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Self-organized branching instabilities in fluids arise from the interplay of rheology,
interfacial forcing and boundary constraints. We investigate the morphologies that develop
when a liquid is injected into a Hele-Shaw cell filled with a yield-stress fluid, with
outflow constrained to a single point sink. A transition in branching morphodynamics
emerges: at low injection rates, a single finger dominates breakthrough, whereas at high
rates, arborized structures form and reorganize upon reaching the sink. We explain this
sudden shift as a function of the fluid’s switchlike local response to dynamical stresses
and the role of out-of-plane confinement, and show that at the transition, breakthrough
occurs with minimal injected fluid. Furthermore, the emergence of different breakthrough
morphologies between the source and sink shows a trade off between speed and accuracy
in these arborization patterns. Overall, our study highlights how the interplay between local
material response and global constraints determines branching morphodynamics.

DOL: 10.1103/Ips4-8j6d

I. INTRODUCTION

Branching morphogenesis in passive and active matter arises from diverse driving mechanisms
and spans a wide range of scales. Examples include viscous fingering in two-fluid systems [1],
erosion in frangible media [2,3], and hydraulic fracture in yield-stress fluids [4] in physical systems,
as well as vascularization and arborization in biological systems [5]. Typically, these branched
structures self-organize through a series of local events without an explicit prepattern, as the
bulk rheology of the constituent materials and the imposed boundary conditions conspire to drive
arborization. A convenient experimental model for studying branching is two-phase fluid flow
between two parallel plates separated by a thin gap, the Hele-Shaw cell, due to its quasi-2D nature
and experimentally accessible length and timescales [1,6]. Much of the work in this area focuses
on either understanding the role of bulk rheology [7-10] or the role of boundary conditions [11,12]
separately. Here, we introduce an experimental platform based on a Hele-Shaw geometry to explore
how the interplay between local material responses and boundary-induced global gradients shapes
fluid-driven branching morphogenesis.

II. EXPERIMENTAL APPROACHES

The experiments are conducted in a flow cell [Fig. 1(a)] consisting of two parallel circular acrylic
plates separated by a gap of b = 175 um, filled with a defending fluid. We inject an invading fluid
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FIG. 1. Fluid-driven branching in a Hele-Shaw cell with a point source and a point sink. (a) A sealed
Hele-Shaw cell is made of acrylic plates separated by a gap b = 175 um. There are two ports, separated by a
distance of L = 60 mm, which serve as the source and sink. The cell is filled with a yield-stress fluid (gray)
and a water-based dye (blue) is injected at a constant flow rate Q from one port (the source). (b) The shear
stress as a function of shear rate for the yield-stress fluid (gray dots), a 2 g/l water-based solution of Carbopol,
is well described by the Herschel-Bulkley model (black line) with parameters o, = 20Pa, n = 0.40, and k =
13.8 Pas™. In contrast, the dye phase exhibits shear-thinning behavior with significantly lower viscosities
(blue line) (see Fig. S1 in Supplemental Material [13]). At relatively high injection rates, a pattern develops
and progresses through distinct stages: (c) branching; (d) breakthrough to the sink; (e) coalescence of branches
that reinforces the source-sink path; and (f) retraction of other branches—shown here for an injection rate of
16.9 mLmin !, corresponding to an average in-plane a shear rate y ~ 20Q/(wLb*) ~ 1 x 10>s~!.

through a point source, and allow the fluids to escape through a point sink positioned L = 60 mm
away from the source. The flow cell is sealed at the edge, making the sink the only place where fluids
can escape (see Sec. S1 for a detailed description of flow-cell assembly and operation [13]). This
design follows [12] and is a variation of the standard Hele-Shaw cells used to investigate viscous
fingering at the laboratory scale [6]. Unlike traditional designs that minimize boundary effects by
placing the sink far from the source and using symmetrical geometries, we intentionally position
the sink and boundaries close to the source and seal the boundaries to constrain the outflow to a
single point sink. This design allows for a systematic investigation of global constraints imposed
by boundary conditions, including (i) source and sink placement, (ii) domain shape, (iii) confining
plate properties, and (iv) the injection rate Q.
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FIG. 2. Fluid-driven branching in a Hele-Shaw cell with a point source and sealed boundaries. The invading
phase (approximately 750 uL) was injected at (a) 50 uLmin~! and (b) 20 000 uLmin~!, using the same system
as in the breakthrough experiments.

We inject a shear-thinning water-based blue dye as the invading phase into a defending yield-
stress fluid consisting of a water-based microgel suspension (Carbopol EDT NF 2020). This
microgel suspension behaves as a linearly elastic solid with a shear modulus of G = 108 Pa and
a yield stress of o, = 20Pa. Above this yield stress, it flows as a shear-thinning fluid [Fig. 1(b)]
closely following the Herschel-Bulkley fluid model [14],

y =0 ifo <o,

o =oy,+ky" else, (1)

where the flow index n = 0.40, and the consistency k = 13.8 Pas™". To simplify notation, we rewrite
thisas o = oy, (1 + (¥ /y0)") with yp = (k/ay)’l/” =253s71. Although the invading phase is shear
thinning, its viscosity remains lower than that of the defending phase at all shear rates (see Fig. S1
for further rheological characterization [13]), making its shear-thinning behavior negligible in the
phenomena discussed in this article. The yield-stress and shear-thinning behavior of the defending
phase determine the local response of our system to applied stress. This specific set of materials
was chosen because the negligible interfacial tension, combined with the yield-stress behavior of
the defending phase, is known to produce sharp fingers and frequent tip splitting [4]. These features
allow the influence of global constraints to be clearly observed.

A. Invasion dynamics

Our experiments show that the interface between the invading and defending phase is unstable
(Video S1). As the invading phase is injected at the source, branched patterns with sharp tips
appear, similar to those observed in hydraulic fracture of microgel suspensions [4], clay suspensions
[9], and oil-in-water suspensions [7]. Notably, this initial branching behavior persists even in the
absence of a sink (see Fig. 2 and Video S2 [13]), suggesting that plate deflection may play a critical
role. We return to this below. Injection past the primary stage of interface destabilization causes
branch growth through branch widening and tip splitting [Fig. 1(c)]. This process continues until
one of the branch tips connects with the sink [Fig. 1(d)]. Once a flow path is established between
the source and the sink, branching stops and the pattern reorganizes dramatically by merger of
branch tips with nearby branches and withdrawal of fluid from deciduous branches [Figs. 1(e) and
1(f)]. Reorganization during and after breakthrough is reminiscent of breakthrough-induced loop
formation in immiscible viscous fingering [15] and breakthrough-induced reorganization in miscible
viscous fingering within a sealed Hele-Shaw cell [12]. However, a key qualitative difference in our
system is that the loops remain stable due to the yield-stress behavior of the defending phase.
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FIG. 3. Transition from source-sink guided to source-driven arborization. Dye is injected from a point
source (green) into a Hele-Shaw cell filled with a yield-stress fluid, forming branched patterns that grow until
they reach a point sink (orange) located L = 60 mm from the source at the breakthrough time 7;. As the
invasion speed v increases, a sudden transition in the morphology of the branched structures is observed when
v > v*. A color map indicates the temporal evolution of the pattern relative to 7j,.

B. Morphological transition with injection rate

Figure 3 and Video S1 [13] demonstrate a striking transition in the flow pattern as the injection
rate is varied over the range Q = 30uLmin~' —30000uLmin~!, or equivalently, the invasion
speed v = Q/(srLb). To characterize this transition in branching morphodynamics, we identify a
transitional invasion speed v* = 0.5mms~! based on a decrease in the fractal dimension of the
pattern from 1.60 to a minimum of 1.35 at intermediate invasion speeds. This minimum results
from an increase in branch width for v < v* and an increase in the number of tips for v > v* (see
Fig. S2 and Sec. S2 for further morphological characterization [13]). In Fig. 3, we use a color
scale to visualize the morphodynamic process leading up to breakthrough. When v < v*, branches
propagate forward while seemingly avoiding the sink. This stage is followed by branch widening,
accompanied by outflow of the yield-stress phase from the sink. In the final stage, the dominant
branch advances through the sequential formation of ringlike cracks, each progressively smaller
and converging toward the sink until breakthrough occurs. When v > v*, the pattern expands more
isotropically, with no observable outflow of the defending phase before breakthrough. Notably,
when the sink is removed, the characteristic morphology observed at v < v* disappears (see Fig. 2).

Our observations suggest that in our system global constraints imposed by boundary conditions,
including source-sink separation, injection rate, and plate properties, shape branching morphody-
namics and determine the transition in breakthrough dynamics at v*. Consider the expansion of a
stable fluid front in our setup: for rigidly confining plates sealed at the boundary, mass conservation
of an incompressible fluid should enforce a directed flow field from the source to the sink. In
contrast, eliminating confinement (i.e., by removing the top plate from our setup) would lead to
undirected isotropic expansion. Soft confinement by flexible plates (see Sec. S3 and Fig. S3 [13])
may interpolate between these extremes: at low injection rates (v < v*), plate deflection remains
limited, whereas at high injection rates (v > v*) the pressure inside the cell becomes sufficient to
further deflect the plates, leading to accumulation of fluid in the cell. In our system, where the front
is unstable, this causes a shift from globally guided to locally guided branching morphodynamics as
invasion speed increases due to the interplay between bulk material properties that control the local
response and boundary conditions that guide the pattern globally. Because our plates are thick and
stiff, long-wavelength bending will dominate, leading to a delocalized deflection effect, contrasting
with the highly localized effects observed in viscous fingering under soft membranes [16,17].

III. THEORETICAL APPROACHES

To quantify how the interplay between bulk material properties and boundary conditions in-
fluences breakthrough dynamics, we plot the breakthrough speed v, = L/T},, where T, is the
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102 101 100 101
v [mm/s]

Vv>y*
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FIG. 4. Breakthrough time scaling reflects arborization transition. The breakthrough time from the source
to the sink, 7}, serves as a scalar measure for the transition in branching behavior. To directly compare with the
mean invasion speed of the stable front, the experimental breakthrough speed v, = L/T, is plotted against v
for a series of experiments with three repeats. The gray line indicates v, the lower bound for the breakthrough
speed. We observe a transition in the scaling of v, around the invasion speed v* =~ 0.5mms~!. By fitting
the function v, = Bv*, we find A = 1.33 £0.06 and B = 157 £ 90 m/s'™ for v < v*, while we find A =
0.68 4 0.02 and B = 1.31 & 0.18 m/s'™ for v > v*. The errors represent the standard deviation in the power
law fit, as described in Sec. S1 [13]. Snapshots of the branched pattern at breakthrough for (i) v = 0.015 mms ',

(ii) v = 0.5 mms ™!, and (iii) v = 15 mms~.

breakthrough time for the fluid to reach the sink, versus the invasion speed v in Fig. 4. Here, the
invasion speed v = L/T represents the mean speed of a stable unobstructed fluid-fluid interface
spreading over a distance L in a time 7', with 7' the characteristic time of injection T = wL?b/Q.
The experimentally measured breakthrough speeds of unstable branching fronts always exceed this
invasion speed as indicated by the gray line in Fig. 4. Moreover, we find a transition in the power-law
behavior at v ~ v* with

~ 11332006

vp if v<o*

v ~ VOO0 p )

The deviation from the scaling v, ~ L/T ~ v and the presence of a transition, suggest that the

invasion speed v, derived from the rate of injection, is not sufficient to describe the breakthrough

process. Three other flow speeds could potentially govern breakthrough: the pressure-driven Darcy

flow speed of the invading phase into cracks and fingers v; ~ —%, the pressure-driven Darcy
AP D*AP

flow speed of the defending phase toward the sink vy ~ =L~ T mr e and the flow speed
‘ wor
of the defending phase driven by relaxation of plate deflection, v, ~ £ 5b3 ~ B 6”3 with
Nd LplalsL T&(E)” LplaleL

invading fluid viscosity n;, defending fluid viscosity, 14, and flexural rigidity of the flow-cell plates
B~ Ept3 (see Sec. S4 for details [13]).

A. Estimate of v* for a stable front

To estimate how invasion speed, Darcy flow, and plate deflection interact, we consider invasion
and breakthrough of a stable front in a uniformly deformable channel (see Fig. 5 and Sec. S5
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FIG. 5. Numerical prediction of deflection in a 0D model. (a) The OD model describes the progression of a
stable interface between an invading and defending phase from x = 0 to x = L. Fluid is injected at a constant
rate Q;, and balanced by outflow Q,, and deflection & across the gap. The parameters used are L = 0.06 m,
b=175x10"m, Ky = 0.6 x 10° Pam~', and n; = 1 x 1073 Pas. For the yield-stress phase, we use the
parameters obtained from the fit in Fig. 1. (b) Simulated relative deflection /b as a function of time relative
to 7,. The deflection was computed for the invasion speeds used in the experiments, as indicated in the legend.
For v < v*, all curves collapse (blue). For v > v* (red), markers indicate the corresponding invasion speeds.

for details [13]). For this simplified scenario, we expect a transition from yield-stress dominated
deflection to Darcy flow dominated deflection at the invasion speed v*. For all v the deflection A/b
must reach the yield strain of the defending phase €, = 0,/G to allow flow. The transition occurs
when the Darcy flow speed v; is no longer capable of matching the invasion speed v, leading to
accumulation of fluid in the cell. At v*, the outflow governed by v, exactly matches the inflow
governed by v so that the deflection is maintained exactly at €,, allowing us to estimate the pressure
difference between the source and the sink from the yield strain and the properties of the plates, as

AP ~ —%%. Evaluating the expression v* = v; (AP, v*) then yields

1/n

. ) B bn+2 1 /

vomlGrie) @
P

Here, we neglect the shear-thinning behavior of the invading phase on the grounds that for all
relevant scenarios vy < v;. Substituting experimental parameters into this expression, we predict
v* = 1.0mms ™', qualitatively consistent with our observations of a transitional invasion speed of

0.5mms~ .

B. 0D model for a stable front

To illustrate the role of plate deflection above and below v* we implement a minimal 0D model
that describes the evolution of plate deflection in time assuming propagation of a stable fluid-fluid
interface confined between two uniformly deforming plates (see Fig. 5). The two plates are separated
by an initial gap height b, and are allowed to deflect uniformly across the cell by a deflection 4. We
consider the propagation of a linear front along the length of the cell L, so that we can assume
that the profile is symmetric along its width and describe the mass flow in the system through the
evolution of the cross sectional area S:

tdSin(t) tdSout(t)
S) =S dt — —dt, 4
() o+/0 7 /0 7 “)

where Sy = bL and S(¢) = (b + h(¢))L. As in our experiments, we impose a constant injection rate,
allowing us to simplify the expression for the inflow as fot %dr = but.

The outflow is governed by elastic deformation of the yield-stress fluid and the pressure differ-
ential between the channel interior and the sink. The influence of these processes depends on the
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deflection A(t) and the position of the fluid-fluid interface x(r) between the source (x = 0) and the
sink (x = L). Because we assume uniform deflection and fast equilibration, we can express 4 at any
time as

S(t) — S,

ht) = —F— . (&)

Furthermore, if we assume that the fluids are immiscible on the timescale of the experiment, the
location of the interface follows:

) but L but
x(t)=——L= .

S(@) b+ h(t)

The yield-stress fluid plays a critical role in determining the outflow. A yield-stress fluid behaves
elastically as long as the elastic stress remains below the yield stress. Thus, no outflow is allowed
until the yield stress is exceeded. To determine whether this condition is met, we use the von Mises
yield criterion oy,, > oy, with o,,, the von Mises stress. In our minimal model, we can express ,,,
in terms of deflection /. Although, outflow is not possible below the yield stress, we allow injection
of the invading phase into the cell, leading to a change in 4. Assuming the undeformed height of the
yield stress phase is b, we estimate the von Mises stress as

(6)

Oym ~ -G ) (7)

appropriate for small slopes and uniform vertical strain, further assuming zero strain along the
channel width and that the yield-stress fluid is incompressible. Consequently, flow is not allowed as
long as %G < 0y.

If %G > oy, outflow is governed by the the elastic resistance to deflection from the plates and
the hydraulic resistance experienced by the fluid. Deflection moves the plates away from their
equilibrium position (2 = 0). If & > 0, the plates exert pressure on the fluid within the cell. For
simplicity, we assume the deflection is uniform, so that

Pelastic = wallh . (8)

This elastic pressure drives fluid outflow. On the other hand, outflow is resisted by the hydraulic
resistance, so that dSou/dt = Pelastic / Rhydrautic- For two parallel plates, the hydraulic resistance can
be estimated as

12nL
B
We can compute the total hydraulic resistance as the sum of the hydraulic resistances of the invading
and defending phases, by replacing L with x for the invading phase and L — x for the defending
phase. The viscosity of the invading phase is assumed to be constant. The defending yield-stress
phase, following the Herschel-Bulkley model, exhibits shear-thinning behavior and thus an apparent
shear-rate dependent viscosity. Since we are considering flow between plates, the shear rates are
highest across the gap. We estimate this shear rate as the speed of the interface dx/dt = bv/(b +
h(t)) divided by half the gap height (using half the height accounts for the symmetry of the fluid
interface), giving y = —=2-

O+h)?
To summarize, we determine the deflection as a function of time as given by Eqgs. (4) and (5):

(€))

Rhydraulic =

b 1 " dSou(t
h(t) = —vt — —/ BBoult) (10)
L L Jy dt
Outflow is determined by Eqgs. (7) and (9),
dSeu(t) |0 if "0G <o,
S I TR “ (n
dt RaGohmy &€
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ALGORITHM 1. Numerical simulation of plate deflection model.

1: Initialize: Set initial conditions S = Sy, h(t =0) = 0,1 =0
2: whilex < L do

3 Compute influx: AS;, = bv * dt

4: Update cross-sectional area: S <— S + AS;,

5: Compute deflection: A(t) < (S — Sp)/L

6: if (h(t)/b)G > o, then

7 Compute outflow using RK4 method: AS,y
8: Update cross-sectional area: S <— S — ASoy
9: Compute deflection: h(r) < (S — Sp)/L

10:  end if

11:  Update time: t <t + dt

12: end while

13: Return: Breakthrough time 7, deflection A(z)

with the total hydraulic resistance Ry,

R —R 4R, = 12n:x 12n4(L — x) (12)
AN CE T VM RN )
and the apparent viscosity of the defending phase
gy < 2bv )"1 (13)
A TANCEY DY

We solve the model numerically using a two-step method with time increments d¢. In case the
yield stress is exceeded, the outflow ASy,: over the time increment dz is calculated based on Eq. (11)
using the Runge-Kutta 4 method (RK4).

In Fig. 5(b) the simulated deflection is plotted for a range of invasion speeds versus the rescaled
time ¢ /T, with T}, the breakthrough time. For all v, the yield-stress behavior of the defending phase
initially prevents outflow until the deflection exceeds the yield strain. When v < v*, any additional
influx is compensated by outflow, leading to a deflection that plateaus around €,, so that for v < v*
all curves collapse after rescaling with respect to 7. On the other hand, when v > v*, the increased
hydraulic resistance amplifies the plate deflection, causing it to surpass €,. Note that for all curves
the added deflection beyond v* is modest compared to the yield strain which needs to be exceeded
for all v.

C. Breakthrough of unstable fronts

In our OD model the transition between deflection regimes has only a minor effect on the
breakthrough speed v, as it considers the propagation of a stable front and uniform deflection.
In contrast, our quasi-2D experiments exhibit unstable arborization driven by heterogeneities in
material properties and nonuniform deflection. At high invasion speeds (v > v*), we expect the
fluid-coupled relaxation of plate deflection described by v, to dominate propagation of the branches,
so that v, ~ v,. Indeed, we find that v ~ v!™" ~ v for a flow index of n = 0.40, consistent with
the observed scaling shown in Fig. 4. For v < v*, interfacial growth is dominated by the propagation
of a single branch tip. Similar to the 0D model, the tip grows in response to outflow of the defending
phase. However, in the 2D system the branch can also widen or extend away from the sink, which
delays breakthrough (see Fig. S3 [13]). This behavior is captured by the observed scaling v, ~ v'33,
as shown in in Fig. 4.

To visualize this role of bulk flow in the arborization transition, we suspended 50 um particles in
Carbopol and performed particle image velocimetry to extract the velocity fields in the defending
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FIG. 6. Quantification of the flow field through particle image velocimetry for v = 0.015 mms~' (blue)
and v = 15mms~! (red) at /7, = 0.5. Grayscale intensity indicates the velocity magnitude of the defending
phase, normalized by the invasion speed, and color marks the presence of the invading phase. Details of the
analysis are provided in Sec. S1 [13].

phase during dye injection, as detailed in Sec. S1 [13]. For an invasion speed of v = 0.015 mms~! <
v* there is a noticeable flow between the evolving branch pattern and the sink. In contrast, for
v = 15mms~! > v*, the flow around the sink is negligible (see Fig. 6 and Video S3 [13]). These
observations confirm that the change in branching morphodynamics at the arborization transition
is driven by a change in bulk-flow behavior. For v < v* the flow field between the source and
the sink guides branch propagation, directing the invading phase toward the breakthrough path.
However, when v > v* the absence of flow in the defending phase effectively screens the sink
from the advancing branch tips, resulting in a more homogeneous distribution of the invading phase
across the interface.

D. Emergent breakthrough morphodynamics

From the perspective of the invading phase, breakthrough can be viewed as a search process
aimed at connecting the source and the sink, with regimes above and below v* representing distinct
breakthrough morphologies. The observation that only a fraction of the injected volume contributes
to the breakthrough path suggests that invasion speed influences search efficiency. To quantify
this, we evaluate solution quality in terms of cost, speed, and accuracy. If we define the total
injected volume at breakthrough, QT}, as the cost [Fig. 7(a)], we find that the invasion speed at
the arborization transition v* minimizes the search (breakthrough) cost, i.e., injected volume. As
invasion speed increases, more branch tips activate, exploring a larger area but reducing spatial
efficiency. Conversely, at low invasion speeds, active branch tips take longer to reach the sink,

(@) per——rrre ey (D) 0.4y 101
=500~ o 4 3 ..F E
N T e 1 <S03 % o 3 ;
P r e o { I o B <
< r %o 8 o b < o o‘o° E 10° 3
2 [ o g8 1 < o2k oo 0° E
£ 250 ° ° 41 = ? ] 3
% F °04880° 1 8o4F ° 8°%%, 3 10-1 &
7] - g ® 0.1F -
S - o 8 4 3 E 08.‘ E

C_nu ETIT EETETE T BTSRRI BT s 0.0E— PRI BRI BT SR T EEETE T B s

1072 1071 100 10! 1072 1071 100 10t 102
v [mm/s] speed (vp) [mm/s]

FIG. 7. Characterizing breakthrough morphodynamics. (a) Total volume injected up to breakthrough, 7,0,
showing a minimum around v = v* (dashed gray line). (b) Breakthrough accuracy, defined as the ratio of
the area covered by the geodesic path to the total branch area, decreases with increasing breakthrough speed.
Marker color indicates invasion speed, as shown by the color scale.
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delaying breakthrough. For v ~ v* these competing processes are balanced, optimizing spatial and
temporal efficiency. Additionally, defining accuracy as the ratio of the area covered by the geodesic
path connecting the source and the sink, Ag, to the total area, Ay, we observe that accuracy decreases
monotonically with increasing speed (Fig. 7(b) and Fig. S3 [13]).

IV. CONCLUSIONS

Our investigation of the self-organized patterns resulting from fluid injection between a point
source and a point sink reveals an abrupt transition in arborization morphology, driven by the
interplay between local material responses and global boundary-induced gradients. The scaled
invasion speed v/v* determines which of two distinct breakthrough morphologies emerges: source-
driven unguided arborization (v > v*) or source-sink-guided propagation (v < v*). This switch is
likely relevant in flow-driven applications involving breakthrough, such as enhanced oil recovery
[18] and enhanced geothermal systems [19]. The sensitivity of our laboratory-scale system to
boundary constraints, the stability of the patterns, and the ability to spatially resolve flow, make
it an ideal platform for investigating the effects of boundary-imposed constraints on branching
morphodynamics far into the nonlinear regime.

In our system, information about the location of the sink is encoded in global pressure gradients,
while the injection rate controls the local availability of fluid to drive evolution of the pattern. At low
injection rates, the incompressibility of the bulk fluid and the weak pressure gradient between the
source and sink leads to a flow-guided (but slow) branch connecting the two. At high injection rates,
the source-sink pressure gradient is screened by the deformations of the confining plate in the third
dimension, so that local interfacial stress dominates evolution of the pattern. This triggers a shift
from slow, source-sink guided exploitation of the information to fast, source-driven exploration.
The rate-dependent yield-stress behavior of the defending phase and the dynamics of nonplanar
deformations governs this switch.

We conclude with a potential analogy between the different types of source-sink flows and
navigation by active agents in complex environments. The transition from a purely source-driven to
a source-sink-guided breakthrough morphology parallels search strategies in active systems, such
as the exploration-exploitation trade-off in animal foraging [20,21] and robotic search problems
[22,23], where agents optimize search by adjusting strategies based on an internal representation
of information about resources in the global environment and local energy availability. In aneural
organisms such as slime molds [24,25] and fungi [26], as well as superorganisms, like ants [27]
and termites [28], invasion and exploration behaviors are shaped by, and in some cases shape, the
environment, enabling external storage and processing of information. Similarly, in our example of
fluid-driven branching in a physical system, information is embodied in the mechanical state of the
medium and its boundaries, such that two distinct breakthrough morphologies emerge solely from
the dynamic interaction of the invading fluid with its environment. Taken together, these examples
suggest that active agents could benefit from combining both approaches to guide their search:
representing some information about the environment internally, while also storing and processing
information externally through interaction with the environment. Such a combined approach would
leverage the intrinsic coupling between agent dynamics and environmental dynamics and might help
solve complex search problems.
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