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ABSTRACT  In recent years, active matter systems have
attracted considerable attentions due to their complex
dynamic behaviors in physical and material science. In
particular, microorganism systems have served as model
systems for observing dynamic assembly and collective
motility of active particles and significant progresses have
been made on in-depth understanding of how high density
bacteria colony behaves in the non-equilibrium state. In
this mini-review, we mainly focus on the collective motion
of bacteria and their dynamic assembly from four aspects:
(1) the general phenomenon and biological mechanism of
bacterial collective motion; (2) the common experimental
techniques for studying bacterial motility; (3) some active
systems on exploring bacterial collective behavior, which
include both non-restricted free suspensions and those in
relative confined geometric space; (4) the phenomenological
and descriptive statistical methods and physical models
on the underlying laws that lead to large-scale coordinate
patterns in multicellular systems. This review aims to give
a general picture of the collective motion in bacterial active
matter systems experimentally and theoretically in order to
reflect the interplays between individuals among populations
in motion. It is expected that the general regulation rules
related to the boundary effects in the complex systems and
materials can be elucidated to some extent.

Keywords:  active matter, bacterial swarming, collective behav-
ior

INTRODUCTION
Different from most natural or synthetic materials, an
active matter system whose structure and function are
governed by a static or localized energy landscape, usu-
ally refers to a collection or suspension of self-propelled
particles capable of acquiring energy either from the
external environment or from internal conversion to gen-
erate mechanical forces and viscous flow, thus driving the

system into a non-equilibrium state. The unique feature
of the state is then manifested as movement, growth or
reproduction of active particles. In general, active systems
containing high concentration of active particles tend to
move and assemble coordinately under some asymme-
try-breaking mechanism, resulting in organized pattern
formations and collective behaviors (Fig. 1) such as large
areas of swirls, flocks, plumes, and vortices etc. [1–6].
In addition, there exist other complex-life-like behaviors,
e.g. turbulences under non-inertial conditions [7], huge
density fluctuations [8] and orientational arrangements
like liquid crystal molecules [9].
These dynamic self-organizations due to local interac-

tions with the fluid media have arose strong interests of
many researchers. They usually exhibit three character-
istics: first, the system contains a handful of components
which can contact through non-covalent interactions;
second, they should be far from equilibrium; third, there
should be abundant energy supply in order to maintain
repeated moving patterns.
Traditionally, the active matter system can be divided

into many different categories: living cells [10], mi-
crotubule system consisting of actin and myosin [11],
undomesticated bacterial system [12], self-oscillated poly-
mer gels [13], synthetic Janus particles [14–17] such as
Au-Pt rods and many other types [18–22] (Fig. 2). As
a typical model object with the nature of "self-propelled
particle", the bacteria are usually micron-sized and could
generate collective motion by taking energy from nutrients
in the culture medium.
The study of bacterial motility and collective motion is

the necessary prerequisite to learn the spatial and temporal
correlation of the complex system and to monitor the as-
sembly of biological systems.  Many  people  have  studied
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Figure 1   Examples of collective behavior. (a) In water, B. subtilis exhibits collective motion. Scale bar is approximately 15 μm. Reprinted with permis-
sion from Ref. [1]. Copyright 2004, the American Physical Society. (b) Assembled vortex on agar. Reprinted with permission from Ref. [2]. Copyright
2001, Nature Publishing Group. (c) Bacterial biofilm streamers lead to blockage in channels. Reprinted with permission from Ref. [3]. Copyright 2016,
Elsevier. (d) The active nematic behavior of the microtubule system with defects. Reprinted with permission from Ref. [4]. Copyright 2015, Nature
Publishing Group. (e) Microtubule systems generate metachronal waves. Reprinted with permission from Ref. [5]. Copyright 2011, the American
Association for the Advancement of Science.

Figure 2   Different kinds of activematter systems. (a, b) Examples of active bacteria. Reprintedwith permission fromRef. [3]. Copyright 2016, Elsevier.
(a) Escherichia coli with cell body approximately 2 μm. (b) Chlamydomona s reinhardtii with a cell body that is approximately 8 μm. (c) Synthetic Au-Pt
nanorods and spherical active Janus colloid. Reprinted with permission from Ref. [14]. Copyright 2016, Elsevier. (d) Active actin gels. Reprinted with
permission from Ref. [11]. Copyright 2016, Nature Publishing Group. (e) Self-oscillated polymer gels. Reprinted with permission from Ref. [13].
Copyright 2014, the American Chemical Society. (f) Tubular active colloids. Reprinted with permission from Ref. [14]. Copyright 2016, Elsevier.
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the collective motility of bacteria from different levels and
aspects, i.e. focusing on the individual behavior among the
groups, regarding the motion as a whole and monitoring
them in both unrestricted spaces [7] and in micro chan-
nels similar to bacteria’s living environment [8]. Kearns
[23] wrote a comprehensive field guide to bacterial swarm-
ing motility. Harshey [24] reviewed the collective move-
ments of bacteria over surfaces including different types,
initiation and migration of their surface motility in detail.
Copeland et al.[25] emphasized that biological and bio-
physical mechanisms played an important role in bacterial
coordinative movements. Verstraeten et al. [26] focused
on the biofilm formation and the transition betweenmotile
and sessile lifestyles of bacteria. Koch et al. [27] stressed the
role of hydrodynamics in bacterial swarming through con-
cluding theoretical and simulation studies. These investi-
gations have revealed the physical mechanisms of bacterial
movement as well as the chemotaxis effects.

THE PHENOMENON AND BIOLOGICAL
MECHANISM OF BACTERIAL
COLLECTIVE MOTILITY
The motility of bacteria is closely related to their own bi-
ological structure. The flagellum of bacteria plays an im-
portant role in its motility. Flagellum mainly consists of
three parts: (1) helical filament; (2) hook; (3) basal body
and motor components. The basal body, which consists
of four rings and one rod, is inserted into the membrane.
The motor on the flagellum consists of stators (MotA and
MotB) and rotors (FlgB, FlgC, FlgF, and FlgG) (Fig. 3a).
The stationary stator is inserted into the basal body and
the rotor is connected to the MS-ring [25,28]. In this way,
the stator and rotor are combined to generate torque on
its body. When the motor rotates counterclockwise, it will
cause the left-hand helical flagellum to form a bundle, thus
pushing the bacteria forward. When one or more rotors
rotate clockwise, a right-hand spiral is formed and then the
flagellum bundle is released. At this time, the bacteria it-
self will adjust its direction of the movement. This kind
of movement mechanism of a single bacterium in the fluid
is defined as “run and tumble” mechanism (Fig. 3c, d).
Saragosti et al. [29] explored the reorientation dynamics
and found that the motion of bacteria appeared as random
walk on a unit sphere and the tumbles could be described by
their rotational diffusion coefficient. The average direction
change was 68 degrees and the turning time was about 0.14
s. The bacterial motility is also associated with their var-
ious physiological activities such as elongation, increased
flagellar density, secretion of surfactants [12] and enhanced

antibiotic resistance [30].
On the basis of the biological structure, the collective be-

havior of bacteria colony usually requires some necessary
conditions. To certain extent, the bacteria must have a flag-
ellar structure and a relative high concentration to enable
mutual contact.
The behavior of the collectivemovement (Fig. 3b) of bac-

teria could occur in different culture systems. For example,
one could fabricate a free-standing film after culturing the
bacteria in broth. Alternatively, the free rod-shaped bacte-
rial suspensions with high density could be directly added
onto solid surfaces such as agar. Indeed, bacteria using fla-
gella to move on agar surfaces are usually referred as “bac-
terial swarming” by researchers. The bacterial swarming
behavior ismagnified as vortices, swirls and jets [23] bymi-
croscopic techniques. These phenomena can sustain from
seconds to hours due to the difference in bacterial species
or the difference between the culture system and the envi-
ronmental conditions.
Overall, this long-range coupled population behavior

of bacteria may be related to many factors [31]. The
most common aspect is the physical interaction inside
the system, including the interaction of bacteria with the
surrounding fluid, as well as the collision between bacteria
and the steric hindrance which generates local velocity
field and density fluctuations [34]. There are also studies
showing that the collective motility may be related to the
instability in the direction arrangement of rod-shaped bac-
teria. Moreover, the transmission of chemical information,
resistance to antibiotics and individual cognitive decision
behavior may also be important factors.

EXPERIMENTAL TECHNEQUES

Experimental systems
As a model system to study the dynamic biological assem-
bly of active matters, bacteria have several advantages. On
one hand, they are relatively easy to culture in the labora-
tory environment. On the other hand, we can conveniently
gain access to gene sequences and biochemistry data of
many strains such as Escherichia coli (E. coli), Bacillus sub-
tilis (B. subtilis) and Pseudomonas aeruginosa (P. aerugi-
nosa) to learn their biochemistry characteristics. Accord-
ingly, many techniques that manipulate bacterial individu-
als or populations to move in the liquid as well as on the
solid surfaces [26] have been developed during the past
years.
One method for observing active bacterial systems is to

disperse a certain concentration of bacterial suspension in
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Figure 3   The phenomenon and biological mechanism of collective motility. (a) Structure of bacterial flagellum. (b) Velocity field obtained from PIV
and its corresponding color map shown its collective movement. Top panels: c (concentrations)=1%. bottom panels: c=2%. (c, d) Fluorescence mi-
croscopy images of swimming E. coli cells and “run and tumble mechanism” of single bacterium. (a and c) Reprinted with permission from Ref. [25].
Copyright 2009, the American Institute of Physics. (b) Reprinted with permission from Ref. [32]. Copyright 2014, the Institute of Physics Publishing.
(d) Reprinted with permission from Ref. [33]. Copyright 2015, Elsevier.

a langmuir-blodgett (LB) system in a free-standing soap
film [35] with thickness about 15–400 μm (Fig. 4). The
soap film surface must be free from pressure to maximize
the effect of surface-generated velocity gradient. When
tracking with micron-sized particles, it is observed that the
majority of the bacterial suspension fluid self-organize into
an active bacterial film [36]. Another technique is to in-
oculate bacteria colony on agar surfaces [37], on which the
bacteria are generally considered to move on the surfaces
instead of entering into the interior.
In the experiments, wild type (WT) B. subtilis and E.

coli are commonly used bacterial species. Mutated species
could also be used if there are special needs. In general,
the thickness of bacteria suspensions is in the level of 3 to 5

microns. For instance, in a commonly used model system,
B. subtilis 3610 (WT), the single bacterium is about 0.8×5
μm in size. They are usually grown on an agar plate which
consists of 1 gmL−1 peptone and 0.5% agar, and the temper-
ature is at 30°C. The thickness of overall fluids is about 3–4
μm. After culturing for about 4 hours, the colony begins to
expand outward. Then it can be fetched to observe under a
microscope. The behavior of bacterial swarming could be
observed at the edge of bacterial colonies.
To observe the collective movement of bacteria, proper

control of certain important experimental conditions will
be beneficial to the observation of the swarming phenome-
non: (1) the nutrient around the bacteria colony can not be
too abundant to inhibit their reproduction,  otherwise  the
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Figure 4   Free-standing bacterial film fabrication device. Reprinted with
permission from Ref. [35]. Copyright 2012, Elsevier.

bacteria group will grow so fast and become too concen-
trated to observe; (2) appropriate temperature and humid-
ity are needed, however, if there is no special heating de-
vice, one should control the observation time within a cer-
tain period to avoid the decreasing of swimming activity;
(3) when high intensity laser illumination is utilized, pho-
totoxic of bacteria should be taken into account; (4) to pre-
vent oxygen from exhausting, the observation time should
be controlled properly to maintain bacteria activity; (5) fi-
nally, the type and the concentration of agar used should be
paid attention since the hardness of solidified agar surface
could potentially influence the swarming behavior.
In order to monitor the behavior of individual bacteria,

fluorescent labeling method is often used. For example,
in one study, red fluorescent proteins were tagged on to
ppsB::PtrpE-mCherry gene expressed proteins and the WT
was mixed with labeled bacteria at a ratio of 100:1 [38].
Moreover, fluorescence labeling could be performed in dif-
ferent parts on the body such as the head, body or tail as
long as it does not affect the motility of bacteria (Fig. 5).

Imaging technologies
The most commonly used observation technique is phase
contrast microscopy. Fluorescence microscopy and bright
field microscopy are also utilized. In any case, high numer-
ical aperture and long working distance objective lenses are
necessary to acquire high quality images. The fluorescence
microscope is mainly used to study the movement of la-
beled individual bacteria in the population. By this way, the
relationship between the velocity direction of bacteria and
the direction of surrounding flow field could be analyzed.
Compared to fluorescent microscope, the phase contrast
microscope could hardly distinguish the individual from
large populations. However, it is of great advantage to ob-
serve the overallmotion. There is one pointwhich needs at-
tention that if the observed range is too small, it may cause
the  observed  phenomenon  too  localized.  To  solve  this

Figure 5    Fluorescently labeled bacteria imaging and its movements.
Reprinted with permission from Ref. [39]. Copyright 2014, the American
Chemical Society.

problem, sometimes one needs to scan the observation
window to different regions and finally stich the captured
images together.

DYNAMIC ASSEMBLY BEHAVIOR OF
BACTERIA

The universal phenomenon of collective motion
Researchers have studied the concentration dependence
and the effect of oxygen consumption on the overall move-
ment of bacteria to reveal physical properties of the system.
For example, in 2007, Sokolov et al. [40] built a novel
thin-film device that could utilize the electric field to con-
trol the pH gradient in the film and herd B. Subtilis bacteria
into condensed populations of adjustable concentration.
They found that the increase of the bacterial concentration
did not cause a sharp transition of the correlation length
(spatial scale of the collective motion), but their movement
became more monotonous and gentle. Later on, in 2012,
Sokolov et al. [35] continued to study the B. Subtilis system
and found that the consumption of oxygen would affect
the swimming speed of bacteria as well as the structure of
flow field (Fig. 6a–f). By calculating the spatial correlation
length and the temporal autocorrelation function, it was
found that the correlation coefficients in time and space
are not related to each other beyond the velocity and con-
centration thresholds. It is concluded that the correlation
length is only related to the shape and size of swimming
microorganisms themselves.
When bacteria are cultured on agar, varying degrees of

coordinated movement of bacteria have been observed by
a number of researchers. Therefore, there has been a lot of
study on the characteristics of the apparent collective state
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Figure 6   The universal phenomenon of collective motion and its influencing factors. (a–f) The effects of oxygen concentration. (a, b) The relationship
between O2 concentration, swimming speed and correlation length. (c–f) The corresponding flow field structures in speeds that are indicated in b. (g,
h) B. subtilis colony of two different densities [41]. (i, g) Two-dimensional pair orientation and velocity correlation. (a–f) Reprinted with permission
from Ref. [35]. Copyright 2012, the American Physical Society. (g–j) Reprinted with permission from Ref. [8]. Copyright 2010, the American Chemical
Society.

and swarming behavior. Zhang et al. [8] used a MAT-
LAB algorithm to process images to distinguish bacterial
individuals in condensed populations. They reported si-
multaneous measurements of their location, speed, and di-
rection correlation as a function of time for thousands of
WT B. subtilis bacteria within a colony. The bacteria spon-
taneously assembled into closely packed dynamic clusters
and have “giant number density fluctuations” when they
moved cooperatively (Fig. 6h–k).
Chen et al. [41] found that with increasing bacterial con-

centration the velocity of E. coli within the plane exhibited
a weak synchronization behavior, which lasted at least half
an hour. It is interesting that the probability of quasi clock-
wise movement in different colonies is almost equal. By
tracing with silicone oil drops in surface layer, it was found
that they moved along an elliptical curve and had the same
phase although hundred microns apart. The drop motion
with a certain period, amplitude and phase was fitted with
a sinusoidal curve, and it was surprised to find that the
movement of the bacteria was completely coincident with

themovement of the silicone oil drops. Furthermore, while
observing in a larger size of area, they found that the col-
lective oscillation evolved into a centimeter-scale travelling
wave at different locations and with different periods.

The role of bacterial individuals among populations in
collective motility
The occurrence of bacterial swarming behavior is closely
related to the movement pattern of bacteria. Fluorescence
labeling of bacteria can be used to study the association
and contribution of bacterial individuals’ behavior to over-
all generated flow in swarming (Fig. 7a–c). Ariel et al. [42]
found that individual E. coli bacteria were performing su-
per-diffusion that was called “levy walks” (LW). While the
individuals move at a fixed speed during a longer duration
and change the direction randomly, they behave consis-
tently with the so-called LW behavior”. Their distribution
fits in the “power-law distribution” (Fig. 7d). The authors
concluded that this behavior may be related to the foraging
of bacteria or the removal of harmful substances.  In  2016,
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Figure 7   The role of bacterial individuals among populations in collective motion. (a) Phase contrast imaging of a WT B. subtilis swarming colony.
(b, c) Fluorescently labeled bacteria and its trajectories. (d) Bacterial trajectories shown “LW characteristics”. (e) Comparison of movements between
immotile and motile bacteria. (a, b, e) Reprinted with permission from Ref. [38]. Copyright 2016, Elsevier. (c, d) Reprinted with permission from Ref.
[42]. Copyright 2015, Nature Publishing Group.

Ryan et al. [38] mixed motile B. subtilis strain 3610 (WT)
and the immotile bacteria Serratia marcescens strain 274
(WT) in order to investigate the dynamics of a single bac-
terium in the populations. It was shown that the angular
distribution between the bacterial rotation rate, the direc-
tion of the bacteria, and the direction of the surrounding
flow field were all Gaussian-like for immotile bacteria. On
the contrary, for the motile bacteria, they exhibited abnor-
mal non-Gaussian deviation alongwith generated flowper-
pendicular to the collective flow field (Fig. 7e).  Therefore, 
it  is  possible that the bacteria  in  the local  flow  field can
control their own direction and may have their own deci-
sion.

Characterization of bacterial active fluids using passive
tracking particles
In the study of active fluids like active bacterial fluids,
in order to study their non-equilibrium and asymmetry
breaking properties, micron-sized particles like polysty-
rene spheres are often mixed in active fluids as passive
tracers [43]. It is found that in the C. reinhardtii system
[29,44], the distribution of the displacement of particles
often showed a non-Gaussian tail during a short time. For
longer time scale, the diffusion constant Deff of particles
is often larger than the diffusion constant D0 of Brownian
motion. These phenomena are just the characteristic
of the active fluids under non-equilibrium state. Many
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people have studied influences of bacterial concentrations
on particle diffusion in this field. For example, in the
suspensions of E. coli, Deff was found to increase linearly
with increasing bacterial concentration [45,46]. It was later
found that this result was obtained at low concentrations
and in the absence of cluster movement. Also, researchers
experimentally investigated the effect of particle size on
their motion in the suspensions of bacteria. When 0.6 to
39 μm particles were mixed with E. coli bacteria [45], it
was found that large particles moved faster, which were
inconsistent with the principle that the speed of particle is
inversely proportional to the radius of the particle accord-
ing to the traditional Einstein-stokes Equation (Fig. 8).
Because the collective movement of active bacterial fluids
will clearly affect the degree of rotational freedom of the
system, exploration of the rotational diffusion coefficient
of anisotropic particles in the active system is meaningful.
For instance, Peng et al. [36] have shown that anisotropic
ellipsoidal polystyrene (PS) microspheres incorporated
into the bacterial film exhibited enhanced translational
and rotational diffusion behavior.
The active system of self-driven particles is usually di-

vided into two types depending on whether the generated
flow around them are stretched or pulled, i.e., “pusher” or
“puller”. It was found that the translation and rotation co-
efficient of the microspheres were negatively correlated in
the active system of the pusher type system such as E. coli.
In contrast, there is a positive correlation in the puller type
bacterial system such as C. reinhardtii [36].

Bacterial antibiotic resistance and collective movements
It is well known that the bacterial systems can produce
group motility under the condition of antibiotic induction

[48] based on the “run and tumble” mechanism [33]. In
sparse bacterial suspensions, the deviation of bacterial voy-
age was caused by chemical signaling. However, with in-
creased bacterial concentration, the chemical signal is no
longer directly controlled by chemotaxis, which can be con-
firmed by their super-diffusive behavior. In a general bio-
logical sense, the swarming of bacteria is likely to be a strat-
egy for resisting antibiotics. For example, Butler et al. [30]
found that densely packed bacteria and high-speed swarm-
ing behavior favored the survival of bacterial populations
in high concentrations of antibiotics.
More importantly, it was found that when bacteria were

exposed to sub-lethal doses of kanamycin, the velocity
field distribution changed from a normal Boltzmann
distribution to a non-Boltzmann distribution [47], due
to the aggregation of sub-groups with declined moving
ability caused by cluster formation. Moreover, in this
process, although antibiotics affect bacteria’s swimming
speeds apparently, the entire bacterial colony’s growth and
reproduction has not been greatly threatened (Fig. 9).

Collective behavior of bacteria in confined space
In nature, bacteria live and forage in porous soil and self-or-
ganize into biofilm for resistance. These biological behav-
iors are all associated with their living environments. Sim-
ilarly, collective movements of bacteria are found closely
related to the environment, which includes both chemical
deposits in surroundings and geometrical constraints [24].
In recent years, it has been confirmed that the geometri-
cal constraints around the bacteria havs a great influence
on their active flow and also collective state. However, the
mechanism of hydrodynamic interactions resulting in this
phenomenon still remains unclear.

Figure 8   Characterization of bacterial active fluids using passive tracking particles. (a) Captured phase contrast image. (b) Dependence of tracers’
diffusivity on particle size. Reprinted with permission from Ref. [45]. Copyright 2016, the Royal Society of Chemistry.
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Figure 9   Bacterial antibiotic resistance and collective movements. (a, b) With added 0.08 μg mL−1 kanamycin bacteria move in red circled area and its
corresponding velocity field. (c) The colony’s expansion is not affected by kanamycin. (d) The centered distribution of the x and y components of the
velocity. The 0-kanamycin curve is Gaussian. Reprinted with permission from Ref. [47]. Copyright 2015, the American Physical Society.

There are many ways to create a limited space, for exam-
ple, fabricating simple planar walls [49], circular bound-
aries, or microfluidic channels [24] with different shapes
(Fig. 10a, b). Lushi et al. [39] found that the bacteria
self-organized to form "a spiral vortex" when limiting high
concentrations of B. subtilis bacteria to a thin cylindrical
chamber. They also found that the movement direction in
the edge of the population and the center are exactly oppo-
site to each other. On this basis, they constructed a min-
imum model system based on particle motion, predicting
the morphology of cluster motion under the constraints of
such circular boundaries very well (Fig. 10c). In the flu-
orescently labeling experiments, the direction of the body
and flagellum are shown to verify the models, revealing in-
teractions among bacterial individuals themselves, as well
as hydrodynamic interactions between bacteria and fluid,
which are important to the collective state.
Since the bacteria live in the soil pores, fabricating mi-

crofluid channels that simulate their living environments
have become an important method to study relationships
between collective swimmingmovements and the environ-

ment. Wioland et al. [50] found that in a long and nar-
row circular microfluidic channel, the bacteria could form
a stable non-drainage cycle. With the variation of width of
the microchannel, the pattern of the movement of bacte-
ria would change from small swirls beginning at the chan-
nel width of 35–45 μm to large-scale vortices at 70–90 μm.
There is no difference with the behavior of the unrestricted
systemwhen the width is larger than 90microns (Fig. 10d).
Many studies found that at the edge of the microchannel,
the flow field direction produced by bacteria was opposite
to the bacterial swimming directions. In another work,
Wioland et al. [51] characterized the non-equilibrium state
by using thermodynamic equilibrium theory. Based on
the Lattice field theories (LFTs), they designed two-dimen-
sional lattice microfluidic channels with a diameter of 50
and 18 μm deep, and the lattice was connected with a cer-
tain gap. It was found that when the gap width was less
than 20 μm the self-organization is “vortex”. When it was
more than 20 μm, the spontaneous “vortex” disappeared,
and instead, the bacteria would flow freely in the lattice. In
addition, the author investigated the spin ferromagnetism
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Figure 10   Bacterial collective behavior in confined space. (a) Two simple examples of microfluidic devices [32]. (b) Collective movements in the
channel and fluorescently labeled bacteria (inset) [32]. (c) Simulation (top panel) and phase contrast image show the motility with circular boundaries
[39]. (d) Universal movement in channels with different widths. (a, b) Reprinted with permission from Ref. [32]. Copyright 2014, the Institute of
Physics Publishing. (c) Reprinted with permission from Ref. [39]. Copyright 2014, the American Chemical Society. (d) Reprinted with permission
from Ref. [50]. Copyright 2016, the Institute of Physics Publishing.

and they found an interesting phenomenon: different geo-
metric topologies of the lattice influenced bacterial lattice
spin direction distribution. This utilization of microfluidic
channels to study the dynamic assembly of bacteria could
better reveal the relationships between the movement of
bacteria, the surrounding flow field, and the entire channel
circulation of the network. In particular, some researchers
control the aggregation and dispersion of crowded passive
particles by adjusting the optical potential of spatial light
in active bacterial system. Theoretical studies have shown
that the existence of spatial light chaos will greatly affect
the movement of active matters. Pince et al. [52] studied
the aggregation and dispersion behavior of colloidal parti-
cles in hot baths and active bacterial fluids when control-
lable roughness of the spatial light is introduced by opti-
cal potential well. They found that the existence of spatial
chaos controlled by external field did change the long-range
coupling behavior of the active system. Even more surpris-
ingly, in the active bacterial flow, when the spatial disorder
was added to the smooth attractive optical potential with
a speckle-like pattern, the change in particles from disper-
sion to aggregation could be achieved.

DATA ANALYSIS AND PROCESSING

Phenomenological analysis and statistical description
To elucidate the collective movements of bacteria, particle
imaging velocity (PIV) or optical flow [53] have been
utilized as a general method to describe the flow field.
This method can clearly illustrate the flow field around the
moving bacteria populations with small dense needle-like
patterns. Another widely used method to describe bacte-
rial collective oscillation is temporal and spatial correlation
[54]. By defining the correlation length and comparing
it with the size of the bacteria itself, the spatial scale of
collective state is shown. The changes in cluster move-
ment can be effectively measured by calculating bacterial
velocity, direction, body orientation correlation function
in time and space. Pattern recognition of a single bacterial
trajectory can be readily realized by software. It is easy to
calculate the distribution of themean square displacement,
translation and rotation of the bacteria movement from
the trajectory to obtain the distribution of its motion.
When tracking the collective state of bacteria with passive
particles, the method of studying the trajectory diffusion

 November 2017 | Vol.60 No.11
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

SCIENCE CHINA Materials



behavior of the particles is the same as the method of
studying the trajectories of individual bacteria. Since the
motion of the bacteria has the nature of the vortex, the
direction of movement of the tracing particles sometimes
can be fitted to a curve of sinusoidal cosine with a certain
phase and period.

Physical models and numerical simulation
In general, the mechanism of active bacterial swarming is
considered to consist of twomain kinds of interactions: the
long-range hydrodynamic interactions and the short-range
steric effects or collisions. However, there remain many
questions: which dynamic plays a key role? How to con-
struct a physical model to explain the mechanism of coor-
dination movement in active bacteria fluids and to predict
the formation of a large number of dynamic vortex? Physi-
cists have done many works to solve the problem.
In low Reynolds number (Re) fluid systems, bacteria are

often defined as "dipole" structures [34]. Part of the species
like B. subtilis bacteria whose flagella is in the back gen-
erates forward thrust to its body. Others such as C. rein-
hardtii result in pulling force because of its long front fla-
gella. Through this mechanism, bacteria are divided into
two categories: pusher and puller. As a consequence, the
effect of the surrounding fluid field can also be divided into
two types, "extensive" and "contractile" (Fig. 11a).
The swarming behavior of bacteria is usually studied in

the field of hydrodynamics. One of the most important

features is that it is in a relatively low Reynolds-state fluid
environment (Re = 10−4 –10−2) [55,56]. The Reynolds num-
ber is a parameter that characterizes the fluid properties,
physically representing the ratio of the inertial force to the
viscous force level. Here, Re = ρvL/μ, where ρ and μ are
the fluid density and the dynamic viscosity coefficient, and
v and L are the characteristic velocity and characteristic
length of the flow field. This characteristic leads to the
Stokesian dynamics [57,58], in which the description func-
tion of incompressible fluid and the Langevin Equation
of Brownian particles are utilized. In addition, the active
particles are seen as discrete and the surrounding fluid is
treated as an incompressible continuum fluid.
In constructed physical model, single bacterium is di-

rectly simplified into self-propelled particles with kinetic
equations, for instance, Langevin Equation. This simpli-
fication may have different forms such as “point dipole”,
“slender bodies” [60], “dumbbell” [59] (Fig. 11b), “ellip-
soid”, “swimming models”, and “rigid self-propelled rods”.
Different physical aspects such as hindering effects and col-
lisions, interactions with fluids (Fig. 11c, d) and the addi-
tion of boundary effects due to constraints have got a lot of
attention.
Under the premise of the minimal model [61], the con-

tinuum model theory [1,55,59,62] utilized to simulate the
condition of active bacterial systems has become a main-
stream. A two-phase separation model which regards fluid
and bacteria as independent  interpenetrating  continuous

Figure 11   Examples of physical models. (a) Hydrodynamic representation of the bacterium as a “pusher” (left panel) and resulting flow field created
by the force dipole imposing on the fluid. (b) Dumbbell models composed of a small and a large sphere of radii aS and aL, respectively, connected by
an infinitely thin rigid rod. (c, d) Flow fields that “a single dumbbell type puller (c) or pusher (d)” exerts on the surrounding fluid. (a) Reprinted with
permission fromRef. [34]. Copyright 2016, Springer. (b–d) Reprinted with permission fromRef. [59]. Copyright 2009, the American Chemical Society.
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phases [63] has been proposed, revealing the important ef-
fect of the three factors on the vortex pattern: the dipole
strength of the bacteria on the fluid, the alignment caused
by the entropy effect and the torque due to the fluid gradi-
ent. In addition, the mean field theory [62] is often used to
describe the stochastic behavior of single or pairwise bac-
terial motions. Dunkel et al. [64] constructed a minimal
fourth-order vector-field theory for incompressible bacte-
rial dynamics, which described the quantitative data of the
experiments very well.

OUTLOOKS
Bacterial swarming behavior is inseparable with local en-
vironment such as long-range hydrodynamic interactions,
short-term physical interactions and the role of interfaces.
Though the research in this field has mostly focused on the
universal coordination of bacterial motility, it can still be
seen that the coordination and oscillations of the bacterial
movement pattern among whole populations has giant dif-
ferencewith themotility of the individuals and disobeys the
general physical laws of common dynamic process surpris-
ingly. There still remain a number of fundamental prob-
lems to be solved. On one hand, nowadays the utilization
of existing physical modeling methods has been limited by
many factors in further revealing the regulation laws as well
as dynamic relationships between individuals and cluster
movements. Therefore, hard efforts should be exerted on
theoretical innovations in physical modeling as well as nu-
merical simulations in order to improve their explanation
and prediction ability for experiments. On the other hand,
currently it is still rare to use external field to control system
in time and space in order to observe the dynamic changes
in the experimental system.
Overall, a general rule underlies all these uncommon

phenomena should be brought to light. In recent years, big
data methods such as data-based machine learning have
become popular in the field of data mining and analysis.
In the future, it is expected that the algorithm of machine
learning can be used in the pattern recognition of bacteria
swarming and passive particles tracking. For example,
some researchers have developed decision trees and ran-
dom forest algorithms to handle such tasks [65].
Besides the behaviors of individual bacteria themselves,

it is crucial to understand the properties of their surround-
ing fluidic medium. So far people have been using mi-
cron-sized passive particles to trace the hydrodynamics of
the bacterial environment. During the past decade, our re-
search group have developed a series of nano-imaging tech-
niques capable of tracing single plasmonic nanoparticles

with high sensitivity and high resolution [66–71]. Inspired
by single particle tracing at the micron-scale, it is expected
that a lot of new information on the collective motion of
bacteria could be obtained by tracking the spatial and tem-
poral variation of multiple single nanoparticle tracers at
the nanoscale. Exploring influences of spatial or boundary
confinement as well as external fields on the bacterial ac-
tive fluids and the diffusion of nanoparticles are also very
helpful to go a step further in this field. Besides fundamen-
tal insights into the complexity of life, these deepened un-
derstandings would help people to build novel active mi-
cro/nanomotors and complex devices bymimicking the es-
sential functions of their natural counterparts for biomate-
rial and biomedical applications [72]. We should have rea-
son to believe that advancement in experimental and data
analysis techniqueswill bring us newdiscoveries in this vast
virgin land.
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