spikes observed in Fig. 2(a). This suggests
that in the system with obstacles, the unidirectional flow of
particles in the channel exhibits remarkable robustness and is
hardly interrupted. Fig. 3(a) shows the power spectral density
(PSD) of the particle number evolution. It is obtained by
performing Fourier transform on the time evolution curve,
which can identify main frequency components in a fluctuating
signal and provide insight into the power distribution of the
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Fig. 2 The time evolution of the fraction of active particles in one
container in the oscillatory state, AN represents the difference in the
number of particles between the two containers. (a) Without obstacles.
(b) With obstacles.
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Fig. 3 (a) Power spectrum density (PSD) of the particle number evolution
with/without the obstacle. A much sharper peak appears on the curve with
the obstacle. (b) Autocorrelation functions for oscillatory curves. The first
positive peak Q* of Q(z) characterizes the quality of an oscillation.

signal at different frequencies. The horizontal coordinate corres-
ponding to the peak value represents the oscillation frequency
of the system; the more pronounced the peak is, the better the
periodicity of the time evolution curve is. It is worth noting that we
have also examined the effects of obstacles with various shapes,
including circles, triangles and isosceles trapezoids, yet we found
that the teardrop-shaped obstacle offers the most significant
enhancement in the oscillation quality.

To assess the oscillatory periodicity quantitatively, the auto-
correlation function Q(z) is applied to evaluate the oscillation

quality,"

Si(6)S;
oy = 5105 9) "
where Si(1) = ANT(t) - <ANT(1)> is the fluctuation of each data

point on the time evolution curve of the particle number;
T represents the time interval; ¢ is the standard deviation of
S;, and (---) indicates averaging over time. The oscillation
quality of the spontaneous oscillation is characterized by the
first positive peak of the curve Q(t), Q*, also referred to as the
oscillation quality factor. The autocorrelation function reflects
the self-similarity of the oscillatory curve. For ideal periodic
oscillation, the oscillation quality factor is unity.

Under identical conditions, we compared the oscillation
quality factors in the presence and absence of the obstacle.
To our surprise, the oscillation quality factor is improved from
0.21 to 0.90, representing a substantial increase of more than
300% (see Fig. 3(b)), indicating that it is possible for the
spontaneous oscillation to serve as a clock generator for active
devices. This type of clock generator has the potential to
provide timing signals for the rhythmic movement of soft
robots and for programmed microfluidic pumping.*®

The obstacle plays a crucial role in rectifying active particles
near the channel opening, ensuring that they enter the channel
along the obstacle’s surface in the correct orientation. The
obstacle rectification serves two primary functions. Firstly,
when the head of the active particle collides with the side of
the isosceles triangle of an obstacle, the active particle will
have a high probability of sliding into the channel along the
obstacle. In contrast, the likelihood of particles entering into
the channel drops considerably without the presence of the

This journal is © The Royal Society of Chemistry 2024
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obstacle, causing in-channel unidirectional flow interruptions
and thus resulting in a premature flow reversal. Secondly, the
obstacle placed at an appropriate position allows particles to
enter the channel with almost 100% probability in the correct
posture (i.e. the head enters the channel first). Statistical data
show that with the obstacle, the probability of particle’s head
entering the channel is 98.3%, whereas without the obstacle,
this probability falls to 91.0% (based on 500 particle entry
events). Compared to the second functionality from the obsta-
cle, the first one is more effective in enhancing the stability of
the unidirectional flow in the channel. It greatly reduces the
probability of random changes in the direction of the particle’s
motion near the channel opening, thereby significantly improv-
ing the oscillation quality. We also analyzed the orientation
distribution of particles near the exit under conditions with and
without obstacles. Further details can be found in the ESI.t

It should be pointed out that, in the case of granular flow,
the size, position, shape, and arrangement of obstacles have
a significant impact on the flow rate.>**® When positioned
appropriately, the obstacle can enhance the flow rate. The
improvement of the flow primarily stems from the reduction
of the clogging probability of particles at the outlet. More
specifically, the obstacle mitigates the packing density and
the fluctuation in instantaneous flow rate of particles at the
outlet. As a result, the pressure exerted by particles at the outlet
is lessened, which disfavors the formation of clogging arches
and, in turn, helps to prevent the particle clogging. In contrast,
obstacles in the active matter play a role which differs from
their functionality in granular flow. Primarily, obstacles in the
context of active matter act as rectifiers, regulating the direction
of particle’s motion.

As previously mentioned, experimental system parameters
such as the total number of particles N, the channel length L,
and the distance of obstacles from the channel opening d
directly affect the oscillation quality. Therefore, we proceeded
to investigate how the oscillation quality factor Q* varies with
these parameters, and the results are shown in Fig. 4. Fig. 4(a)
shows the relationship between the oscillation quality factor
and the total particle number. Basically, as the particle number
increases, the oscillation quality factor exhibits a monotonic
growth trend. Fig. 4(b) exhibits the dependence of the oscilla-
tion quality factor on the channel length. It clearly shows that
as the channel length increases, the oscillation quality factor
gradually improves until it tends to a plateau when the channel
length reaches a certain threshold. In Fig. 4(c), the non-
monotonic relationship between the oscillation quality factor
and obstacle location is clearly displayed. It is evident that when
the obstacle is situated at an optimal position, the oscillation
quality factor attains its peak value. Beyond the optimum, the
oscillation quality factor experiences a continuous decline until
it approximates that of the oscillation without an obstacle

(Q* = 0.21).
2.2. Theoretical results

As evidenced by the experimental observations, the primary
ingredient for the poor oscillation quality lies in the inadequate
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Fig. 4 Comparison of experimental and theoretical results. The oscilla-
tion quality factor Q* as a function of (a) the total particle number N, (b) the
channel length L, and (c) the distance d between the obstacle and the
channel. L has been normalized by the particle’s length [y, and d has been
normalized by the diameter of the large sphere dp. All figures share
common fitting parameters, a = 5 x 10* mm and b = 6.5 x 10> mm.

robustness of the unidirectional particle flow in the channel.
Specifically, if the unidirectional flow of particles shuttling
between two chambers is susceptible to be affected by an
external noise, the persistence of the flow will be unstable.
As such, the unidirectional flow can be disrupted at random,
causing a premature reversal in the direction of motion. The
significant enhancement of the oscillation quality indicates
that we have successfully optimized the robustness of the uni-
directional flow. When viewed from another perspective, this
essentially implies that we have equivalently mitigated the system
noise that hinders the stable existence of the unidirectional flow.

The previous theoretical model, which employed force bal-
ance and particle conservation equations, properly reproduced
the characteristics of the spontaneous oscillation achieved in
experiments.** Briefly, the reversal trigger happens, when the
force due to the particles from the crowded sink chamber is
larger than that from the particles in the unidirectional flow.
Specifically, in this model, during the stable unidirectional
flow, the channel primarily contains particles from the source
chamber. Therefore, it is assumed that the particle number
density in the channel, n., is the same as that of the source
chamber, i.e., n. = n.. Hence, before the reversal of unidirec-
tional flow, the number of particles in the channel was N, =
n.Lw = mLw (where w = 5 mm represents the channel width),
and the average particle spacing was AL = L/N, = 1/nw. When
the leading particle in the unidirectional flow enters the sink
chamber, a space of length (AL — ;) is left at the end of the
channel near the sink chamber. Subsequently, particles from
the sink chamber (moving against the original unidirectional
flow) quickly enter the channel and meet the original unidirec-
tional flow at a position (AL — [;)/2 from the end of the sink
chamber. Thus, in this scenario, there are n,w(AL — [,)/2
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particles from the sink chamber in the channel. From this, the
force balance condition triggering unidirectional flow reversal is
formulated.>* While the model offers valuable insights, it also
exhibits notable limitations. Being a deterministic model, it fails
to account for stochasticity during the oscillating process, a
crucial factor for comprehending the mechanism underlying
oscillating quality enhancement. Indeed, large stochastic noise
in the system can undermine the robustness of the unidirectional
flow, resulting in a random reversal. The random reversal has a
direct negative impact on the oscillation quality. To unveil the
physical mechanism behind oscillation quality enhancement, we
have made appropriate modifications to our earlier model.

Based on the analysis above, we have introduced a noise
term into the original model, and the modified equation is
written as follows,

naw/( 1
Thm 2 —mLw — 1+ )
2 (nlw lo) e +uc 2)

where ¢ is a random variable with a mean of zero and a variance
of one, and yx is the noise intensity, which depends on the
channel length L, the distance d from the obstacle to the exit,
and the total number of particles N. According to experimental
observations, as the channel length L increases, the oscillation
quality also rises. This suggests that the random noise, which
can adversely influence the oscillatory periodicity, diminishes.

S |
For the sake of simplicity, we assume y ~ I Similarly, as the

total number of particles N increases, the oscillation quality
also gradually elevates, indicating a decline in the noise mag-

1
nitude. Again, for simplicity, Ly When it comes to the

distance d between the obstacle and the channel opening, the
situation becomes slightly more complex. When the obstacle is
too close to the channel exit, it is more likely to cause clogging
of particles at the opening. This, in turn, interrupts the uni-
directional flow, and randomly triggers the flow reversal, ulti-
mately being equivalent to an augmentation of the random
noise. Conversely, if the obstacle is too far, it loses its rectifying
ability to guide active particles into the channel, thereby
augmenting the probability of disruptions in the unidirectional
flow and a consequent increase in the noise strength. Only
when the obstacle is at the optimal position, will the competi-
tion between blocking and rectifying effects yield minimal
noise which corresponds to the highest oscillation quality.
Given the non-monotonic profile between the oscillation quality

d
and the distance d, it can be assumed that y ~ a|l — go + b, d,is

the optimal position measured from the experiment, and a and b
are fitting parameters. We consider the total noise as the product
of three individual noise terms, which is expressed as follows,

1

) b}m 3)

1(N,L,d) = [a‘l e

Combining the conservation equation of total particle number,

(mnh + m)S + mLw = N (4)

This journal is © The Royal Society of Chemistry 2024
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with S the surface area of a chamber. By numerically solving
eqn (2)-(4) together, we can determine the number density ny
and n; in two chambers at the spontaneous reversal moment of
the unidirectional flow. By using the average particle flow rate
measured in the experiment, a series of peaks and valleys along
the time evolution curve can be obtained. To provide a more
precise depiction of how the particle number changes over
time, we employ cubic spline interpolation, based on the
obtained peak and valley values, to generate a temporal evolu-
tion curve of the particle number. After acquiring the evolution
curve, we proceed to calculate the oscillation quality factor Q*
for various L, d, and N, by using the autocorrelation function.

Overall, the theoretical results are in semiquantitative and
even quantitative agreement with experimental measurements.
It is particularly noteworthy that the same fitting parameters,
a=5 x 10" mm and b = 6.5 x 10> mm, were used consistently
across all graphs in Fig. 4, which further reinforces the validity
and credibility of the theoretical model. In Fig. 4(a) and (b), it is
seen that Q* rises with an increase in both N and L. Notably,
as L continues to grow, Q* ultimately reaches a plateau.
In Fig. 4(c), as d increases, Q* exhibits a non-monotonic behavior.
The presence of an optimal factor indicates that the obstacle’s
position exerts a dual effect, namely rectifying (negative) and
clogging (positive) effect, on the noise strength. Specifically, when
the obstacle is placed too close to the channel, it is more likely to
cause particles to clog at the opening. This, in turn, interrupts the
unidirectional flow, and randomly triggers the flow reversal,
ultimately being equivalent to an augmentation of the random
noise. In contrast, an obstacle that is situated too far from the
channel loses its rectifying capability to steer active particles into
the channel, thereby augmenting the probability of disruptions in
the unidirectional flow and a consequent increase in the noise
strength. Only when the obstacle is located at its optimal location
will the delicate competition between the blocking and rectifying
effects yield minimal noise which corresponds to the highest
oscillation quality. This experimental phenomenon bears some
similarity to the observations in granular flow, where the competi-
tion between the clog arching and pressure release at the base of
the container leads to the existence of an optimal obstacle
position at which the flow rate is maximized.**

In addition to the oscillation quality, we also compared
the average oscillation amplitude (4) and frequency f under
different conditions of L, d and N. During a complete oscillatory
period, the number of particles shuttling between the two
containers is 2(n, — ny)S, and the oscillation amplitude directly
reads (A) = (n, — m)S/N, obtained from the calculated ny, and
ny in the model. Fig. 5(a) shows that (A) increases with N, when
L and d are given. As the number of particles increases, the
corresponding random noise diminishes, facilitating the for-
mation of a stable unidirectional flow. Consequently, the
probability of the random reversals is suppressed. When N is
large, almost all particles can migrate to the sink container with
a high number density before the unidirectional flow reverses.
Similarly, for a given N and d, as L increases, (A) rises until it
reaches saturation. This finding once again confirms that a
long channel can enhance the stability of the unidirectional

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparison of experimental and theoretical results. The average
oscillatory amplitude (A) and frequency f as a function of (a) and (d) the
total particle number, (b) and (e) the channel length, and (c) and (f) the
distance of the obstacle from the channel opening.

flow, thus reducing the influence of random noise, as illustrated
in Fig. 5(b). When N and L are fixed, (A) increases initially with
obstacle distance and then slightly drops, similar to the changing
trend of the oscillation quality. The decrease in (A) reflects that
when the obstacle is situated too near or too far from the channel,
the increased random noise enhances the probability of unidirec-
tional flow disruption, preventing part of particles from reaching
the sink container and consequently leading to a decrease in (4).
Under the three kinds of different conditions, the theoretical
results are in semiquantitative agreement with experimental
measurements. Additionally, using n,, and n; obtained from the
above equations, and the flow rate J in the channel, the oscillating

AN dN

1
frequency can be calculated through 7 =T=2 f y Ni =S

and Ny, = n,S,>* as plotted in Fig. 5(d)-(f). The theoretlcal results
are consistent with the experimental measurement, and even an
abrupt frequency drop in Fig. 5(f) is qualitatively consistent with
the experimental data.

The modified model properly reproduces the oscillation
quality factor, amplitude, and frequency, indicating that it
correctly captures the physical mechanism that affects the
oscillation quality. The effects of various parameters, such as
the obstacle position, channel length, and total particle number,
on the oscillation quality may all be equivalently attributed
to random noise in the system. The competition between the
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random noise and the strength of the unidirectional flow in
the channel leads to a probabilistic reversal of this flow. When
the noise strength is comparable to that of the unidirectional
flow, the stochastic reversal of the flow will occur frequently.
The more frequent the random reversal, the lower the self-
similarity of the time evolution curve, and hence the lower the
oscillation quality. We can lower random noise in various
ways, which is equivalent to reducing the probability of the
random reversal, to effectively improve the oscillation quality.
Nevertheless, there are also limitations in the modified model.
For instance, to avoid excessive complexity in the mathe-
matical form of noise, we assumed the simplest possible
mathematical form of noise dependence on N, L, and d. While
the assumption is reasonable, this phenomenological expres-
sion may not be entirely accurate, leading to incomplete
quantitative agreement between theoretical and experimental
data. Besides, although we have chosen the parameters that
have the most significant impact on oscillatory periodicity for
modeling, other parameters that affect noise, such as the
geometric characteristics of the obstacle, were not taken into
account in the model.

3. Conclusions

For the spontaneous oscillation in the vibration-activity system,
we have implemented the strategy of introducing an obstacle at
the channel opening to enhance its oscillation quality. The
experimental results indicate that when the obstacle is appro-
priately placed, the oscillation quality increases by a factor of
three, approaching the oscillation quality of an ideal periodic
oscillation. The obstacle effectively directs active particles
into the channel, ensuring a stable unidirectional flow and
thus preventing the random reversal. This approach expands
the conventional rectification capability of the ratchet effect,
enriching its functional diversity. Besides, we systematically
investigated the dependence of the oscillation quality on the
total particle number, the position of the obstacle, and the
channel length. With the increase of the total particle number
or the channel length, the oscillation quality increases.
However, as the obstacle position varies, the oscillation quality
exhibits a non-monotonic behavior. Based on the experimental
observation and subsequent analysis, we introduced a stochas-
tic noise term into the original theoretical model and pheno-
menologically established a quantitative relationship between
the noise and the total particle number, channel length, and
obstacle distance. This modified model properly reproduced
the experimental data and revealed the mechanism responsible
for the enhancement of the oscillation quality, which is the
competition between noise and unidirectional flow leading to
the probabilistic reversal of the unidirectional flow. The present
experiment of the macroscopic, artificial active matter could
stimulate further investigation in biological active systems or
microscopic active systems. Whether similar control of the
oscillation quality can be realized in these systems remains
an interesting open question.
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