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Organizing bacterial vortex lattices by
periodic obstacle arrays
Henning Reinken 1✉, Daiki Nishiguchi 2✉, Sebastian Heidenreich3, Andrey Sokolov 4, Markus Bär3,

Sabine H. L. Klapp1 & Igor S. Aranson 5

Recent experiments have shown that the complex spatio-temporal vortex structures emer-

ging in active fluids are susceptible to weak geometrical constraints. This observation poses

the fundamental question of how boundary effects stabilize a highly ordered pattern from

seemingly turbulent motion. Here we show, by a combination of continuum theory and

experiments on a bacterial suspension, how artificial obstacles guide the flow profile and

reorganize topological defects, which enables the design of bacterial vortex lattices with

tunable properties. To this end, the continuum model is extended by appropriate boundary

conditions. Beyond the stabilization of square and hexagonal lattices, we also provide a

striking example of a chiral, antiferromagnetic lattice exhibiting a net rotational flow, which is

induced by arranging the obstacles in a Kagome-like array.
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Active systems, both living (bacterial suspensions, cytos-
keletal extracts, motility assays, cell tissues1–5) and inan-
imate (driven granular disks and rods6,7, colloidal

swimmers, rollers, and spinners8–11, etc.) exhibit remarkably
complex spatio-temporal collective behavior, see ref. 12 for a
recent review. While the effect of confinement and boundary
conditions is fairly well understood in equilibrium systems, it is
mostly unexplored in active matter, with only a few theoretical
and experimental studies appearing in recent years13–20.

In particular, regular bacterial flow spirals and “vortices”
are reported in refs. 13,14,21,22. The observed states are char-
acterized by neighboring vortices rotating spontaneously in the
same (ferromagnetic) or opposite direction (antiferromagnetic),
resembling magnetic spin lattices. The stabilization of such
structures and related vortex patterns in an otherwise turbulent
bacterial suspension is achieved by imposing strong confinement
in an ordered array of coupled flow chambers. It came as a
surprise when recent experiments19 involving a periodic array of
small pillars, which covered only a few percent of available space,
produced a drastic impact on an otherwise turbulent Bacillus
subtilis suspension1,23–25. Namely, square-like vortex lattices
with long-range antiferromagnetic ordering were observed19

when the lattice constant was close to the characteristic vortex
size in the unconstrained system. In contrast to refs. 13,14,21,
where the vortex patterns are imposed by the confinement itself,
here, the emergent structures are stabilized by the weak con-
straints given by the pillars.

In this work, we combine a continuum description of turbulent
bacterial motion25–35 with experimental study of the confinement
effects in bacterial suspensions19 to answer the following funda-
mental questions: What are the minimal ingredients to stabilize a
certain flow pattern in an active suspension? What is the impact
of pillar size? And what type of lattices can occur? In particular,
can the obstacle arrays be used to stabilize exotic vortex lattices
with novel flow properties, such as a non-zero average vorticity
and edge currents?

As a key concept, we examine, both theoretically and experi-
mentally, the topological charges of the defects located at the
pillars as a means to characterize the flow fields that surround
the obstacles. By tuning the charge and the lattice constant(s) of
the array relative to the intrinsic vortex size in the unconstrained
suspension, we demonstrate the emergence of different types of
vortex lattices, such as a chiral structure made up of two sizes of
bacterial vortices. It yields a pronounced circulation on a length
scale much larger than the individual vortex size.

Results
Continuum model. We employ a coarse-grained continuum
description25,27,30–35, where the dynamics of the bacterial sus-
pension is described by the effective bacterial velocity v. This
phenomenological model has first been introduced in refs. 25,26,
combining the Toner–Tu equation for polar active fluids36 with
the complex Swift–Hohenberg equation for pattern formation37.
A derivation starting from a generic Langevin model has been
presented in refs. 31,32. The resulting dynamic equation reads in
the dimensionless form

∂tv þ λv � ∇v ¼ ∇qþ av � b vj j2v � 1þ ∇2
� �2

v; ð1Þ

where q(x, t) is a Lagrange multiplier (effective pressure) enfor-
cing the incompressibility condition ∇⋅v= 0. The parameters a,
b, and λ are related to the microscopic parameters of the swim-
mers, e.g., swimming speed, volume fraction, and rotational
relaxation time31,32. For a suspension of highly motile swimmers
of type pusher, e.g., B. subtilis, as used in the experiments19,
we have a > 027,31. This leads to a finite-wavelength-instability

of the stationary, homogeneous, isotropic solution (v= 0). The
instability is characterized by a critical wavenumber kc= 1 (see
Supplementary Note 1 and refs. 26,31–33 for details). The coeffi-
cient of the cubic nonlinear term in Eq. (1) is positive (b > 0),
enabling the saturation of the emerging patterns.

In the absence of nonlinear advection, that is, for small values
of λ, the unconstrained system forms a square vortex lattice with
“antiferromagnetic” order33,35, i.e., neighboring vortices rotate in
opposite directions to reduce the hydrodynamic friction. The
periodicity of this vortex lattice, i.e., the distance between the
centers of two vortices of the same sense of rotation, is given by
Λc= 2π/kc. We will refer to the wavelength Λc as intrinsic length
scale of the bacterial suspension. In the unconstrained case, there
is no direct correspondence between this length scale and
experimentally observable quantities. In this work, we set Λc=
105 μm, which corresponds to the periodicity of the vortex
patterns in the square pillar arrangement with an optimal lattice
constant L ≈ 75 μm observed in ref. 19. This approach is based on
the assumption that the highest stability of the emerging
structures is reached when the geometry imposed by the pillars
fits the intrinsic length scale of the suspension.

For larger values of λ, the system exhibits a dynamical state that
has been denoted as mesoscale turbulence25,27,31,32,34,35. Due to
the presence of an intrinsic length scale (which is absent in other
continuum models such as the Toner–Tu equation38), Eq. (1)
represents a convenient model to investigate the emergence of
vortex patterns under geometrical constraints such as pillars. In
order to realistically implement these constraints, we first
examine the flow field around a single pillar to find appropriate
boundary conditions for the effective continuum model.

Flow field around a single pillar. We experimentally investigate
the flow field around a single pillar in an otherwise unconstrained
bacterial suspension. The corresponding setup consists of B.
subtilis swimming around the bottom surface of a pendant drop.
The drop is pierced by a vertical pillar with a diameter in the
micron range, see Fig. 1a for a schematic representation and
Supplementary Fig. 1 for microscopic snapshots. The velocity
field v(x, t) of bacterial motion is obtained via particle image
velocimetry (PIV). Note that this velocity field is not equivalent to
the local orientation of the bacteria. Rather, it incorporates both
the relative swimming speed of the cells and the advection by the
solvent flow. Details on bacteria preparation, pillar manufactur-
ing, and the experimental procedure can be found in the Methods
section.

We first analyze the average flow field in the vicinity of the
pillar. To this end, we take the angle (i.e., spatial) average of the
local flow field yielding the absolute values of the mean velocity v
and vertical vorticity ω= (∇ × v)z as a function of the distance to
the pillar center over a time window of 46.5 s. As a highly non-
trivial effect, we observe that not only the velocity vanishes close
to the pillar, but also the vorticity. This feature is shown in
Fig. 1b, where the absolute velocity and vorticity are plotted as
functions of the distance from a pillar. The pillar diameter20 is
small compared to the pattern wavelength in the unconstrained
suspension Λc= 105 μm (see Supplementary Note 1). As we show
below, the pillar size is an important parameter. While the
vanishing velocity v on a surface of the pillar is expected (no-slip
boundary condition), the vanishing vorticity is surprising.
Moreover, individual bacteria or other active swimmers tend to
circle around a pillar due to hydrodynamic attraction39,40.

We proceed by considering the topological defects located at
the pillars’ positions. These are singularities in the time-resolved
bacterial velocity field v, which can be characterized by so-called
topological charges c centered in the pillar. This approach allows
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to characterize the flow field surrounding the pillars on a
structural level. The value of c is obtained from the number of
clockwise revolutions of the velocity field’s orientation angle
when encircling the obstacle in a clockwise direction. Since v has
polar symmetry, the topological charges are integers. In
particular, a charge c= 1 describes a vortex center, while negative
charges (saddle points) correspond to defects located in the gap
between adjacent vortices. Thus, c=−1 represents a defect
surrounded by four vortices, c=−2 for six surrounding vortices,
and c=−3 for eight surrounding vortices, etc. An illustration of
the cases c= 1 and c=−1 is given in Fig. 1c (inset).

The experimental velocity field strongly fluctuates, and the
instant topological charge is a time-dependent quantity (see
Supplementary Fig. 2). We calculate c at each instant of time and
then determine the probability distribution P(c). For the
calculation of the topological charge, we use a contour around
the pillar with a radius that is 15 μm larger than that of the pillar
itself, avoiding the unreliability of the PIV measurements close to
the walls (see Supplementary Methods for more details on the
calculations of the charges). Figure 1d shows experimental

snapshots superimposed with the velocity field for instances in
time where the charges are c=+1, c= 0, c=−1, and c=−2 (see
also Supplementary Movies 1–4 for the dynamics of bacterial
motion around pillars of different diameter and Supplementary
Movie 5 for an example of the dynamics of the topological
charge). Analyzing the statistics of the charge, we find that P(c)
strongly depends on the pillar size, see filled circles in Fig. 1c,
where the probabilities for different values of c are plotted vs the
pillar diameter l. For all diameters considered, the highest
probability occurs at c=−1, i.e., the pillar is surrounded by four
vortices. This feature explains the robustness of the square
antiferromagnetic vortex lattice19. We also observe that increas-
ing the pillar diameter increases the probability for more negative
charges, c ≤−2, while the charges c= 1 and c= 0 become even
more unlikely. These experimental observations motivate the
choice of boundary conditions we use to implement the pillars in
our continuum description.

Boundary conditions on a pillar. Standard boundary conditions
applied routinely when solving the Navier–Stokes equation

Fig. 1 Induced flow field around a single pillar. a Schematics of the experimental setup (top view) consisting of B. subtilis in the presence of a single pillar.
b Experimental results for the time-averaged absolute velocity and vorticity vs the distance from the center of a (small) circular pillar of diameter l=
20 μm, obtained by calculating the mean value in a time window of 46.5 s and averaging over all orientations. The dashed lines indicate the location of the
pillar surface. c Probability of the occurrence of certain topological charges located in the center of a single pillar obtained from a time series of the
instantaneous charge. Numerical results are obtained by solving Eq. (7) with parameters a= 0.5, b= 1.6, λ= 9, γv= 40, γω= 4 and Λc= 105 μm.
Experimental results were measured for two independent pillars. The error bars represent the standard deviations. Inset: sketch of the flow field around a
defect of charge c=−1 and c=+1, respectively. d Experimental snapshots superimposed with the velocity field displaying topological charges c=+1, c=
0, c=−1 and c=−2. The pillar diameter is l= 20 μm except for the snapshot with c=−2 where it is l= 30 μm. Topological charges are calculated by
using the cyan contours 15 μm away from the surface of the pillars. Scale bar: 20 μm. e–g Solutions of the linearized Eq. (1) in terms of Bessel functions of
order n= 2 (e), n= 3 (f) and n= 4 (g).
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(e.g., no-slip41), are not sufficient here because Eq. (1) contains
gradient terms up to fourth order demanding a higher number of
constraints. We propose two boundary conditions, which comply
with the experimental observations for the averaged flow field
around a single pillar, see Fig. 1b, and yield consistent collective
behavior. In addition to the standard no-slip conditions, we
require vanishing vorticity on the pillar:

v ¼ 0; ω ¼ ∇ ´ vð Þz¼ 0: ð2Þ
We give further motivation for these boundary conditions in

the Supplementary Note 2, based on recent experimental
observations of complex flows in the boundary layers of bacterial
suspensions near walls13,21,42.

Considering the linearized version of Eq. (1) in polar
coordinates (r, φ) (with the conditions (2) applied in the origin)
already yields quantitative insight into the effect of a single pillar.
To this end, we linearize Eq. (1) around the homogeneous state
v= 0 and consider only the stationary case. This yields in terms
of the vorticity

0 ¼ a� 1ð Þω� Δ2 þ 2Δ
� �

ω: ð3Þ
In polar coordinates, the solution of Eq. (3) can be represented

in terms of Bessel functions of the first kind, see Supplementary
Note 3 for more details,

ωðr;φÞ ¼
X1
n¼0

AnJnðkrÞ cos nφð Þ: ð4Þ

The boundary conditions (2) for an infinitesimally small pillar
located at the origin correspond to ω|r=0= 0 and v|r=0= 0,
respectively. Condition ω|r=0= 0 implies that A0= 0. Using the
relation between vorticity ω and stream function Ψ, ∇2Ψ=−ω,
we also derive from v|r=0 that A1= 0. As a consequence, Eq. (4)
must not contain terms with n= 0 or n= 1, and Bessel functions
of different kinds are not allowed. The resulting lowest-order
solution, n= 2, corresponds to four vortices surrounding a pillar,
see Fig. 1e, and negative topological charge c=−1. If the pillar
diameter l is not infinitesimally small, Bessel functions (4) with
n > 2 may dominate the behavior for r > l. It is intuitively clear that
increasing the pillar size will lead to higher cylindrical harmonics
(more rigorous arguments are presented in Supplementary
Note 3), which corresponds, in turn, to an increasing number of
surrounding vortices. In Fig. 1e–g, the analytically obtained
solutions are shown for n= 2, n= 3 and n= 4, respectively.

For quantitative predictions of the flow field, we have to resort
to the numerical solution of Eq. (1). We apply a pseudo-spectral
method and implement the boundary conditions (2) by local
damping of the velocity v and vorticity ω (see Methods). The
advantage of this approach is that the magnitude of the boundary
effect can be controlled, which is crucial to reproduce the
experimentally obtained topological charge distribution. In order
to compare our theoretical results with the experiment, we
numerically solve for the velocity field surrounding a single pillar
in an otherwise unconstrained system and, analogously to the
experiment, determine the distribution of topological charges,
P(c), from the time series. Adjusting the damping strength and
the coefficients in Eq. (1) appropriately we find very good
agreement, see Fig. 1c. The parameters used here and in the rest
of this work are a= 0.5, b= 1.6 and λ= 9. The size dependence
of the topological charge of a single pillar opens up the intriguing
possibility to design vortex patterns of different symmetries,
including exotic ones not present in the unconstrained system.

Stabilization of symmetric vortex lattices. The insights into the
structure of the flow field preferred by a single pillar can now
be used to design various large-scale patterns by arranging

several pillars of appropriate size. We investigate a square lattice
of 9 × 9 pillars and a hexagonal lattice consisting of 48 pillars
embedded in an otherwise unconstrained suspension, see Fig. 2a,
b, respectively. To characterize the emergent order of the vortex
patterns, we consider the gaps as regions of interest (ROI), as
indicated in Fig. 2a, b, where one of the ROIs is marked by a black
rectangle (square lattice) or circle (hexagonal lattice). Analogous
to refs. 14,19, we define a spin variable Si as normalized velocity
circulation for every ROI (see Supplementary Methods). From Si,
we calculate the adjacent spin correlation χ:

χ ¼
P

hi;ji SiSjP
hi;ji SiSj

���
���
; ð5Þ

where 〈i, j〉 denote pairs of neighboring ROIs (four neighbors in
the square lattice, three in the hexagonal lattice case). The value
χ=−1 (+1) corresponds to the perfect antiferromagnetic
(ferromagnetic) order. The choice of the pillar diameter is
motivated by the results for a single pillar (see Fig. 1c): For the
square lattice, we expect every pillar to be surrounded by four
vortices. Therefore, we need a quite small pillar diameter,
corresponding to a preference for the charge c=−1. We set
l= 14 μm to be able to compare to the experimental results
presented in ref. 19, where this size is used. However, Fig. 1c
suggests that slightly larger pillar diameters are even more
suitable. In fact, we find that a diameter of l= 30 μm is more
effective in stabilizing a stationary pattern in the square pillar
lattice, see Supplementary Fig. 3. In the hexagonal lattice, the
number of surrounding vortices is six. Therefore, we use pillars
with a larger diameter yielding a higher probability for more
negative charges (c ≤−2). Trying out different pillar sizes, we find
the highest stability for a diameter of l= 53 μm.

The stability of the resulting patterns and the corresponding
values of χ crucially depend on the interplay between intrinsic
length scale of the (unconstrained) bacterial suspension, Λc, and
the lattice constant L of the pillar lattice (defined as the smallest
distance between pillars, see Fig. 2a, b). Figure 2c, d shows
numerical results for the time-averaged adjacent spin correlation
over L for square and hexagonal lattices. For comparison, the
results from the experiments on square lattices19 are included.
Both lattice types lead to strong antiferromagnetic ordering,
provided L is in an optimal range, which appears to be L ≈
60–80 μm for the square and L ≈ 100–110 μm for the hexagonal
lattices. In addition to the emergence of strong spatial correlations,
we also observe a dramatic increase of temporal correlations, see
Supplementary Fig. 4 for details and Supplementary Movies 6 and
7, which show the dynamics of the emerging patterns.

To understand the origin of the stabilization regions, we take a
closer look at the geometric structure of the vortex patterns, see
Fig. 3a, b, which show a schematic representation of the periodic
lattices. The emerging vortex patterns after stabilization can be
represented in terms of M Fourier modes characterized by
wavevectors kj, i.e.,

ωðxÞ /
XM
j¼1

~ωjexp
�
ikj � x

�þ c:c:; ð6Þ

where c.c. denotes the complex conjugate and ~ωj the amplitude of
mode j. In particular, the square vortex lattice can be described, to
lowest order, by a superposition of two modes with perpendicular
wavevectors k1, k2, and the triangular vortex lattice constitutes a
superposition of three modes with an angle of 60° between
wavevectors (see Supplementary Discussion for explicit mathe-
matical representations). In this sense, the geometry of the
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pillar arrangement imposes a certain symmetry and length
scale (related to the magnitude of kj) onto the emerging patterns.
In Fig. 3, the respective configuration of the modes is shown by
the arrows in the gray circles. Geometrical arguments give
the dependence of the largest wavelength of the vortex pattern
on the lattice constant in the respective pillar arrangement.
We can connect this wavelength to the linear stability
analysis for the unconstrained case (see Supplementary Note 1).
One would expect stable patterns to occur once the linear

growth rate associated with the wavelength becomes positive.
This yields Lcritsq � 56:8 μm and Lcrithex � 92:8 μm for the critical
lattice constants of the square and the hexagonal pillar arrays
(see Supplementary Discussion for the details of the calculation),
which agrees very well with the numerical results shown in Fig. 2.
The discontinuity of the adjacent spin correlation observed at
the critical lattice constant is due to the finite size of the pillars.
The pattern formation is strongly damped for smaller lattice
constants and, once the lattice constant is large enough, the

Fig. 2 Stabilization of different vortex patterns. a, b Snapshots of the flow field in a the square and b the hexagonal pillar arrays obtained by solution of Eq.
(7). The lattices formed by the pillars (black circles) have lattice constants L ¼ Λc=

ffiffiffi
2

p � 74 μm and L=Λc≈ 105 μm, respectively. One of the regions of
interest (ROIs) used to analyze the emerging patterns is indicated by a black square and a black circle, respectively. Time-averaged adjacent spin
correlation 〈χ〉t as a function of the lattice constant L obtained c by solving Eq. (7) and from experiments19 in the square lattice (error bars show the
standard deviation among ROIs and are cut off below−1; the origin of large error bars due to distorted pillars is discussed in ref. 19), and d by solving Eq. (7)
in the hexagonal lattice. The remaining parameters are a= 0.5, b= 1.6, λ= 9, γω= 4, γv= 40 and Λc= 105 μm. The pillar size is set to l= 14 μm for the
square lattice and l= 53 μm for the hexagonal lattice.

Fig. 3 Rotational and mirror symmetries of the emerging vortex lattices. Comparison of symmetries present in the stabilized vortex patterns for different
pillar configurations: a square, b hexagonal, and c Kagome lattices of pillars (denoted by black circles). The arrows in the gray circles show the directions of
the wavevectors when representing the emerging vortex structures in terms of Fourier modes. The unit cell of the spatially periodic vortex structure is
marked by the light green color. Axes of reflection are denoted by the dashed gray lines. Centers of rotation within the unit cell are marked by yellow
polygons: diamond shapes for a rotational symmetry of order two (180°), triangles for a rotational symmetry of order three (120°), squares for a rotational
symmetry of order four (90°), and hexagons for a rotational symmetry of order six (60°). The absence of mirror symmetries in the vortex pattern
stabilized by the Kagome-like pillar lattice implies the chirality of the structure.
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growth rate of the imposed wavelength is already quite large,
which results in very stable ordering. As the pillars in the
hexagonal arrangement are much larger, this effect is more
pronounced.

In contrast, the right border of the stabilization region cannot
be explained by linear stability. Increasing L beyond a threshold
value (Lsq ≈ 80 μm and Lhex ≈ 110 μm for the square and the
hexagonal lattice, respectively), the nonlinear advection term
takes effect which leads to the onset of mesoscale turbulence
within the lattice, preventing any kind of stable stationary
order. This transition from regular to turbulent patterns by
increasing the available space has also been found in the context
of active nematics in channel geometries43,44 and circular flow
chambers45,46.

Given the patterns in Fig. 2, it is important to recall that Eq. (1)
yields a square lattice in an unconstrained system26,33,35, but only
for advection strengths λ smaller than the value used for the
results in Fig. 2 (below the onset of mesoscale turbulence). In this
sense, the square pillar arrangement suppresses the nonlinear
instability caused by the advection term and leads to the
stabilization of the underlying square pattern. This also explains
why the range of optimal lattice constants is significantly smaller
for the hexagonal lattice compared to the square one: In the
absence of confinement and advection, a square pattern would
emerge, rather than a triangular structure.

Finally, it is useful to consider the stabilized vortex patterns in
terms of symmetry groups. Both structures can be viewed as
bipartite (two-colored) tilings of the plane (with pillars occupying
the vertices of the tiling). Indeed, in a stable pattern, neighboring
vortices must have an opposite sense of rotation to reduce the
hydrodynamic friction. Thus, neighboring regions are not allowed
to have the same color. In the case of a square pillar lattice
(Fig. 3a), the stabilized pattern is a periodic vortex structure
consisting of two square sublattices. It belongs to the wallpaper
group p4g47. In the second case (Fig. 3b), the emerging triangular
structure belongs to the wallpaper group p3m147. Both of these
patterns have one important feature: They possess axes of
symmetry, denoted by the dashed gray lines in Fig. 3, which
means that they are achiral. Moreover, the total vorticity in each
unit cell is zero.

Kagome lattice and non-zero circulation. The antiferromagnetic
order condition of neighboring regions restricts the possibilities
(similar to the case of antiferromagnetic Ising spin lattices), e.g.,
both a truncated square tiling and a honeycomb lattice are not
suited19. However, by choosing a suitable pillar arrangement we
can force the bacterial suspension to form a chiral pattern that
does not possess mirror symmetries and displays a non-zero net
rotational flow.

An intriguing example of a chiral pattern emerges when we
place the pillars on the sites of a Kagome lattice as shown in
Figs. 3c and 4a. The stabilized structure consists of a hexagonal
lattice of large vortices with one sense of rotation and a
honeycomb lattice of small vortices of opposite sense of rotation,
corresponding to the wallpaper group p647. This vortex pattern,
which does not possess an axis of symmetry, is a consequence of
spontaneous mirror symmetry breaking, as both the patterns in
the unconstrained system (for values of λ below the onset to
turbulence) as well as the Kagome lattice of pillars do possess
mirror symmetries. We stress that this structure differs from that
of antiferromagnetic (Ising or Heisenberg) spin systems on
Kagome lattices, which are typically characterized by some degree
of frustration48,49. The difference is that the vortices fill the gaps
between pillar sites, rather than being placed on them, thereby
avoiding frustration. To ensure that every pillar in this pattern is

surrounded by four vortices, we set the pillar diameter to an
appropriate value, i.e., l= 21 μm, corresponding to a strong
preference for the charge c=−1, see Fig. 1c. The vortex structure
possesses a two-fold degeneracy because it is equally stable when
the sense of rotation of all vortices is reversed.

The two different lengths characterizing the Kagome pillar
lattice together with the finite size of the pillars yield a striking
consequence: the emergence of a net rotational flow around the
arrangement of pillars. This flow is quantified by the circulation Γ
defined as the integral of the vorticity in the area A, enclosed in
the loop denoted by the large black hexagon in Fig. 4a,
Γ ¼ H

∂A v � ds ¼
RR

A ωdA. Here ds denotes the infinitesimal line
element on the closed loop ∂A. The absolute value of the time-
averaged circulation is plotted in Fig. 4b over the lattice constant
(given by the smallest distance between pillars, see Fig. 4a). One
observes non-zero values of Γ in the range L ≈ 55–85 μm. To
understand the origin of this effect, we take a closer look at the
Kagome lattice geometry: As before, the lattice geometry imposes
directions and length scale in terms of Fourier modes of the
emerging patterns. Similar to the square and the hexagonal lattice,
we can connect the emerging patterns to the linear growth rate
obtained for the unconstrained system. When the linear growth
rate associated with the respective wavelength changes sign,
patterns start to grow. This yields LcritKag � 46:4 μm for the critical
wavelength (see Supplementary Discussion for details of the
calculation), which is comparable to the onset of persistent
circulation, compare Fig. 4b, where we find numerically
LcritKag � 52:5 μm. To further illustrate the nature of the transition,
we plot a typical time series of the spatially averaged vorticity in
the central hexagonal gap in Fig. 4c for different lattice constants.
For values below LcritKag the average vorticity fluctuates around zero,
demonstrating the achirality of the system. Increasing the lattice
constant beyond LcritKag, the symmetry is broken resulting in
persistent non-zero vorticity (see also Supplementary Fig. 5 and
Supplementary Movie 8), where the direction of rotation
determines the sign of the overall circulation. For intermediate
lattice constants, the system occasionally flips this sign, as can
be seen in Fig. 4c. We set the time window for the averaging of
the circulation shown in Fig. 4b to Δt= 1000 (in simulation time
units), such that the short-scale fluctuations are averaged out, but
the persistent motion is captured. Note that the size of the pillars
plays an important role, as the smaller vortices (being located in
the small triangular gaps) are affected stronger than the larger
vortices (being located in the much larger hexagonal areas). As a
consequence, they experience stronger damping, whereas the
larger vortices can develop fully, determining the direction of the
net rotational flow. When increasing the lattice constant beyond
the maximum, the pillars are too far apart for the stabilization
and mesoscale turbulence sets in, preventing the formation of
ordered states. We stress that the effect of inducing such large-
scale circulation is, in principle, present for arbitrarily large pillar
arrangements.

Discussion
In this study, we show how periodic arrays of small pillars impose
minimal geometrical constraints that lead to the stabilization of
complex vortex lattices in an originally turbulent bacterial sus-
pension. The emerging vortex patterns are crucially determined
by only a few ingredients. First, the size of a pillar controls the
number of vortices around that pillar, enabling a different
number of “nearest neighbors” in the language of a spin lattice.
Second, the ratio of the pillar lattice constant to the intrinsic
length scale of the unconstrained suspension determines the
stability and degree of antiferromagnetic order. The third major
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ingredient is the geometry of the unit cell of the pillar array. We
demonstrate how a Kagome lattice with two length scales stabi-
lizes a chiral vortex pattern (no mirror symmetries) exhibiting a
net rotational flow. Kagome active materials have been suggested
in ref. 50. However, in ref. 50, the authors focus on the stabiliza-
tion of topologically protected sound modes51, in analogy to the
“edge modes” in topological insulators. Realizing topological edge
modes in the context of active materials is an ongoing research
topic52,53, usually approached by investigating systems described
by the Toner–Tu equation38. The system considered here is
fundamentally different. First, the Toner–Tu equation lacks the
characteristic length scale, a hallmark feature of bacterial
turbulence24,27,54 which is essential for the stabilization of regular
vortex patterns. Without length scale selection, small pillars with
rotational symmetry are not sufficient to stabilize a vortex lattice
and stronger confinement is needed, e.g., circular walls52, curved
surfaces53, or pillars with more complex symmetries50. Second, in
contrast to the anomalous properties of sound propagation51–53,
the observed effect here is not topological in origin. Rather, the
induced circulation follows from a combination of mirror sym-
metry breaking and length scale selection.

Most of our results have been obtained by numerical integra-
tion. We have introduced novel boundary conditions [Eq. (2)]
which are motivated by two key properties of the pillars: local
reduction of velocity and vorticity. Given the consistency with
experimental results, our boundary conditions may be used in
future works to describe the interaction between active fluids and
boundaries on a coarse-grained, order parameter level.

Our results have demonstrated the effectiveness of small geo-
metrical constraints, i.e., pillars, to transform the chaotic motion
of bacterial suspensions into ordered vortex arrays. They provide
an insight into the key mechanisms and design rules for pillar
lattices suitable to stabilize vortex patterns with different sym-
metries. The experimental approach developed in ref. 19

(microprinting by direct laser lithography) may be used to test
our theoretical predictions for other lattice types. The intriguing
properties of the bacterial vortex pattern emerging in the Kagome
lattice may be useful in future applications, e.g., for the transport

of passive particles via advection or the extraction of useful work
at the microscale. When using microscopic gears to extract
work55, a pre-defined chirality is required for the gear to spin.
Similar to ref. 56, this is not a prerequisite in our setup as the
mirror symmetry is spontaneously broken by the emerging vortex
pattern, opening up new possibilities for the design of active
microfluidic systems.

Methods
Sample preparation. The pillars were 3D printed on a glass slide from a photo-
polymer resist (IP-Dip) by direct laser lithography, Photonic Professional GT
system, Nanoscribe GmbH. A variety of pillar sizes and shapes were printed, the
most common were 150 μm tall, and the width changed in the range from 14 to
90 μm. Pillars with circular and square cross-sections were studied. Additional
details on the printing procedure can be found in ref. 19. The suspensions of
swimming bacteria B. subtilis (strain 1085) were prepared according to the protocol
described in refs. 19,24. The bacteria were inoculated on an LB agar plate (Sigma-
Aldrich) and incubated in liquid growth medium Terrific Broth (TB) at 30°C
overnight. After the growth, the bacteria were washed, concentrated by cen-
trifugation, and transferred in fresh TB medium. For typical experimental con-
centrations of the order of 1010 cm−3, the bacteria exhibit collective swimming with
a typical speed ≈50–60 μm s−1 24.

Experimental procedure. A droplet of a concentrated suspension was deposited by
a pipette on a glass slide with the printed microscopic pillars. The thickness of the
droplet was slightly smaller than the pillar’s height to ensure that the pillars pierce
the droplet. To prevent evaporation, the droplet was enclosed by a coverslip
separated from the glass slide by a spacer, see ref. 19 for details. The sample was
flipped. The experimental images were acquired by an Olympus IX71 inverted
microscope and a high-resolution (5120 × 3840) RGB color camera HS20000C at a
magnification of ×10 to ×20 and at 43–60 frames per second depending on the
experiments.

Image processing. The bacterial velocity field v(x, t) was calculated by custom
particle image velocimetry (PIV) MATLAB scripts developed in ref. 19. In the case
of estimating the boundary conditions, for example, after extracting only the red
pixels, which have the best contrast among all the three colors, the velocity field
was estimated by applying particle image velocimetry (PIV) on the red pixel images
with the 32 × 32 pixels (10.2 μm× 10.2 μm) PIV subwindows separated by 8 pixels
(2.6 μm) with 75% overlap, the spatial resolution being smaller than any char-
acteristic scales of the observed collective motion. To avoid the deceleration of
bacterial activities, the first 2000 frames (46.5 s) of the obtained images were used

Fig. 4 Inducing a topological circulation by a Kagome-like pillar arrangement. a Snapshot of the flow field obtained by solution of Eq. (7) with lattice
constant L= 0.65 Λc≈ 68 μm. Pillars are denoted by black circles. The circulation is calculated along the enclosing loop indicated by the black hexagon,
which has a side length that equals four times the lattice constant L. b Absolute value of the time-averaged circulation |〈Γ〉| over lattice constant L. The
averaging time window is Δt= 1000 (in simulation time units), which is smaller than the average time it takes the circulation to flip at the transition Lcrit ≈
52.5 μm, and much larger than the time scale of the fluctuations outside of the range of optimal lattice constants (indicated by the green area). c Time-
resolved spatially averaged vorticity of the center hexagonal gap for different values of the lattice constant. For L below the transition value Lcrit≈ 52.5 μm,
the vorticity fluctuates around zero, whereas above the transition we observe a persistent rotation leading to the net circulation of the whole arrangement.
For comparison, the values of the lattice constants in (c) are indicated in (b) by colored lines. Numerical results are obtained by solution of Eq. (7) The
remaining parameters are a= 0.5, b= 1.6, λ= 9, γω= 4, γv= 40, Λc= 105 μm and pillar size l=0.2 Λc= 21 μm.
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for the analysis. Different parameters were used for the estimation of topological
charge distributions, see Supplementary Methods for details.

Numerical methods. Our numerical analysis for bacterial turbulence in the pre-
sence of obstacles is based on Eq. (1), a recent Swift–Hohenberg-like model for the
effective bacterial velocity vector v25–35. To simplify the analysis, we rewrite Eq. (1)
in terms of the vorticity ω= (∇ × v)z,

∂tωþ λv � ∇ω ¼ aω� b ∇ ´ vj j2v� �� �
z� 1þ ∇2ð Þ2ω

�γv ∇ ´ KðrÞv½ �f gz�γωKðrÞω:
ð7Þ

The two additional terms in Eq. (7) incorporate the local damping of velocity
and vorticity with the damping coefficients γv and γω, respectively. The kernel (or
“mask”) K(r) contains all the information about the shape, geometry, and
configuration of pillars by specifying the damping at position r. Here, we choose
the following generalized Gaussian function:

KðrÞ ¼
X
i

e
ln 0:0001ð Þ r�ri

‘=2

� 	4

; ð8Þ

where ri is the location of pillar i. The pillar diameter l is defined by the distance
to the center where the damping is reduced to 0.01% of γv and γω, respectively. The
concrete form of the Kernel function (8) is somewhat arbitrary, e.g., another
possibility would be to construct the potential using the tanh-function. As the
damping coefficients are adjustable parameters, chosen to reproduce the
experimental results, the detailed form of the Kernel function is not of crucial
importance. To check this point, we performed numerical calculations using
different Kernel functions and did not observe any qualitative difference in the
structure of the surrounding flow field. For all numerical results shown in this
work, the damping coefficients are set to γv= 40 and γω= 4, yielding very good
agreement with the experiment. Equation (7) is solved with a pseudospectral
method. Using operator splitting, the linear part is solved exactly and the nonlinear
part is integrated in time applying Euler’s method. The initial velocity field is set to
zero with a small perturbation added at every grid point. Before we start the
analysis of the emerging patterns, we let the system evolve for 1000 time units,
which is at least an order of magnitude larger than the time it takes full vortex
structures to form from the quiescent initial state. If not otherwise stated, the time
window for temporal averages is, at least, Δt= 2000.

Data availability
The data in support of the reported findings are available from the corresponding author
upon a reasonable request.

Code availability
The computer codes used for the numerical calculations are available from the
corresponding author upon a reasonable request.
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