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collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D
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collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D
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conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

21
2.

23
7.

22
3.

21
0 

on
 Ju

ne
 3

, 2
02

4 
fro

m
 IP

 a
dd

re
ss

 2
12

.2
37

.2
23

.2
10

.

PNAS  2023  Vol. 120  No. 30  e2219708120 https://doi.org/10.1073/pnas.2219708120   3 of 8

conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.
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collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D

ow
nl

oa
de

d 
fro

m
 h

ttp
s:/

/w
w

w
.p

na
s.o

rg
 b

y 
21

2.
23

7.
22

3.
21

0 
on

 Ju
ne

 3
, 2

02
4 

fro
m

 IP
 a

dd
re

ss
 2

12
.2

37
.2

23
.2

10
.

2 of 8   https://doi.org/10.1073/pnas.2219708120 pnas.org

collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D
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collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D
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collective curvature sensing arises from enhanced active forces near 
high- curvature regions. Our findings illustrate the key role of inter-
face geometry in active matter invasion and pattern formation. 
The protrusion- to- branch transition as a unique mode of space 
exploration is also relevant to the expansion and dispersal of bac-
terial communities in natural environments (18).

Results

Ordered Protrusions and Self- Organization at an Active Fluid 
Interface. We used quasi- 2D circular drops containing a suspension 
of Proteus mirabilis grown on an agar substrate as a model active fluid 
(Methods). P. mirabilis is a gram- negative, rod- shaped bacterium, 
widely distributed in the natural environment (30). It is well known 
for having vigorous flagellar motility on agar surfaces (31). We 
monitored how the active suspension drops of P. mirabilis (~4 μm 
in length and 0.8 μm in width in our growth conditions) started to 
spread on solid substrates with low wettability (Methods). Initially, 
the interface between the active drop and the cell- free space was 
smooth. As time evolved, the interface was gradually deformed, 
and the active drop developed an ordered morphological pattern 
at the interface (Fig. 1 A and B, Upper and Movie S1). This was 
characterized by periodically spaced protrusions along the interface, 
with an interprotrusion separation of 65 ± 9 µm (mean ± SD) 
(Fig. 1C). Behind the interfacial protrusions, bacterial swimmers 
self- organized into multicellular clusters, commensurate with the 
protrusions, with a length (from base to tip) of ~10 to 30 µm. The 
orientation field of cells in each cluster displayed a +1/2 nematic 
defect with the polarity vector (32) pointing perpendicular to the 
interface and toward the colony center (Fig. 1 B, Middle and Movie 
S1). Meanwhile, the collective velocity field of cells adjacent to 
the interface self- organized into a vortex lattice, with neighboring 
domains of opposite vorticity (Fig. 1 B, Lower). The vortices were 
primarily extended perpendicular to the interface, and the domain 
size was, on average, 1/2 of the interprotrusion separation (Fig. 1 B, 
Lower). The vortex lattice was highly stable in time, as shown by the 
strong temporal correlations (Fig. 1D).

To examine whether the interface morphological pattern and 
bacterial self- organization were driven by bacterial motility, we 
optically deactivated the flagellar motility of cells at the invasion 
interface with violet light illumination (14) (Methods). During 
light- induced motility deactivation, the interfacial protrusions 
gradually smoothed out and cells near the edge became aligned 
parallel to the interface (SI Appendix, Fig. S1 and Movie S2). 
Meanwhile, all the multicellular clusters as well as the vortex struc-
ture of the cellular collective velocity field near the interface dis-
appeared. After withdrawal of light, cell motility recovered, and 
the interfacial protrusions reemerged (SI Appendix, Fig. S1 and 
Movie S2). As the growth activity of most cells in the active drop 
was not affected during motility deactivation (note that only cells 
at the edge were illuminated by light), our result showed that active 
stress due to flagellar motility is necessary to form the interface 
morphological pattern and cellular self- organization, while the 
effect of cell mass growth alone cannot account for the phenom-
enon (33). On the other hand, bacterial suspension drops con-
sisting of cells that were washed and deposited on fresh substrates 
developed the same interfacial morphology within ~10 min 
(SI Appendix, Fig. S2 and Movie S3; Methods); this fact rules out 
the contribution of Marangoni instability (34–37), chemotaxis 
(38), or intercellular chemical signaling (39) to the phenomena.

Hierarchical Transition from Interfacial Protrusions to Creeping 
Branches. After the emergence of the interfacial pattern, some 
protrusions of the active suspension drop started to expand 
continuously at a speed of several µm/s (up to ~10 µm/s) in the 
form of creeping branches (Fig.  2A and Movie S4). The first 
creeping branches later underwent the same protrusion- to- branch 
transition process (Fig. 2A): Protrusions developed at the interface 
between the creeping branches and the open space, and some of 
these protrusions broke out as secondary creeping branches. The 
secondary creeping branches again repeated this process to give 
rise to new creeping branches at the next level. The protrusion- to- 
branch transition continued recursively in a hierarchical manner, 
with the creeping branches at all levels of hierarchy having a 
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Fig. 1. Ordered interfacial protrusions and bacterial self- 
organization near an active fluid interface. (A) Representative 
phase- contrast image of a P. mirabilis active suspension 
drop with ordered interfacial protrusions. (Scale bar, 500 
μm.) (B) Upper: Enlarged view of the box in panel A. Middle: 
Orientation field of cells in the Upper panel computed based 
on the gradient field of the phase- contrast image (Methods). 
Red marks represent the direction of +1/2 defects, with the 
dot indicating the defect core. Lower: Colormap showing 
the averaged velocity field at the region shown in the Upper 
panel computed by optical flow analysis on phase- contrast 
images (Methods). The collective velocity field was averaged 
over a duration of 10 s. Arrows in the figure represent 
velocity direction while the colormap at the right indicates 
the radial velocity component (unit: µm/s). A positive value 
indicates moving outward toward the interface, while a 
negative value indicates moving inward away from the 
interface. (Scale bar, 50 μm.) (C) Distribution of the nearest 
separation of interfacial protrusions. (D) Spatial–temporal 
correlation of the radial velocity adjacent to the interface. 
The definition of spatial- temporal correlation function 
C(Δ𝜙,Δt) ∼ ⟨v

r
(R,𝜙, t)v

r
(R,𝜙+Δ𝜙, t+Δt)⟩𝜙,t is provided in 

Methods. On the horizontal axis, R represents the radius of 
the active suspension drop, and θ is the polar angle.D
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Simulations: technical comments

• Active nematohydrodynamic equations of motion, extensile activity

• Interface modelled by a phase field, +1 inside the drop, -1 outside, moves in 
response to the active velocity

• Initial conditions: director field parallel to the interface with an imposed noise 
and zero velocity field

• the strength of nematic order was taken to decay from the edge to the center 
of the drop
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c

0

√
K
Q
∕ 𝜁  ) as a function of drop radius r

0
 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
= 0.01, 𝜁 = 0.01 ; red: K

Q
= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c
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 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
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= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c
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√
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= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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The light- induced motility deactivation experiment described 
above (SI Appendix, Fig. S1) suggests that the protrusion ampli-
tude is related to the magnitude of active stress generated by cells. 
Therefore, the collective curvature sensing may result from active 
stress heterogeneity in the active suspension drop. To examine this 
idea, we measured the collective cellular speed behind the bound-
ary (ranging from ~20 to ~50 µm from the interface) at different 
locations within anisotropic active drops; collective speed increases 
with active force in quasi- 2D active bacterial suspensions in con-
tact with a frictional substrate. Indeed, we found that the bacteria 
had a higher collective speed behind the boundary regions with 
greater curvature, while the cell density was almost homogeneous 
(Fig. 3E and SI Appendix, Fig. S6). The curvature- dependence of 
the active- stress distribution also explains the differential proba-
bility of protrusion- to- branch transitions: At boundary regions 
with a higher baseline curvature, the higher collective active stress 
can more easily overcome the liquid–air interfacial tension, thus 
giving rise to higher probabilities of branch invasion.

Numerical Simulations Explain the Interface Morphology and 
Collective Curvature Sensing. Our experiments suggest that the 
interfacial patterning is likely driven by active stresses produced by 
motile bacteria in the suspension drop. To examine this idea, we 
ran continuum simulations describing the suspension droplet as a 
2D active nematic fluid and measuring the collective velocity and 
nematic order parameter (Methods). Guided by the experiments, 
the strength of nematic order was taken to decay from the edge 
to the center. As initial conditions we took the director field 
parallel to the interface with an imposed noise and zero velocity 
field, mimicking the parallel anchoring of cells at the interface 
in experiments. Extensile active fluids are unstable, and at early 

times, a bend instability formed around the drop, thus initiating 
protrusions at approximately regular positions around the 
interface (Fig. 4 A and B, Top). The director configuration within 
the protrusions led to outward radial flow which in turn increased 
the definition of the protrusions and resulted in a director field 
resembling a +1/2 topological defect within each protrusion, as 
observed in the experiments (compare Fig. 4 B, Top and Fig. 1 B, 
Middle). Note also the alternating planar (between the protrusions) 
and perpendicular (under the protrusions) director field at the 
edge of the main drop. We then mimicked the very low velocity of 
the bacteria within the protrusions by reducing the activity to zero 
within the protrusions. The alternating director field at the drop 
edge acted as boundary conditions to stabilize a flow- vortex lattice 
with the same structure as in the experiments (compare Fig. 4 B, 
Bottom and Fig. 1 B, Bottom). This was a persistent state until we 
reintroduced a small activity within the protrusions. They then 
slowly grew and eventually active material escaped from certain of 
the protrusions, as the creeping branches did in the experiments.

The agreement between the phenomena in experiments and 
continuum modeling supports the notion that the bacterial sus-
pension drop can be described as an active drop whose dynamics 
is driven by cell motility. Our simulations suggest that the regu-
larity of protrusion distribution along the interface is rooted in 
the bend instability. Indeed, the simulations showed that the dis-
tance between the protrusions (or protrusion width, which is 
roughly half of the protrusion separation) does not depend on 
system size or geometry but is set by the active length scale 
∼ c0

√
KQ∕𝜁 , (with some arbitrary coefficient at the front), where 

KQ is the Frank elastic constant, 𝜁 is an activity constant, and c0 
is a dimensionless coefficient (Fig. 4C; Methods). The coefficient 
c0 can be found by measuring the average distance between defects 
in large- scale simulations in bulk. To explain collective curvature 
sensing as found in the experiment, we ran simulations of an 
elliptical active drop. In agreement with the experiment, the result 
shows that the protrusions first start growing in the regions of 
higher curvature (Fig. 4D), with the velocity near the interface of 
the elliptical drop proportional to curvature (Fig. 4E). This result 
can be understood as follows in the framework of our continuum 
model. The active force is proportional to the divergence of the 
Q- tensor and is increased by the bend distortion imposed on the 
director field by a curved interface. This is due to the parallel 
alignment of the director with the interface, promoted by both 
the anchoring term in the free energy and the extensile stress (48). 
Since the director is aligned with a curved surface, it deviated from 
the nematic alignment and forms a bend that produces flows. 
Moreover, we looked at the dynamics of the interface at large times 
and found that, similarly to the experiment, when branches 
become elongated enough, they undergo another bend instability 
and form new branches (Fig. 4 F and G and Movie S6). Although 
numerical resolution and lack of cell growth in the model prevent 
us from reproducing the large number of consecutive protrusion-  
to- branch transitions observed experimentally, this result provides 
additional evidence that the fractal- like pattern is created by con-
secutive bend instabilities due to active flows.

Discussion

Taken together, we have identified a unique mode of active matter 
invasion mediated by the interaction between activity- induced 
flows and deformable interfaces. In this mode, active drops of bac-
terial suspensions develop regularly spaced interfacial protrusions 
at the edge; the protrusions further transform into creeping 
branches in a hierarchical, self- similar manner, with the transition 
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Fig.  3. Curvature dependence of protrusion amplitude and protrusion- 
to- branch transition probability. (A) Phase- contrast image of an elongated  
P. mirabilis suspension drop with creeping branches appearing only at the 
pole at the upper right corner, where the baseline curvature is relatively high. 
(Scale bar, 500 μm.) (B) Amplitude of interfacial protrusions plotted against 
the baseline curvature of the active suspension drop (Methods). (C) Enlarged 
view of the pole (Upper) and the lateral side (Lower) regions in panel A. (Scale 
bar 50 μm.) (D) Probability of a protrusion- to- branch transition at the interface 
of active suspension drops (Lower) or creeping branches (Upper) plotted 
against baseline curvature (Methods). Note that the curvature magnitude of 
creeping branches can be much larger (up to ~100 mm−1) than that of the 
main suspension drops (up to ~8 mm−1). (E) Collective speed of cells behind 
the interface of active suspension drops (ranging from ~20 to ~50 µm from 
the boundary) plotted against baseline curvature.
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The light- induced motility deactivation experiment described 
above (SI Appendix, Fig. S1) suggests that the protrusion ampli-
tude is related to the magnitude of active stress generated by cells. 
Therefore, the collective curvature sensing may result from active 
stress heterogeneity in the active suspension drop. To examine this 
idea, we measured the collective cellular speed behind the bound-
ary (ranging from ~20 to ~50 µm from the interface) at different 
locations within anisotropic active drops; collective speed increases 
with active force in quasi- 2D active bacterial suspensions in con-
tact with a frictional substrate. Indeed, we found that the bacteria 
had a higher collective speed behind the boundary regions with 
greater curvature, while the cell density was almost homogeneous 
(Fig. 3E and SI Appendix, Fig. S6). The curvature- dependence of 
the active- stress distribution also explains the differential proba-
bility of protrusion- to- branch transitions: At boundary regions 
with a higher baseline curvature, the higher collective active stress 
can more easily overcome the liquid–air interfacial tension, thus 
giving rise to higher probabilities of branch invasion.

Numerical Simulations Explain the Interface Morphology and 
Collective Curvature Sensing. Our experiments suggest that the 
interfacial patterning is likely driven by active stresses produced by 
motile bacteria in the suspension drop. To examine this idea, we 
ran continuum simulations describing the suspension droplet as a 
2D active nematic fluid and measuring the collective velocity and 
nematic order parameter (Methods). Guided by the experiments, 
the strength of nematic order was taken to decay from the edge 
to the center. As initial conditions we took the director field 
parallel to the interface with an imposed noise and zero velocity 
field, mimicking the parallel anchoring of cells at the interface 
in experiments. Extensile active fluids are unstable, and at early 

times, a bend instability formed around the drop, thus initiating 
protrusions at approximately regular positions around the 
interface (Fig. 4 A and B, Top). The director configuration within 
the protrusions led to outward radial flow which in turn increased 
the definition of the protrusions and resulted in a director field 
resembling a +1/2 topological defect within each protrusion, as 
observed in the experiments (compare Fig. 4 B, Top and Fig. 1 B, 
Middle). Note also the alternating planar (between the protrusions) 
and perpendicular (under the protrusions) director field at the 
edge of the main drop. We then mimicked the very low velocity of 
the bacteria within the protrusions by reducing the activity to zero 
within the protrusions. The alternating director field at the drop 
edge acted as boundary conditions to stabilize a flow- vortex lattice 
with the same structure as in the experiments (compare Fig. 4 B, 
Bottom and Fig. 1 B, Bottom). This was a persistent state until we 
reintroduced a small activity within the protrusions. They then 
slowly grew and eventually active material escaped from certain of 
the protrusions, as the creeping branches did in the experiments.

The agreement between the phenomena in experiments and 
continuum modeling supports the notion that the bacterial sus-
pension drop can be described as an active drop whose dynamics 
is driven by cell motility. Our simulations suggest that the regu-
larity of protrusion distribution along the interface is rooted in 
the bend instability. Indeed, the simulations showed that the dis-
tance between the protrusions (or protrusion width, which is 
roughly half of the protrusion separation) does not depend on 
system size or geometry but is set by the active length scale 
∼ c0

√
KQ∕𝜁 , (with some arbitrary coefficient at the front), where 

KQ is the Frank elastic constant, 𝜁 is an activity constant, and c0 
is a dimensionless coefficient (Fig. 4C; Methods). The coefficient 
c0 can be found by measuring the average distance between defects 
in large- scale simulations in bulk. To explain collective curvature 
sensing as found in the experiment, we ran simulations of an 
elliptical active drop. In agreement with the experiment, the result 
shows that the protrusions first start growing in the regions of 
higher curvature (Fig. 4D), with the velocity near the interface of 
the elliptical drop proportional to curvature (Fig. 4E). This result 
can be understood as follows in the framework of our continuum 
model. The active force is proportional to the divergence of the 
Q- tensor and is increased by the bend distortion imposed on the 
director field by a curved interface. This is due to the parallel 
alignment of the director with the interface, promoted by both 
the anchoring term in the free energy and the extensile stress (48). 
Since the director is aligned with a curved surface, it deviated from 
the nematic alignment and forms a bend that produces flows. 
Moreover, we looked at the dynamics of the interface at large times 
and found that, similarly to the experiment, when branches 
become elongated enough, they undergo another bend instability 
and form new branches (Fig. 4 F and G and Movie S6). Although 
numerical resolution and lack of cell growth in the model prevent 
us from reproducing the large number of consecutive protrusion-  
to- branch transitions observed experimentally, this result provides 
additional evidence that the fractal- like pattern is created by con-
secutive bend instabilities due to active flows.

Discussion

Taken together, we have identified a unique mode of active matter 
invasion mediated by the interaction between activity- induced 
flows and deformable interfaces. In this mode, active drops of bac-
terial suspensions develop regularly spaced interfacial protrusions 
at the edge; the protrusions further transform into creeping 
branches in a hierarchical, self- similar manner, with the transition 
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Fig.  3. Curvature dependence of protrusion amplitude and protrusion- 
to- branch transition probability. (A) Phase- contrast image of an elongated  
P. mirabilis suspension drop with creeping branches appearing only at the 
pole at the upper right corner, where the baseline curvature is relatively high. 
(Scale bar, 500 μm.) (B) Amplitude of interfacial protrusions plotted against 
the baseline curvature of the active suspension drop (Methods). (C) Enlarged 
view of the pole (Upper) and the lateral side (Lower) regions in panel A. (Scale 
bar 50 μm.) (D) Probability of a protrusion- to- branch transition at the interface 
of active suspension drops (Lower) or creeping branches (Upper) plotted 
against baseline curvature (Methods). Note that the curvature magnitude of 
creeping branches can be much larger (up to ~100 mm−1) than that of the 
main suspension drops (up to ~8 mm−1). (E) Collective speed of cells behind 
the interface of active suspension drops (ranging from ~20 to ~50 µm from 
the boundary) plotted against baseline curvature.
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The light- induced motility deactivation experiment described 
above (SI Appendix, Fig. S1) suggests that the protrusion ampli-
tude is related to the magnitude of active stress generated by cells. 
Therefore, the collective curvature sensing may result from active 
stress heterogeneity in the active suspension drop. To examine this 
idea, we measured the collective cellular speed behind the bound-
ary (ranging from ~20 to ~50 µm from the interface) at different 
locations within anisotropic active drops; collective speed increases 
with active force in quasi- 2D active bacterial suspensions in con-
tact with a frictional substrate. Indeed, we found that the bacteria 
had a higher collective speed behind the boundary regions with 
greater curvature, while the cell density was almost homogeneous 
(Fig. 3E and SI Appendix, Fig. S6). The curvature- dependence of 
the active- stress distribution also explains the differential proba-
bility of protrusion- to- branch transitions: At boundary regions 
with a higher baseline curvature, the higher collective active stress 
can more easily overcome the liquid–air interfacial tension, thus 
giving rise to higher probabilities of branch invasion.

Numerical Simulations Explain the Interface Morphology and 
Collective Curvature Sensing. Our experiments suggest that the 
interfacial patterning is likely driven by active stresses produced by 
motile bacteria in the suspension drop. To examine this idea, we 
ran continuum simulations describing the suspension droplet as a 
2D active nematic fluid and measuring the collective velocity and 
nematic order parameter (Methods). Guided by the experiments, 
the strength of nematic order was taken to decay from the edge 
to the center. As initial conditions we took the director field 
parallel to the interface with an imposed noise and zero velocity 
field, mimicking the parallel anchoring of cells at the interface 
in experiments. Extensile active fluids are unstable, and at early 

times, a bend instability formed around the drop, thus initiating 
protrusions at approximately regular positions around the 
interface (Fig. 4 A and B, Top). The director configuration within 
the protrusions led to outward radial flow which in turn increased 
the definition of the protrusions and resulted in a director field 
resembling a +1/2 topological defect within each protrusion, as 
observed in the experiments (compare Fig. 4 B, Top and Fig. 1 B, 
Middle). Note also the alternating planar (between the protrusions) 
and perpendicular (under the protrusions) director field at the 
edge of the main drop. We then mimicked the very low velocity of 
the bacteria within the protrusions by reducing the activity to zero 
within the protrusions. The alternating director field at the drop 
edge acted as boundary conditions to stabilize a flow- vortex lattice 
with the same structure as in the experiments (compare Fig. 4 B, 
Bottom and Fig. 1 B, Bottom). This was a persistent state until we 
reintroduced a small activity within the protrusions. They then 
slowly grew and eventually active material escaped from certain of 
the protrusions, as the creeping branches did in the experiments.

The agreement between the phenomena in experiments and 
continuum modeling supports the notion that the bacterial sus-
pension drop can be described as an active drop whose dynamics 
is driven by cell motility. Our simulations suggest that the regu-
larity of protrusion distribution along the interface is rooted in 
the bend instability. Indeed, the simulations showed that the dis-
tance between the protrusions (or protrusion width, which is 
roughly half of the protrusion separation) does not depend on 
system size or geometry but is set by the active length scale 
∼ c0

√
KQ∕𝜁 , (with some arbitrary coefficient at the front), where 

KQ is the Frank elastic constant, 𝜁 is an activity constant, and c0 
is a dimensionless coefficient (Fig. 4C; Methods). The coefficient 
c0 can be found by measuring the average distance between defects 
in large- scale simulations in bulk. To explain collective curvature 
sensing as found in the experiment, we ran simulations of an 
elliptical active drop. In agreement with the experiment, the result 
shows that the protrusions first start growing in the regions of 
higher curvature (Fig. 4D), with the velocity near the interface of 
the elliptical drop proportional to curvature (Fig. 4E). This result 
can be understood as follows in the framework of our continuum 
model. The active force is proportional to the divergence of the 
Q- tensor and is increased by the bend distortion imposed on the 
director field by a curved interface. This is due to the parallel 
alignment of the director with the interface, promoted by both 
the anchoring term in the free energy and the extensile stress (48). 
Since the director is aligned with a curved surface, it deviated from 
the nematic alignment and forms a bend that produces flows. 
Moreover, we looked at the dynamics of the interface at large times 
and found that, similarly to the experiment, when branches 
become elongated enough, they undergo another bend instability 
and form new branches (Fig. 4 F and G and Movie S6). Although 
numerical resolution and lack of cell growth in the model prevent 
us from reproducing the large number of consecutive protrusion-  
to- branch transitions observed experimentally, this result provides 
additional evidence that the fractal- like pattern is created by con-
secutive bend instabilities due to active flows.

Discussion

Taken together, we have identified a unique mode of active matter 
invasion mediated by the interaction between activity- induced 
flows and deformable interfaces. In this mode, active drops of bac-
terial suspensions develop regularly spaced interfacial protrusions 
at the edge; the protrusions further transform into creeping 
branches in a hierarchical, self- similar manner, with the transition 
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Fig.  3. Curvature dependence of protrusion amplitude and protrusion- 
to- branch transition probability. (A) Phase- contrast image of an elongated  
P. mirabilis suspension drop with creeping branches appearing only at the 
pole at the upper right corner, where the baseline curvature is relatively high. 
(Scale bar, 500 μm.) (B) Amplitude of interfacial protrusions plotted against 
the baseline curvature of the active suspension drop (Methods). (C) Enlarged 
view of the pole (Upper) and the lateral side (Lower) regions in panel A. (Scale 
bar 50 μm.) (D) Probability of a protrusion- to- branch transition at the interface 
of active suspension drops (Lower) or creeping branches (Upper) plotted 
against baseline curvature (Methods). Note that the curvature magnitude of 
creeping branches can be much larger (up to ~100 mm−1) than that of the 
main suspension drops (up to ~8 mm−1). (E) Collective speed of cells behind 
the interface of active suspension drops (ranging from ~20 to ~50 µm from 
the boundary) plotted against baseline curvature.
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c

0

√
K
Q
∕ 𝜁  ) as a function of drop radius r

0
 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
= 0.01, 𝜁 = 0.01 ; red: K

Q
= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

21
2.

23
7.

22
3.

21
0 

on
 Ju

ne
 3

, 2
02

4 
fro

m
 IP

 a
dd

re
ss

 2
12

.2
37

.2
23

.2
10

.

PNAS  2023  Vol. 120  No. 30  e2219708120 https://doi.org/10.1073/pnas.2219708120   5 of 8

probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c

0

√
K
Q
∕ 𝜁  ) as a function of drop radius r

0
 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
= 0.01, 𝜁 = 0.01 ; red: K

Q
= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.
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conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.
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conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.
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conserved initial width of ~20 to 30 µm (Fig. 2A and Movies 
S4 and S5). Interestingly, the width of protrusions [~20 to 30 
µm; defined as the full width at half maximum (FWHM) of the 
protrusion profile] is comparable to the initial branch width and 
also conserved across all levels of hierarchal creeping branches 
(Figs. 1B and 2A and Movies S4 and S5), even on the last- level 
branches which have a width of ~20 µm (SI Appendix, Figs. S3 
and S4). This fact suggests that the protrusion width is controlled 
by some intrinsic length scale, and the characteristic protrusion 
width sets the initial or the minimal width of creeping branches. 
We note that once a creeping branch has formed, cell mass growth 
can help the formation of higher- level branching by supplying 
more cell mass and by widening the branch widths. Also, two 
creeping branches colliding with each other would merge into 
one. Due to branch widening and merging, a general trend is 
that earlier branches become wider than later ones (Movie S5). 
Not all protrusions eventually develop into creeping branches; 
as a protrusion started to expand, we found that the amplitude 
of nearby protrusions would decrease and even disappear 
(SI Appendix, Fig. S5), suggesting that cells are being drawn to 
support the expansion of a nearby existing creeping branch.

The recursive and hierarchical transition process gives rise to a 
striking self- similar pattern (Fig. 2B and Movie S5). To character-
ize this pattern, we computed its fractal dimension Df  and found 
it to be 1.70 (Fig. 2C) (40). The fractal dimension is close to that 
reported for branching patterns of bacterial colonies (41, 42). 
However, here, the fractal- like branching pattern of the active 
suspension drop is driven by defect- mediated active stresses, which 
is in contrast to the fractal- like branching patterns of bacterial 
colonies due to reaction–diffusion processes involving the cou-
pling between cell mass growth and nutrient or chemoattractant 
fields (41, 42). Indeed, cell mass growth alone does not give rise 
to fractal- like colony morphology in P. mirabilis under our exper-
imental conditions since sessile colonies where most cells have 
become immotile but keep growing only expand in a rounded 
shape. However, since cell mass growth can widen the stripes, it 

affects the fractal dimension. Fractal- like branching patterns aris-
ing from chemotactic movement of cells are also found in slime 
molds (43–46). Particularly, the hierarchal narrowing of creeping 
branches in bacterial active drops is reminiscent of the hierarchal 
tube diameters in the network growth of slime mold Physarum 
(45, 46). We note that the protrusion- to- branch pattern of active 
drop invasion is distinct from the fingering pattern of bacterial 
colonies driven by Marangoni instability in the presence of surface 
tension gradients (35–37), which requires biosurfactant synthesis 
and is independent of cell motility.

Interface Curvature Controls Protrusion Amplitude and the 
Probability of a Protrusion- to- Branch Transition. When working 
with active suspension drops of an anisotropic shape, we noticed 
that the first creeping branches were more likely to emanate from 
higher- curvature regions (Fig. 3A). To rationalize this observation, 
we investigated the behavior of interfacial protrusions in active 
suspension drops with different shapes. We found that the amplitude 
of the interfacial protrusions was positively correlated with the 
baseline curvature of the interface (i.e., the local curvature computed 
by smoothing out interfacial protrusions) (Fig. 3B; Methods). For 
instance, the protrusion amplitude near the poles (of higher curvature) 
of an elongated drop was significantly greater than elsewhere, 
while the interprotrusion separation remained the same (Fig. 3C). 
Moreover, examination of the full hierarchical branching pattern of 
active suspension drops revealed that the probability of a protrusion- 
to- branch transition increased with the baseline curvature of the 
interface (Fig. 3D; Methods). These results show that the bacterial 
cells respond to mesoscale curvature (on a length scale much larger 
than single cell size) of the interface of active suspension drops and 
branches in a collective manner to drive the dynamics of interfacial 
protrusions. Here, “collective” means that the change in the shape of 
the interface is caused by the collective interactions of many bacteria, 
rather than single cells; this is in contrast to curvotaxis of migrating 
cells where single cells respond to cell- scale curvature variations (47). 
Therefore, we denote the phenomenon as collective curvature sensing.
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Fig. 2. Hierarchical transition from interfacial protrusions to creeping branches. (A) Image sequence showing the transition from interfacial protrusions to 
creeping branches. (Scale bar, 50 μm.) T = 0 min is chosen at the onset of the protrusion- to- branch transition. White arrows on the T = 40- min and 100- min images 
represent the protrusions formed on the first branches, and the red arrow at T = 100 min indicates a position where a secondary creeping branch is forming. 
(B) Self- similar pattern resulting from the recursive and hierarchical protrusion- to- branch transition process. The brighter region at the upper- right corner is 
the edge of the active suspension drop. (Scale bar, 500 μm.) (C) Analysis of the fractal- like branch pattern by the box counting method (40–42). To calculate the 
fractal dimension D

f
 of creeping branch patterns, an image of creeping branches was first divided into a lattice of square domains of size L × L . The number of 

squares that covered the pattern of interest (i.e., creeping branches) were counted and denoted as N(L) . Repeating this procedure yielded N(L) as a function of 
box size L plotted here in the log–log scale. The plot is well fitted by a straight line logN ∼− D

f
log L , suggesting that the branch pattern has self- similarity, and 

D
f
= 1.70 is taken as the fractal dimension.
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Fig. S3. Measurement of the width of last-level creeping branches hosting 52 

interfacial protrusions.  (a) Self-similar pattern resulting from the recursive and 53 

hierarchical protrusion-to-branch transition process.  The brighter region at the upper-54 

right corner is the edge of the active suspension drop. Scale bar, 500 μm.  This image is 55 

a copy of Fig. 2b in main text.  (b) Enlarged view of the box in panel a.  Scale bar, 50 µm.  56 

(c) Width distribution of creeping branches hosting interfacial protrusions at the last level 57 

of hierarchy.  The average width is 22.0±3.6 μm (mean±S.D., N=120 branch segments). 58 
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c

0

√
K
Q
∕ 𝜁  ) as a function of drop radius r

0
 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
= 0.01, 𝜁 = 0.01 ; red: K

Q
= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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probability depending on the local interface curvature. Continuum 
simulations of an active drop model reveal that the highly ordered 
pattern of interfacial protrusion is initiated by bend instabilities 
and that enhanced active forces near high- curvature regions result 
in curvature- dependent protrusion dynamics which we term col-
lective curvature sensing.

Self- organized pattern formation is a hallmark of living systems 
and a promising route to engineer functionalities of living mate-
rials (49). Ranging from bacterial colony development (42, 50) 
to animal embryogenesis (51), the formation of biological spatial 
patterns generally requires a complex interplay of genetic regula-
tion, intercellular communication, and mechanical feedback 
(52–54). By contrast, the ordered protrusion and branching pat-
tern reported here relies on purely physical interactions between 
activity- induced flows and deformable interfaces. In particular, 
the phenomenon of collective curvature sensing shows that inter-
face geometry may play important roles in active matter morpho-
genesis. It suggests a strategy, i.e., designing curvature cues at the 

interface of active fluids, to guide and manipulate pattern forma-
tion in active materials.

While we expect that the mode of ordered invasion and pattern 
formation applies to nematic active fluids in general, our findings 
are of direct relevance to the expansion and dispersal of bacterial 
communities. Bacterial communities in ecological and clinical 
settings are commonly found in interface- associated environ-
ments, such as biofilms (55, 56) and bacterial swarms (18, 57) 
that develop on solid substrates. If the substrates are highly wet-
table, communities of motile bacteria can establish a thin liquid 
film and explore new space rapidly by a process known as swarm-
ing, in which flagellar motility drives uniform expansion of the 
liquid film (58, 59). However, swarming is inhibited on substrates 
with low wettability (e.g., high- concentration agar substrates in 
laboratory settings or substrates without wetting agents). Under 
such circumstances, the protrusion- to- branch transition becomes 
a viable solution for bacterial communities to explore new 
territories.
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Fig. 4. Deformation of an active droplet due to extensile active stress. All the scale bars are 15 lattice Boltzmann units. (A) A periodic pattern of protrusions 
forms at the interface of the droplet. (B) Enlarged view of the pink box in panel A. Top: Orientation field around the protrusions. Magenta marks represent +1/2 
defects. Bottom: Color map showing the averaged radial velocity field. Arrows indicate velocity direction. A positive value indicates moving outward toward 
the interface, while a negative value indicates moving inward away from the interface. (C) The distance between adjacent protrusions Δ (rescaled with active 
length- scale c

0

√
K
Q
∕ 𝜁  ) as a function of drop radius r

0
 . The color of data points indicates different active length scales (blue: K

Q
= 0 .005 , 𝜁 = 0 .02 ; green: 

K
Q
= 0 .01, 𝜁 = 0 .02 ; yellow: K

Q
= 0.01, 𝜁 = 0.01 ; red: K

Q
= 0.005, 𝜁 = 0.01 ). The collapse of data in different colors shows that Δ is set by the active length scale. 

The data of Δ in simulations with a stripe- shaped geometry with width equal to 20 lattice Boltzmann units also collapse to a similar value when rescaled with 
c
0

√
K
Q
∕ 𝜁  (right- most part of the plot), showing that the average distance between protrusions in creeping branches is also set by the active length scale.  

(D) Formation of protrusions in an elliptical droplet. The protrusions first start growing in regions with higher curvature (poles). (E) Average velocity at the interface 
of the elliptical droplet as a function of the curvature, before the formation of defects. (F) As time passes, +1/2 defects move and form branches (elongated arms 
with nematic order). The elongated arms can then undergo a bend instability and form another arm. (G) At very large times, all the arms have undergone bend 
instabilities, forming a pattern with many branches.
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Fig. S3. Measurement of the width of last-level creeping branches hosting 52 

interfacial protrusions.  (a) Self-similar pattern resulting from the recursive and 53 

hierarchical protrusion-to-branch transition process.  The brighter region at the upper-54 

right corner is the edge of the active suspension drop. Scale bar, 500 μm.  This image is 55 

a copy of Fig. 2b in main text.  (b) Enlarged view of the box in panel a.  Scale bar, 50 µm.  56 

(c) Width distribution of creeping branches hosting interfacial protrusions at the last level 57 

of hierarchy.  The average width is 22.0±3.6 μm (mean±S.D., N=120 branch segments). 58 
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Can we get active turbulence if the 
passive state is isotropic?



Instability 2: isotropic nematogens are unstable to nematic order

Title

(a) ✓ = 0

(b) ✓ =
⇡
2

(c) ✓ =
⇡
4

Fig. 4: Physical mechanism for the growth of nematic or-
der in an isotropic system of active particles. Blue solid
lines indicate nematic directors and red arrows denote the
activity-induced flows. In (c) the disordered region at the
centre is aligned by the shear flow set up by the neigh-
bouring ordered regions.

Boltzmann units).

In order to emulate the initial perturbation, simulations
are started with a well defined initial condition, prescrib-
ing the perturbation in the magnitude of the nematic or-
der parameter through a sine function S = S0+B sinq · r
and taking the system to be at rest, u = 0 at time t = 0.
The corresponding, spatially uniform, director field n was
prescribed to lie at an angle ✓ = ⇡/4 with q. The re-
sult obtained from the simulation is presented in Fig. 5a
in the form of a kymograph where the horizontal axis is
the wavenumber (q-space), the vertical axis is time and
the color field indicates the Fourier amplitude of the or-
der parameter, Ŝ. Thus, Fig. 5a represents the spatio-
temporal evolution of the initial sine wave perturbation
in the magnitude of the nematic order. The simulation
results confirm the predictions of linear stability analysis,
showing that the imposed perturbation grows at the ex-
cited wavenumber (|q| = 0.12). Moreover, simulations
show that, at later times, larger wavelengths (smaller
wavenumbers |q| < 0.12) are excited, an aspect beyond

(a)

(b)

Fig. 5: Kymographs of the evolution of the Fourier ampli-
tude of the magnitude of the nematic order, Ŝ, shown by
the colormap, as a function of the wavenumber |q| (on the
horizontal axis) and time t (on the vertical axis) for (a)
the sinusoidal initial condition S = S0 + B sinq · r with
S0 = 10�6, B = 10�7, q = 0.12, ✓ = ⇡

4 and u = 0, (b)
for a randomly initialised Q; with S(x, z) taking random
values from (0, 10�7) and n constant along the x-axis. In
(a) the Fourier transform is performed along the pertur-
bation wavevector q and in (b) the Fourier transform is
performed along an arbitrarily chosen axis.

the scope of linear stability analysis. However, the spread
towards smaller |q| is consistent with the long wavelength
instability predicted by the dispersion relation.

In order to quantitatively compare the simulation re-
sults with the results from linear stability analysis, we
quantified the growth rate of the order parameter. The
spatially averaged value of

⌦
(S(x, z)� S0)2

↵
was calcu-

lated as a function of time and fitted to an exponential
function e

2!st to extract the growth rate !s. The growth
rates obtained as a function of q are shown in Fig. 2 and
match well with the analytical results.

Finally we carried out a similar analysis by performing
numerical simulations on a system perturbed with a ran-

p-5

even if the passive system is isotropic, can still get active 
turbulence –
BUT need flow aligning parameter x activity > 0



Can we get active turbulence if the 
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where the nematic state is (meta)stable in the passive system, and

flow-stabilised active nematic to refer to !T 4
27

24
where activity-

induced flow is needed to stabilise the nematic order.

3 Active flows in a channel
3.1 Flow states

We next describe the different flow configurations that can be
generated when an active nematic is confined within a long
channel. For small activity there is no motion in a channel of finite
width; the fluid undergoes a spontaneous flow transition at a
threshold activity zc.

24 Depending upon parameters, four distinct
types of flow fields can be obtained as activity is increased beyond
this threshold. These states, (i) unidirectional (ii) oscillatory (iii)
‘dancing’ flow and (iv) turbulent flows, are shown in Fig. 3. Change

in activity is reported in terms of the activity number, W
ffiffiffiffiffiffiffiffiffi
z=K

p

which is the ratio of the two characteristic length scales, the channel

width and the length scale associated with active vortices,
ffiffiffiffiffiffiffiffiffi
K=z

p
.

Unidirectional flow, illustrated in Fig. 3(a) for an activity
slightly larger than zc, is characterised by streamlines aligned
parallel to the channel walls. The velocity field is translationally
invariant along x and ux = |u| varies from zero at the channel
walls to a maximum in the centre of the channel. Topological
defects are not generated in unidirectional flows.

Oscillatory flow: As the activity is increased the component
of velocity normal to the channel walls becomes non-zero.
However, uy is typically smaller than ux. The corresponding
streamlines, vorticity field and director field are shown in
Fig. 3(b). An alternating pattern of vorticity patches with
opposite sign starts to develop, and the corresponding director
field shows locally nematic regions. Topological defects are
occasionally present.

Dancing flow:25 A one-dimensional flow vortex lattice, with
topological defects following regular oscillatory paths along the
channel, is observed at higher activities when the length scale
of active vortices, which decreases with increasing activity,
becomes of order the channel width (Fig. 3(c)). The channel is
filled by a row of velocity vortices which alternate in direction.

Fig. 3 The four different flow states observed in a confined active nematic fluid. (a) Unidirectional flow at activity number = 9.79, (b) oscillatory flow at
activity number = 10.95, (c) dancing flow at activity number = 18.97, (d) active turbulence at activity number = 40. The channel size is 100 ! 20, the free
energy parameters are A = B = C = 0 (no thermodynamic ordering) and the flow aligning parameter is l = 0.4. For each flow configuration we show (i) the
instantaneous flow streamlines and vorticity, normalised to their maximum value, with the colour scale denoting the variation from "1 (blue, clockwise)
to +1 (yellow, anticlockwise). (ii) Instantaneous velocity profiles ux and |u| at x = L/2 but normalized with maximum value of |u|. (iii) The director field
showing +1/2 (yellow) and "1/2 (blue) defects. The same flow states occur in thermodynamically-stabilised systems.
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where the nematic state is (meta)stable in the passive system, and

flow-stabilised active nematic to refer to !T 4
27

24
where activity-

induced flow is needed to stabilise the nematic order.

3 Active flows in a channel
3.1 Flow states

We next describe the different flow configurations that can be
generated when an active nematic is confined within a long
channel. For small activity there is no motion in a channel of finite
width; the fluid undergoes a spontaneous flow transition at a
threshold activity zc.

24 Depending upon parameters, four distinct
types of flow fields can be obtained as activity is increased beyond
this threshold. These states, (i) unidirectional (ii) oscillatory (iii)
‘dancing’ flow and (iv) turbulent flows, are shown in Fig. 3. Change

in activity is reported in terms of the activity number, W
ffiffiffiffiffiffiffiffiffi
z=K

p

which is the ratio of the two characteristic length scales, the channel

width and the length scale associated with active vortices,
ffiffiffiffiffiffiffiffiffi
K=z

p
.

Unidirectional flow, illustrated in Fig. 3(a) for an activity
slightly larger than zc, is characterised by streamlines aligned
parallel to the channel walls. The velocity field is translationally
invariant along x and ux = |u| varies from zero at the channel
walls to a maximum in the centre of the channel. Topological
defects are not generated in unidirectional flows.

Oscillatory flow: As the activity is increased the component
of velocity normal to the channel walls becomes non-zero.
However, uy is typically smaller than ux. The corresponding
streamlines, vorticity field and director field are shown in
Fig. 3(b). An alternating pattern of vorticity patches with
opposite sign starts to develop, and the corresponding director
field shows locally nematic regions. Topological defects are
occasionally present.

Dancing flow:25 A one-dimensional flow vortex lattice, with
topological defects following regular oscillatory paths along the
channel, is observed at higher activities when the length scale
of active vortices, which decreases with increasing activity,
becomes of order the channel width (Fig. 3(c)). The channel is
filled by a row of velocity vortices which alternate in direction.

Fig. 3 The four different flow states observed in a confined active nematic fluid. (a) Unidirectional flow at activity number = 9.79, (b) oscillatory flow at
activity number = 10.95, (c) dancing flow at activity number = 18.97, (d) active turbulence at activity number = 40. The channel size is 100 ! 20, the free
energy parameters are A = B = C = 0 (no thermodynamic ordering) and the flow aligning parameter is l = 0.4. For each flow configuration we show (i) the
instantaneous flow streamlines and vorticity, normalised to their maximum value, with the colour scale denoting the variation from "1 (blue, clockwise)
to +1 (yellow, anticlockwise). (ii) Instantaneous velocity profiles ux and |u| at x = L/2 but normalized with maximum value of |u|. (iii) The director field
showing +1/2 (yellow) and "1/2 (blue) defects. The same flow states occur in thermodynamically-stabilised systems.

Paper Soft Matter

P
u
b
li

s
h
e
d
 o

n
 1

5
 J

a
n
u
a
r
y
 2

0
1
9
. 
D

o
w

n
lo

a
d
e
d
 b

y
 U

n
iv

e
r
s
it

y
 o

f
 O

x
f
o
r
d
 o

n
 7

/1
6
/2

0
2
4
 5

:1
6
:1

5
 P

M
. 

View Article Online

flow                                                                    director field

Voituriez et al, EPL 2005



Microtubules and kinesin motors in channels

Widths 30 – 400 microns

Sagues group



Shear + periodic bursts of defects 



Opathalage et al PNAS  116, 4788 (2019)



States of an Active Nematic in a Channel

simulations by Kristain Thijssen



Ceilidh Dance



Vortex lattice and active topological microfluidics



The dancing state in confined microtubule – kinesin mixtures

Distribution of defects across
 the channel:

Blue  -1/2

Green  +1/2 



Active anchoring

Nematogens tend lie along (or perpendicular to) a surface 
(aligned by flows along the surface)

Gradients in the magnitude or direction 
of the nematic order induce flow.

Extensile – align along surface                        Contractile – align perpendicular to surface



6

(a) Surface alignment, extensile activity (b) Surface projection, extensile activity

(c) Surface alignment, contractile activity (d) Surface projection, contractile activity

FIG. 3: Surface alignment of the director field for extensile and contractile activity. Point
defects are shown as blue dots and are connected via disclination lines through the bulk.

plane over most of the surface, but there are localised regions with perpendicular alignment
(see Fig 3 a,b). The disclination lines present in the bulk of the droplet create quasi two-
dimensional defects at the positions where they terminate at the interface. The distribution
of twist angle � of surface defects has distinct peaks at � = 0 and � = ⇡, showing that most
defects on the surface are of wedge type (Fig 5). There are less twist-type surface defects
with � ⇡ ⇡/2 as these introduce a perpendicular aligned region in the vicinity of the defect,
which is suppressed by active anchoring.

A two-dimensional nematic sheet confined to the surface of a sphere always has at least
four +1/2 defects present as the total topological charge is conserved and must add up to
two, the Euler-characteristic � of a sphere. Active anchoring does not confine the director
field to the surface everywhere so the topological charge is not strictly conserved. The
topology of droplet does not significantly a↵ect the distribution of twist angle � at the
surface, which is confirmed by comparing distributions of beta obtained from spherical
droplets (� = 2) and nematic cylinders (� = 0, see Fig 17).

By contrast, contractile activity leads to a remarkable stripe pattern in the director
alignment on the surface. While most parts of the surface show strong perpendicular
(homeotropic) active alignment, this is interspersed with many thin stripes of clear in-
plane ordering (see Fig 3 c,d). The stripes start and terminate at surface defects which
are mostly twist-type with � ⇡ ⇡/2 (Fig 5). Wedge-type disclinations with � = 0,⇡ are
suppressed as they would create a region of in-plane alignment in the vicinity of the defect.
Twist-type disclinations on the other hand only introduce a small region of in-plane align-
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 Active anchoring and cell sorting

How do confluent cell layers move?

Are cells extensile or contractile?
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Can mixtures  of cells with different activities phase separate?

• An active two-fluid model with compressible components 

• Centre-of-mass fluid behaves like an incompressible fluid

• Relative flows allow concentration field to change

• Viscous drag between component fluids keeps relative flows small
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Figure 3: Numerical results of active phase separation. (a) Typical snapshot of the concentration
profile. (b) Data collapse when � is plotted as a function of ⇣/

p
a. (c) Data collapse when �

is plotted as a function of ⇣/�. (d) Data collapse when � is plotted as a function of ⇣/0.8. (e)
Numerical lengthscale is a function of active lengthscale when varying K and ⇣ independently. (f)
Numerical lengthscale collapses as a function of the surface tension lengthscale when varying 

and ⇣ separately.
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0.01% triton X- 100 (Sigma- Aldrich Co; PBST), each aggregate was 
post- fixed with ice- cold acetone at −20°C (Wako Pure Chemical 
Industries Ltd.) for 20 min. The acetone was then washed away, as 
described previously herein. The aggregates were subjected to im-
munohistological analyses using a cadherin antibody specific for 
Asterina pectinifera (Ap- cad antibody, Oda et al., 2005, diluted 400× 
with PBST). Following this, the aggregates were simultaneously in-
cubated with the secondary Cy3- conjugated goat anti- rat antibody 
(diluted 200× with PBST, AP183C, Sigma- Aldrich Co.) and phalloi-
din (diluted 100× with PBST, phalloidin- fluorescein isothiocyanate 
(FITC)- labeled, P- 5282, Sigma- Aldrich Co.; Hamanaka et al., 2010). 
The aggregates were incubated with the primary and secondary an-
tibodies for 30 min each, and then washed, as described previously 
herein.

2.2.4 | Laser confocal microscopy

Fluorescent green (CFSE and FITC) and red (CytoRed and Cy3) sig-
nals were detected using a confocal laser microscope (FluoView, 
Olympus). Each signal was generated with excitation lasers at 
487 nm (argon) and 543 nm (helium).

3  | RESULTS

3.1 | Identification of pEC and pEN regions

After uncaging the fluorescent- dextran in the central portion of the 
late- blastula, 16 h after fertilization, we detected fluorescent sig-
nals in the corresponding regions of the ectoderm during the late- 
gastrula and bipinnaria stages (Figure 1a– c). When the uncaging 
method was applied to the nearest anterior side of the region ex-
pressing the brachyury gene (Shoguchi et al., 1999), the fluorescent 
signal remained in the ectodermal region and was not found in the 
endodermal region (Figure 1d– f). Conversely, after uncaging only the 
center of the vegetal plate of the blastula (Figure 1g), fluorescent 
signals were detected in the most anterior portion of the invaginated 
endoderm during the late- gastrula stage (Figure 1h). Subsequently, 
at the bipinnaria stage, fluorescent signals were detected in the coe-
lomic pouches and mesenchyme cells (Figure 1i). These results indi-
cate that the cell fate of the ectoderm and endoderm is determined 
at or before the late- blastula stage and is preserved during subse-
quent developmental stages. The same results were obtained from 
experiments using early gastrula embryos, in which the late- blastula 
embryos were allowed to develop for 1 h (data not shown).

F I G U R E  2   Germ layer formation 
in a swirling culture of a mixture of 
pEC and pEN cells (the early phase of 
reconstruction). (a, a'): Dissociated pEN 
(green) and pEC cells (red) were mixed 
(Figure A1). Subsequently, samples were 
observed at (b, b') 1 h, (c, c') 4 h, (d, d') 
8 h, (e, e') 24 h, and (f, f') 48 h. They are 
displayed as differential interference and 
fluorescent images under confocal laser 
microscopy (the upper and lower rows). 
Notably, germ layers were formed with a 
proper configuration of pEC and pEN cells, 
suggesting the occurrence of cell sorting. 
Arrow: clump of pEN cells, arrowheads: 
pEC cells stained with green color (see 
text for details). Scale bar, 100 µm. pEN 
cells, presumptive endodermal cells; pEC 
cells, presumptive ectodermal cells

(a) (b) (c)

(a′)

(d) (e) (f)

(d′) (e′) (f′)
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