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Communication in biological systems typically involves enzymatic
reactions that occur within fluids confined between the soft, elastic
walls of bio-channels and chambers. Through the inherent trans-
formation of chemical to mechanical energy, the fluids can
be driven to flow within the confined domains. Through fluid—
structure interactions, the confining walls in turn are deformed
by and affect this fluid flow. Imbuing synthetic materials with
analogous feedback among chemo-mechanical, hydrodynamic
and fluid—structure interactions could enable materials to perform
self-driven communication and self-regulation. Herein, we develop
computational models to determine how chemo-hydro-mechanical
feedback affects interactions in biomimetic arrays of chemically active
and passive micro-posts anchored in fluid-filled chambers. Once
activated, the enzymatic reactions trigger the latter feedback, which
generates a surprising variety of long-range, cooperative motion,
including self-oscillations and non-reciprocal interactions, which are
vital for propagating coherent, directional signals over net distances in
fluids. In particular, the array propagates a distinct message; each post
interprets the message; and the system responds with a specific mode
of organized, collective behavior. This level of autonomous remote
control is relatively rare in synthetic systems, particularly as this system
operates without external electronics or power sources and only
requires the addition of chemical reactants to function.

|. Introduction

Reactions in the body transform chemical energy into mechanical
forces in a process called “chem-mechanical transduction”. The
resultant mechanical forces act on the surrounding fluid and
instigate its flow. In turn, the flowing fluid deforms the surround-
ing soft tissue (through fluid-structure interactions). To conserve
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New concepts

By modeling an array of surface-anchored micro-posts in solution, we
find that the array undergoes autonomous communication involving
continuous two-way feedback between the ‘“sender” and ‘“receiver”,
unlike the one-way exchanges typical of stimuli-responsive material.
Active posts in this array are coated with enzymes, while the remaining
posts are passive. Enzymatic reactions at the active posts release chemical
energy that is inherently transduced into mechanical forces, which propel
the spontaneous motion of the fluid. Through fluid-structure inter-
actions, the flowing fluid deforms the flexible posts, which in turn exert
an opposing force on the fluid and modifies the fluid flow, leading to
continuous feedback among chemical, hydrodynamic and mechanical
interactions. This mode of self-sustained chemo-hydro-mechanical
feedback is evident in biology, but rarely achieved in synthetic systems.
This distinctive feedback enables the system to undergo unexpected
self-oscillations and non-reciprocal interactions, which are vital for
propagating coherent, directional signals over net distances in fluids.
Additionally, the feedback allows the posts to achieve large-scale remote
control, as one post regulates the motion of faraway structures. The
observed range of dynamic behavior is activated solely by the simple
addition of reactants and is vital for creating soft robotic materials
undergoing sustained, autonomous motion.

momentum, the deformed tissue exerts an opposing force on the
fluid and consequently modifies the velocity of the fluid flow. The
change in fluid velocity ultimately affects the rate of the chemical
reaction and thereby introduces feedback among chemistry,
hydrodynamics and fluid-structure interactions. In biology, this
feedback provides a vital mechanism to sense, communicate and
respond to the inherent “messaging” in the body. Designing
systems with analogous chemo-mechanical coupling could yield
materials with remarkable autonomous communication and self-
regulation." Herein, we develop computational models to design
and simulate the behavior of fluidic chambers containing teth-
ered micro-posts that exhibit this inherent feedback and undergo
biomimetic communication, where components continually
adapt to self-generated signals in the solution. In this system,
some posts are coated with enzymes and become chemically
active when dissolved chemicals instigate an enzymatic reaction

This journal is © The Royal Society of Chemistry 2024
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at a specific post. The resulting interactions give rise to a surpris-
ing variety of long-range, cooperative motion even within sparse
arrays of these posts. This level of autonomous communication is
relatively rare in synthetic systems that operate without external
electronics or power sources and only require the addition of
chemical reactants to function.

Examples of the distinctive behavior are detailed in the
Results and Discussion, including cases where the array dis-
plays two-way biomimetic communication between ‘‘sender”
and “receiver” posts. In this system, the receiver affects the
subsequent signal from the sender, much like a two-way
exchange in a conversation. The posts also communicate across
the extent of the array, allowing one post to regulate the
behavior of a distant one and thereby perform action at a
distance. Consequently, this system can selectively drive move-
ment in some part of the sample, but not in another, as occurs
for instance with the selective movement of one finger within a
hand. Similarly, the system can support multiple modes of
motion occurring simultaneously in an array. Moreover, chemi-
cally active posts can trigger nearby passive posts to oscillate or
display non-reciprocal interactions, even though the active
sender post itself remains stationary. As described below, the
feedback among chemistry, hydrodynamics and fluid-structure
interactions causes the array to propagate a distinct message;
each post to interpret the message; and the system to respond
with a specific mode of organized, collective behavior.

To date, to the best of our knowledge, there are very few
comparable experimental (or theoretical) studies on synthetic
systems that: trigger a chemical signal, convey the signal
throughout entire system (the array in solution), instigate
specific motion at specific locations in the system and support
multiple modes of motion occurring simultaneously in a given
system. Hence, it is difficult to make a one-to-one comparison
between findings from experiments and results from our
computational modeling on the latter system. We have, how-
ever, validated our computational models through direct com-
parison with experiments on a broad class of synthetic systems
that showed biomimetic chemo-mechanical. For example, we
have modeled systems that encompass enzymatic reactions,
chemically generated fluid flow and fluid-structure interac-
tions with hard, non-deformable materials and found good
agreement between the predictions from our simulations and
the corresponding experiments.”* In addition, recent inde-
pendent experimental studies showed qualitative agreement
with our predictions' for the behavior of flexible sheets in
solution that were chemically driven by promotor-inhibitor
reactions.'® Moreover, we performed collaborative studies on
arrays of catalyst-coated micro-posts in aqueous solution'®
showing that these posts displayed self-oscillatory behavior,
and found excellent agreement between the modelling and
experiments. We note that in the latter studies, the posts were
not individually addressable, and every post exhibited the same
motion; hence, the system did not display the complexity
discussed here. Furthermore, we collaborated with experimen-
talists to validate our prediction that light can trigger bio-
mimetic chemo-mechanical transduction in micro-posts of
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liquid crystalline elastomers."”"® Finally, we note our collabora-
tions with experimentalists on the behavior of self-oscillating
Belousov-Zhabotinsky (BZ) gels,"** which undergo biomi-
metic chemo-mechanical transduction. The latter experiments
validated our predictions on the factors that regulate the self-
oscillations of the gels."™?

Notably, solutal buoyancy has been detected in biological
systems; it plays a critical role in the range expansion of yeast
cells that are located at the air/water interface.”* As the yeast
metabolizes nutrients, they introduce density variations in the
underlying fluid that generates flow. Forces from the flow break
up the large colonies into smaller, more dispersed aggregates.
This breakup and dispersion enable the yeast cells to prolifer-
ate into new areas and thereby extend the range of their activity.
In effect, the generated density gradients, the resulting hydro-
dynamics and subsequent forces at the fluid/colony interface
serve as mode of communication, informing the colony to
divide and then grow at the new sight. The effects of solutal
buoyancy in biology have only recently been identified** and
have not been thoroughly explored. Further studies may reveal
other examples where microscale bio-communication depends
not only on complex biochemical machinery, but also on funda-
mental hydrodynamic and fluid-structure interactions.*>*°

In previous studies focused on the dynamic behavior of
complaint posts, researchers used a combination of external
stimuli and the appropriate stimuli-responsive polymers to
generate self-oscillation, self-regulation, and non-reciprocal inter-
actions in gel microstructures. For example, researchers devel-
oped an array of uniformly oscillating, self-regulating posts by
utilizing active, thermo-responsive hydrogels in solution.®
An exothermic reaction on the top of gel posts induced changes
in the phase behavior of the thermo-responsive gels and
ultimately led all the units to oscillate as they periodically
bent up and down into the solution. More recently, scientists
designed arrays of photo-responsive liquid crystalline elasto-
mer (LCE) posts and used light to induce pronounced non-
reciprocal motion in the posts, as well as other forms of
movement.'” To exhibit this wealth of complex dynamics, the
material had to be “preprogrammed”, using a magnetic field to
set the orientation of the nematic director.>’*' Non-reciprocal
motion in photo-active LCEs was also elicited by irradiating the
sample with different wavelengths of light,>*** or orthogonally
aligned lasers,* as well as selective focusing of the light to
different positions of the sample.>® Polyelectrolyte gel filaments
in a viscous environment can exhibit nonreciprocal motion in a
steady, uniform the electric field.*”

Distinct from the latter studies, we use just the addition of
chemical reactants to generate rich dynamic behavior. In our
previous studies, we developed computational models” to show
that even the stationary states produced by the chemically
generated flows lead to an unexpected richness of stable
designs, from Mandela figures to kaleidoscopic images. The
arrays also produced unique “fingerprints” that characterize
the system, reflecting the type of enzymes used, placement
of the enzyme-coated posts, height of the chamber, and bend-
ing modulus of the elastic posts. This behavior can enable
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microfluidic devices to be spontaneously reconfigured for
specific applications without construction of new chambers
and the fabrication of standalone sensors that operate without
extraneous power sources. Moreover, as shown in these studies,
generated non-reciprocal movement is not limited to a single
anchored post or confined between two such structures, but
can be propagated among multiple posts in an array and hence,
the system can promote extensive directional flow and broader
propagation of “instructions” within microfluidic chambers.

To determine the different modes of induced dynamic
motion and delineate the parameter range that produces this
motion, we use our computational models to calculate phase
maps for arrays containing both active and passive posts.
We uncover a wealth of dynamic behavior, where each mode
of chemically triggered motion can serve a distinct purpose,
and the entire array can offer a range of utility. The system only
requires low energy input to drive autonomous materials,
including in soft robots.

Below, we describe our computational approach to capture the
diversity of motion displayed in arrays containing chemically
active and passive elastic posts. In the, we examine the posts
and array. In Section IIIA of the Results and discussion, we show
that intrinsic, chemo-mechanical interactions enable the posts to
undergo two-way communication; Section IIIB, describes the
position dependent self-oscillations and non-reciprocal motion
displayed by domain. In Section IIIC, we compare the results
obtained from two different modeling approaches to indicate the
robustness of our predictions. The ability of active posts to control
action at a distance and simultaneously generate different modes
of motion in a single sample is described in Sections D-F. Section
G details the influence of passive posts as active posts propagate a
signal in the system. Using our modeling approach, we also
designed systems that display and regulate these different activ-
ities all at once, showing a richness of dynamic behavior not
commonly associated with synthetic materials.

II. Computational model

Previous studies of “‘chemical pumps”, showed that despite the
exothermicity of the catalytic reactions, the convective flow was
generated primarily by solutal buoyancy.*®*° Therefore, we
couple the fluid motion to the chemical composition of the
solution solely through the buoyancy mechanism. In our
model, we explicitly model M reactants and the jth reagent
of concentration C; diffuses with the diffusion constant D;
(1 <j < M). The change in the local fluid density due to the

M
chemical reaction is given as p = p, (1 +> ﬂjCi>, where p, is
j=1

1
the solvent density and f; =p—6p/8Cj is the corresponding
0

solutal expansion coefficient. The density variation in the
solution gives rise to a buoyancy force per unit volume given

M
by F, = gp, ) §;C;, where g represents gravitational accelera-

J=
tion. This buoyancy force drives the spontaneous motion of the
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fluid and consequently, deforms the immersed post. If the
products of the reactions are less dense than the reactants,
the product-rich fluid flows upward and the reactant-rich fluid
flows along the bottom surface toward the post. This motion is
referred to as “inward flow”. Alternatively, if the products are
denser than the reactants, then the product-rich fluid flows
along the bottom surface and away from the post to produce an
“outward” flow.

The simulation domain is a rectangular box Q = {(x, y, 2):
0<x<L,0<y<L,0 <z < Hywith horizontal dimensions
Ly and Ly, and height H. The elastic post is modeled as a linear
chain of N beads, described by positions r;, that interconnected
by elastic rods. The nodes of active posts are uniformly coated
with a catalyst that generates the buoyancy force. The passive
posts are uncoated, so the buoyancy forces originate solely from
the reactions promoted by the surface-coated active posts. The
movements of the spherical beads (nodes) are described as:

%:u(ri) 1<i<N, (1)
where u(r) is the local fluid velocity at each bead. Each bead in a
chain experiences forces due to steric repulsion from the other
beads, Fg", and from the sidewalls of the channel, Fi%. The
steric repulsion force Fy(r) = —VU(r), is computed from the
Morse potential (ESI,T Appendix). The interbead bonds experi-
ence an elastic force, Foj, which is characterized by the stretch-
ing (k) and bending (k) moduli and is governed by the linear
constitutive relations for a Kirchhoff rod.*® The first bead in
each chain is located at a height d from the bottom wall and is
anchored to that wall by a spring force at z = d. We assume the
density of the posts is the same as that of the solvent (p,), so
that the posts are neutrally buoyant. To conserve the momen-
tum exchange between the post and the fluid, the forces acting
on each bead is balanced by the hydrodynamic drag force
Bl = —(F + R + FY).

The fluid dynamics in the chamber are described by the
respective continuity, Navier-Stokes equations (in Bossinesq
approximation*'), and reaction-diffusion equations

Vu=0, (2)
%—0— (u-Viu = —in+uV2u
ot Po
. (3)
+—(Fy + F'®),
Po
aC; 5 N
5+ V)G =DV Ci+ 8Ky Y (). (4)

i=1

Here, u is the fluid velocity, p is the fluid pressure and v is the
kinematic viscosity. The body forces acting on the fluid have
contributions from the solutal buoyancy force, Fy,, and the
force due to deformations of elastic posts that act on the fluid,
F'® = — S F". which is calculated via the immersed boundary
method*® (IBM), providing fluid-structure interactions between
the solution and the elastic posts.

This journal is © The Royal Society of Chemistry 2024
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The chemicals are consumed or produced at the position of
the enzyme-coated bead r; of the post with a reaction rate given
by SK; where S is the area coated by catalyst. We assume that
the catalytic reaction on the post follows the Michaelis-Menten
kinetics,*” where the rate of consumption per unit area of the
catalytic coverage is given by

"inpost &

__ "m,post
d

= 5
KM+C/‘ ()

Here, I’y post = ke[E] (in units of mol m~* s™") incorporates the

maximum reaction rate per molecule of enzyme, k., with areal
enzyme concentration [E], and Ky (in units of molarity, M) is
the Michaelis constant. Both reactants and products diffuse in
and are advected by the fluid. The “+” sign, represents either
production or consumption of the solute (reactants and
products).

We prescribe no-slip boundary conditions at the confining
solid walls and prohibit the penetration of chemical C; through
the boundaries of the container by specifying

{x,y}=0,L and z=0,H: u=0, nVC =0, (6)

where n is the surface normal, and we assume that the lateral
dimensions of the chamber are equal L, = L,: = L. The set of
governing equations (eqn (1)-(4)), along with the no-slip bound-
ary conditions for the fluid velocity and no-flux for the chemical
concentrations (eqn (6)), are solved numerically. We use the
lattice Boltzmann method for fluid dynamics, a finite differ-
ence method for the reaction-diffusion-advection equations
for the reagents, and the IB method for the dynamics of
immersed, flexible posts (see Methods and ESI,¥ Appendix).
The parameters relevant to chemical reactions on the surface of
the coated posts are also given in the ESI,{ Appendix, Tables S1
and S2.

[1l. Results and discussion

A. Self-oscillating of a passive elastic post induced by a non-
oscillating active one

In biological communication, both the “sender”” and “receiver”
adapt to changes in the environment. In the case below, local
asymmetries in the generated flow cause this adaptive behavior
to simultaneously support two different modes of motion in
one system. An active post (sender) generates a flow profile that
causes that post to remain stationary, but simultaneously
drives a distant passive post (receiver) to undergo regular
oscillations. This example highlights the system’s sensitivity
to the local flow fields and ability to control movements at a
distance from the sender.

To start, we analyze the dynamics of a single, passive post in
the convective flow generated by a single active post, which is
coated with catalase (CAT). Both the passive and active posts
are flexible and tethered to the bottom surface of a fluid-filled
chamber. It might be anticipated that the active post would
exhibit complex movements since the dynamic action in the
system originates from this post and further, that the

This journal is © The Royal Society of Chemistry 2024
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compliant passive post would simply mimic the motion of
the active one. Here, however, we find that the active post
remains stationary, and it is the passive post that displays
oscillatory behavior. As explained below, this case highlights
the importance of the relative locations of the posts in control-
ling the overall spatiotemporal behavior in the chamber.

The active post is tethered at the center of simulation box
and the passive post is situated near a corner (Fig. 1a). The
length and diameter of both posts are L = 0.8 mm and w =
0.26 mm, respectively. The dimensions of the enclosing cham-
ber are 4 mm x 4 mm in the lateral directions and H =1 mm for
the chamber height. Initially, the tethered posts assume a
vertical configuration. When hydrogen peroxide (H,O,) is
added to the confined aqueous solution, catalase decomposes
hydrogen peroxide into water, H,O, and oxygen, O,:

2H,0, 2% 91,0 + 0,. 7)

Since the products of the reaction are less dense than hydrogen
peroxide, the product-rich fluid rises upward. Due to continuity
of the confined fluid, and the symmetry of the computational
domain, the fluid moves along the top of the chamber (away
from the active post) and then flows downward along the
sidewalls, subsequently moving back along the bottom wall
toward the center with CAT-coated post (left in Fig. 1c). On the
other hand, if the post is coated with an enzyme that produces
more dense products, e.g. urease (UR) (right in Fig. 1c), the fluid
moves toward the post at the top wall and away from the post
near the bottom to generate an outward flow (as seen from the
bottom of the chamber).

With the CAT-coated post located at the center of the box,
the generated inward flow is symmetric about the post and
hence, for all the parameter values considered here, the active
post remains upright (Fig. 1c). Conversely, in the case of the
passive post, with «}, = 0.057 pN mm?, the circulating buoyancy-
driven flow drags the free end of the passive post downwards
and along the streamlines of the fluid (Fig. 1b). This
passive post starts to oscillate (see Movie S1 in ESI, 1 Appendix)
only when it is sufficiently flexible to interact with the
different regions of fluid flow and is located at certain positions
in the chamber, e.g., near the corners/sidewalls (see next section)
so that the post feels both the push and pull of the
circulating fluid.

Fig. 1e shows the tip height of the passive post as a function
of time and the frequency spectrum of the resulting oscillatory
behavior. The trajectory of this motion is shown in Fig. 1d. For
the set of parameters used in the simulations, the frequency
of oscillation is f= 1.2 mHz, which corresponds to a period of
T ~ 13.8 min. Note that systems based on gels*® and LCEs"®
produce oscillations with frequencies 10 mHz and 16 mHz,
respectively. These values are not substantially different from
the frequencies produced by the oscillatory posts in our system,
which is on order of 1 mHz.

The duration of the fluid motion and resulting dynamics of
the posts largely depend on the initial concentration C, of
reactants (amount of fuel in the system) and rates SK, at which

Mater. Horiz., 2024, 11, 6326-6341 | 6329
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Fig. 1 Self-oscillation of a passive elastic post induced by an active one. (a) Schematic view of a fluid chamber (of dimensions 40Ax x 40Ax x 10Ax
where Ax = 0.1 mm is the lattice Boltzmann unit) containing one CAT-coated post in the middle and one passive post. The passive post starts to oscillate
after adding hydrogen peroxide. (b) Streamlines along the diagonal plane of the chamber. The passive post perturbs the streamlines near it. (c) Side-view
of the flow field generated by an enzyme-coated post that generates inward (CAT) and outward (UR) flow due to solutal buoyancy effects. (d) Simulation
result of the oscillation of the passive post due to the flow generated by one CAT-coated post at the center. The tip of the passive post follows a closed
trajectory (counterclockwise, from blue to red). (e) The tip height of the passive post as function of time with the frequency spectrum of the passive post
oscillation, obtained from the simulation. The bending stiffness of the posts are i, = 0.057 pN mm? and length of the posts are L = 0.8 mm.

the chemicals are consumed during the reaction. The two quan-
tities determine the duration of all dynamical processes that
include the fluid motion and post behavior. When all reactants
are converted to products all dynamical processes stop. In the
simulations, we used experimentally-relevant values®® of C, =
50 mM and Sri, post ~ 107'° mols™* that enable fluid motion
for hours (the time is shown on the horizontal axes in Fig. S5a,
ESIt). For a one CAT-coated post at the center, with initial
concentration of C, = 50 mM, the average chemical concen-
tration in the domain will drop to half of the initial concen-
tration after 4 hours, and the average speed of the fluid in the
domain reaches a maximum of |u| =5 um s~ ' (see Fig. S9 in
ESIL} Appendix) after 6 minutes and drop to |u| = 3.5 pm s
after 4 hours. The duration of the dynamic behavior decreases
with the decrease of the initial concentration (less fuel in the
system) as it is shown in Fig. S5a (ESIT).

The response speed can be characterized by the viscose
H’/lv ~ 1 s and diffusive H>/D ~ 10® s time scales that control
the dynamics of the system (we take domain height H = 1 mm,
and typical values v ~ 10~° ', D ~ 10"° m?>s™'). Because
the viscous time scale is much less than the diffusive one, the
system is controlled by the slowest process, which is the speed
ofdiffusion. The response time on the order of 10 min is typical
response time observed in the relevant experiments.*®

B. Passive posts exhibit position-dependent modes of motion

As noted above, with the CAT-coated post located in the middle
of the square chamber, the radially symmetric forces generated

6330 | Mater. Horiz., 2024, 11, 6326-6341

about this active post cause it to maintain a steady, upright
configuration. On the other hand, the motion of the passive
post in the system is dependent on its location inside the
chamber, length, and bending stiffness (as well as initial
chemical concentration of the reactant). For example, near
walls or corners, passive posts experience not only the flow
generated at the active post, but also the flow reflected from the
bounding, hard surfaces. Due to these position dependent
fluid-structure interactions, the “message” transmitted through
the array can be tuned by altering the location of the passive unit,
as detailed below.

To generate the state diagram (Fig. 2) that reveals the
behavior of the passive post at various locations in the box,
the passive post is placed in one of the 24 different positions in
the computational domain and the simulations are performed
to determine the post’s dynamics at that specific site. The
passive post was then moved to the next site where the
computation was repeated. The position of the one CAT-
coated post is held fixed at the center of the box. The x-y
coordinates of 24 passive posts in Fig. 2 are constructed so that
they are placed in a square array of 9 x 9 array, where the post
spacing is 0 = L,/9 = 40/9 = 4.4Ax. The coordinates of the passive
posts in the first quadrant of the domain can be written as
(xo + 110, Yo + n,0), where (x, ¥o) = (20, 20) is the position of
active (CAT-coated) post at the center, and the coefficients n,
ny € {0, 1, 2, 3, 4}, and (14, ny) # (0, 0). The generated state
map indicates different modes of motion exhibited by the one
passive post and the range of parameters that lead to this

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 State diagram of different modes of motion for one passive post located in the first quadrant of a fluid-filled chamber in presence of one
CAT-coated post at the center. (A) Schematic of state diagram showing different types of motions of the passive post in the first quadrant of the
micro-chamber, with one CAT-coated post in the middle, for different stiffness (i) and length (iii) of the passive post. We assume L = 0.8 mm and
Kkp = 0.057 pN mm?, and increase the length to L’ = 0.875 mm, and decrease the bending stiffness to lc‘; =0.035 pN mm? (B) State diagram for different
initial chemical concentration, Co. Here, Co = 50 mM, for all the cases in panel (A), and the values of L = 0.8 mm and &y, = 0.057 pN mm? are fixed for all
the cases in panel (B), while reducing the initial chemical concentration to Co/2, Co/4, Co/6 and Co/10.

behavior. Relative to values used in Fig. 2A(i), simulations are
performed for a different bending stiffness (Fig. 2A(ii)) and at a
different length (Fig. 2A(iii)) of the posts. In all these studies,
we use the same values of x}, and L for the passive and active
posts; this allows us to focus on a sample that has homo-
geneous geometrical and mechanical properties. Local hetero-
geneities in x, and L can also give rise to striking behavior,
which will be examined in later studies.

Certain features are common to all the cases in Fig. 2A(i)-(iii).
For example, due to the four-fold symmetry of the flow field, we
only consider the state diagram in the first quadrant of the
simulation box. Points that lie at equivalent locations about the
right and left of the diagonal line cutting through this quadrant
show the same behavior. Along the lateral lines marking the
four-fold symmetry of the box, the passive posts exhibit stable
behavior (grey boxes); they initially bend away from the active
post and then assume a stationary configuration. Far from the
active post, the passive units also display stable behavior along
the diagonal line.

Another common feature is the non-reciprocal nature of
oscillatory motion, as needed for directed fluid flow over a net
distance. The identical back and forth strokes in reciprocal
oscillations just perturb the fluid, but do not lead to sustained
directional motion. The asymmetric oscillatory behavior

This journal is © The Royal Society of Chemistry 2024

observed here is due to the extensive nature of the fluid-
structure interactions. The widespread flows generated near
the top surface (as detailed further below) bend the tops of
posts so that they are no longer symmetric about their long axis
(Fig. 2). The posts’ tips remain bent as flow contributes to the
post’s overall motion. In other words, the fundamental oscillat-
ing unit is the bend post.

In Fig. 2A(i), the bending stiffness is set to x;, = 0.057 pN
mm? and the length of the box is set to L = 0.8 mm.
A particularly striking feature of this plot is the oscillatory
behavior (red stars) displayed by passive posts that are near
the side walls, and yet at a distance from the active post. The
fluid reflected from these boundaries flows back toward the
passive posts; this forward and backward thrust promotes
oscillatory behavior. Closer to the active post, but away from
the side walls, the fluid flow cannot sustain regular oscillations,
and the posts display highly damped oscillations.

Comparisons of Fig. 2A(i) and (ii) indicate the effects of
decreasing the bending stiffness from x;, = 0.057 pN mm?” to
K{, = 0.035 pN mm? while fixing L = 0.8 mm. The number of
sites that previously displayed highly damped oscillations
(green triangles) in Fig. 2A(i), show stable oscillatory behavior
(red stars) for the decreased bending stiffness in Fig. 2A(ii)
(Movie S2 in ESI, T Appendix). The decrease in bending stiffness
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corresponds to an increase in the post’s flexibility and enables
the flexible posts to more closely follow the flow streamlines.
The more flexible passive posts can more readily sense and
respond to the oscillatory message produced by the extensive
circulating flow centered about the active post. Relative to
Fig. 2A(i), post sites that display oscillatory behavior are shifted
closer toward the CAT-coated post (Fig. 2A(ii)), which triggers
the circular fluid flow. Similarly, the decrease in bending
stiffness enables the passive posts with unstable behavior
(Fig. 2A(i)) to show damped oscillations near the central CAT
post (Fig. 2A(ii)).

If the length of the post is increased from L = 0.8 mm to
L = 0.875 mm (at x}, = 0.057 pN mm?) the most pronounced
difference is a change from the previously observed oscillatory
behavior (Fig. 2A(i)) to damped oscillation (Fig. 2A(iii)). Increas-
ing the length of the tethered post is analogous to decreasing
stiffness since the tips now lie further away from the anchoring
sites on the bottom and hence, their motion is less constrained.
The posts in Fig. 2A(iii) are too “floppy”’ to follow the cyclic
fluid flow and hence cannot execute oscillations shown in
Fig. 2A(i) with shorter posts.

Finally, we examine the effect of changing the initial
chemical concentration on the motion of passive post. In Fig. 2B,
we plot the state diagram as we reduce the initial concentration
from C, = 50 mM (the value that we used in Fig. 2A) to Cy/2, Co/4,
Co/6 and Cy/10. Reducing the initial concentration reduces the
average velocity field in the domain and suppresses the oscillation
of the passive post (see Fig. S5 in Appendix ESIt). By reducing the
initial chemical concentration by half, we only observe two oscil-
lating positions in the chamber and greater reductions in Cy-lead
to no more oscillating positions in the domain and introduce
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damped, highly damped and unstable points, respectively. We also
increased the initial chemical concentration to 2C,, and the state
diagram does not change compared to the state diagram with the
initial C, (Fig. 2A(i)).

C. Comparison of simulation with semi-analytical model

To validate the above results, we use elasto-hydrodynamic
theory (detailed in the Methods section) to model a passive
post near a wall that displays oscillatory behavior in the
presence of one, central CAT-coated post. We use the back-
ground fluid flow obtained in the simulations as the input to
the elasto-hydrodynamic theory. The results from the simula-
tions (Fig. 3A) show: (i) the flow field, (ii), trajectory of the tip of
passive post, and (iii), the tip height of the passive post. The
plots in Fig. 3B(i)-(iii) show the corresponding data obtained
with the elasto-hydrodynamic theory and show qualitatively
similar behavior as the respective plots in Fig. 3A. The agree-
ment between the two different approaches corroborates the
findings from the simulations.

D. Active post mediates communication between two passive
ones and enables action at a distance

Having validated the results from the computational model and
knowing the regions where a single passive post displays
oscillatory behavior, we examine movements in a system that
contains the centrally located CAT-coated post and two passive
posts. These simulations allow us to determine how the active
post mediates the communication between the two passive
units and how the relative positions of the two passive posts
affect their mutual behavior. Surprisingly, even in this sparse
system (Fig. 4), the signal from an active post can mediate the

(ii) (iii)
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Fig. 3 Comparison between simulation and elasto-hydrodynamic theory for the oscillation of one passive post due to the flow field generated by one
CAT-coated post at the center. Trajectory and time-dependent motion of the tip of the passive post obtained from (A) computational simulation and
(B) elasto-hydrodynamic theory. The height of the chamber is H = 1 mm, and the length of the posts is L = 0.8 mm. In the right we plot the trajectory and

tip height of the oscillating post as a function of time.
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Fig. 4 Effect of adding one passive post P; (i = 2, 3,. .., 6) on the motion of the passive post P,. The frequency of the post P; is decreased by adding the
posts P, to Py, for cases A to C, but the oscillation of the posts Ps and Pg doesn’t change the frequency of oscillation of the post Py, for cases D and E.

interaction between two well-separated passive ones. Moreover,
the two passive posts communicate with each other to establish
the dynamic behavior in the entire domain.

We specifically examine how the oscillation frequency of one
passive post (post P;) is altered by the presence of a second
passive one. The position of P; is held fixed while the second
post occupies five different sites denoted as P; (i = 2, 3, 4, 5, 6).
Following the state map in Fig. 2, the post positions were
chosen to place both P, and P; (left panels) in the regime of
oscillatory behavior. The middle panels in Fig. 4 indicate the
oscillations of the tip for P; in the absence (magenta) and
presence (different colors) of the second passive post, (see also
Movie S3 in ESI,¥ Appendix). The corresponding oscillation
frequencies are shown in the right panels.

This journal is © The Royal Society of Chemistry 2024

In all cases (A)-(E), the oscillation frequency at P, is altered
relative to that when P; is the only passive post in the domain.
In other words, the presence of the second passive post affects
the oscillatory behavior at P;. As flow generated at the central
active post impinges on P; it modifies the hydrodynamic and
fluid-structure interactions that affect the streamlines in the
entire chamber. Hence, P; now experiences a flow field that
is distinct from that generated by just one passive post in the
presence of the CAT post.

The largest variation in this frequency occurs when the
second post occupies the position at P4, where the separation
between P; and P; is the smallest of the five scenarios (panel C);
the proximity of the passive posts produces the greatest per-
turbations of the flow fields. In the other examples (A, B, D, E),
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the separation and symmetric placement of the two passive
posts causes these two posts to produce similar oscillatory
behavior.

Recall that the dynamic interactions in the system are
instigated by fluid flow from the active post.

The behavior in Fig. 4 shows that the active post displays
action at a distance, ie., control over the behavior at remote
parts of the domain. With the one central ‘“antenna”, the
prescribed placement of the passive units can be used to
control the oscillation frequency in the chamber. Notably,
without the chemo-mechanical interactions emanating from
the active post, the two passive posts would remain in their
initial upright position, with no inter-post communication.

E. Two active posts form fluidic “dipole”

To gain further insight into possible modes of signaling and
communication between posts, we examine the system in
Fig. 5a that encompasses two enzyme-coated posts, one of
which is coated with CAT, and another with urease (UR). The
CAT-coated post generates inward flow, and the UR-coated post
generates outward flow. Together, the two active posts produce
a “dipolar” flow pattern. This example illustrates how the local
flow profiles combine in the region between the two posts and
affect the global response of this sparse array. As shown below,
variations in the posts’ bending stiffness enables the tip of one

View Article Online
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post to experience different flow regimes and thereby affect the
system’s dynamics.

The UR-coated post catalyzes the transformation of urea
((NH,),CO) into ammonium bicarbonate (NH," and HCO;~ ions),

urease

(NHQ)ZCO = lwILhJr + HCO5™. (8)

The products in the reaction (eqn (8)), are denser than the reactant.
Therefore, the product-rich fluid sinks to the bottom where it moves
away from the active post (i.e. outward flow). Due to continuity of the
fluid in the closed chamber, the flow then moves upward along the
vertical side walls, hits the top surface and moves back toward the
active post at the top wall, forming a circular convective vortex (see
Fig. 1c, right).

When hydrogen peroxide and urea are added to the solution
simultaneously, the CAT-coated post on the right generates
inward flow while the UR-coated post on the left generates
outward flow. Remarkably, even though the two active posts lie
equidistant from the center of the diagonal that connects them
and cuts through the center of the box, the combination of this
inward and outward flow is not symmetric about this central
point. This asymmetry leads to the behavior described below.

In the central region between the posts, the inward flow
produced by CAT-coated post directed so that the fluid near
the bottom wall moves from the UR-coated post toward the
CAT-coated post, as shown schematically in Fig. 5a. The site can

/E\ 0.8 g
£ 06 é' 0.02
- B
504 £0.01
N 0.2 <
0 1 2 3 0.5 1 1.5

t (hours) f (m Hz)

25 30 35
15 20X

Fig. 5 Dipolar flow pattern produced by two kinds of active posts results in oscillation of UR post. (a) Schematic of view of a fluid chamber
(of dimensions 4 x 4 x 1 mm?®) and the corresponding flow fields generated in presence of one CAT-coated and one UR-coated post along the diagonal
plane. The brown arrows about the posts on the bottom surface indicate this direction of flow. Note the brown arrows about the UR post point away from
the post at the bottom surface (outward flow) and towards the CAT post. The arrows around the CAT also point toward this post (inward flow). In other
words, both flow streams point to CAT on the bottom surface. The merger of these streamlines in the intervening central region reinforces the individual
patterns to create strong flow toward CAT on the bottom surface. The continuity of the fluid in the closed chamber demands that the circulation of the
solution forms a closed loop, dictating the direction of flow on the top surface. Hence, flow on top surface is constrained to move away from CAT, as
indicated by the brown line in the central region of the chamber. Since the flow profiles about each post are not symmetric, the resulting dynamic
behavior about each post is also not symmetric, with one post exhibiting oscillatory behavior while the other displays a stationary, upright configuration.
(b) Streamlines along the diagonal plane of the chamber. The oscillation of UR-coated post perturbs the streamlines near it. (c) The tip height of the
passive post as function of time with the frequency spectrum of the UR-coated post oscillation, obtained from the simulation. (d) Simulation result of the
oscillation of the UR-coated post due to the flow generated by fluidic dipole. The tip of the UR-coated post follows a closed trajectory. The bending
stiffness of the posts is kp, = 0.17 pN mm?2. The height of the chamber is H = 1 mm, and the length of the posts is L = 0.8 mm.

6334 | Mater. Horiz., 2024, 11, 6326-6341 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh01111b

Open Access Article. Published on 17 Oktober 2024. Downloaded on 31.01.26 01:48:06.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

(a) (b)

View Article Online

Materials Horizons

(©) (d

10 10
R
N “E N5 Cit¢~§§
0 0
5 10 15 20 25 30 5 10 15 20 25 30
X X
0.8 0.8
E) E 06
z 0.6 \E/
04 - ~ 04
& Uk, & -UR
N 02 =CAT|] N o) - CAT
0 0
0 1 2 3 0 1 2 3
t (hours) t (hours)

N
0 I 0
10 15 20

25 30 5 10 15 20 25 30

X X
0.8 0.8 m——
= = -UR
0.6 0.6 - CAT
) g
g 04 .04
N g2 N 02
~UR - CAT
0 0
o 1 2 3 o 1 2 3

t (hours) t (hours)

Fig. 6 Different modes of motion of UR-coated post by changing the bending stiffness. Side view of the motion of UR-coated post in a fluid-filled
chamber containing one CAT-coated post and one UR-coated post along the diagonal plane of the chamber, for different stiffness of the posts; (a) xp, =
0.5 pN mm?, (b) x, = 0.28 pN mm?, (c) kp = 0.17 pN mm?, and (d) kp, = 0.057 pN mm?. At the bottom we plot the tip height of the UR-coated post as a

function of time.

be said to act as a puller, pulling the flow toward the CAT.
Simultaneously, in the same region, the outward flow produced
around the UR-coated post pushes the fluid along the bottom
surface away from the UR-coated post, and consequently,
toward the CAT post. This site effectively acts as “pusher”,
pushing fluid away from the UR. Hence, both the inward and
outward flows generated by the respective active posts propel
the fluid in the same direction, toward the CAT catalyst.

Conversely, near the top wall, the inward flow about the CAT
post (see Fig. 5a) pushes the fluid away from CAT. Analogously,
at the top wall, the outward flow around the UR pump pulls the
fluid toward the UR coated post. In the region between CAT and
UR, the combined flows form one coherent vortex, which
directs the flow toward the UR post in the top fluid layer and
toward the CAT post in the bottom fluid layer. In this sense, it is
useful to view the pusher (UR pump) and puller (CAT pump)
as forming a fluidic “dipole”, which controls the overall flow
pattern®. The patterned flow spans the entire chamber as
demonstrated by the streamlines in Fig. 5b, which are plotted
along the diagonal plane of the chamber at a specific point in
time, and fluid velocities at the bottom wall plotted in Fig. 5d.

While the bending stiffness for the UR and CAT post are
both set equal to xy, = 0.17 pN mm?, the shapes and deforma-
tion of the posts are quite different. Notably, the extensive flow
in the upper fluid layer (Fig. 5a) is directed toward the tip of the
UR pump. The tip of the post is more flexible than its anchored
base, and thus can be readily dragged by the fluid. Conversely,
the flow in the bottom layer is directed toward the base of the
CAT post (Fig. 5d), where it has less influence on the post’s
shape, causing the CAT post to remain relatively upright.
Fig. 5d shows the trajectory of the tip of UR-coated post within
one period, as well as the flow field at the bottom wall.

The hydrodynamic forces imposed by the flow on the UR-
coated post causes the post to display different modes of motion,
depending on the bending stiffness of the post (Fig. 6). For
higher stiffness (i}, = 0.5 pN mm?), the UR-coated post displays a

This journal is © The Royal Society of Chemistry 2024

stable mode. For this relatively high value of «y, the tip extends
into the flow near the top surface, where fluid moves away from
the CAT-coated post and toward the UR-coated post. Conse-
quently, the UR-coated post bends away from the CAT post
(Fig. 6a). A decrease in the bending stiffness makes the UR-
coated post sufficiently flexible that the tip lies close to the
bottom surface and experiences the flow near that wall (Fig. 6b
and c). The latter flow moves toward the CAT-coated post,
opposite the flow at the top. Hence, the post bends in the
direction opposite to that shown in Fig. 6a. In the case where
kp = 0.28 pN mm?, the UR-coated post undergoes damped
oscillatory motion while a less stiff post (i, = 0.17 pN mm?) at
the same position shows full oscillatory behavior (Fig. 6¢). The
frequency of oscillation for the case in Fig. 6¢ (having the same
bending stiffness as in Fig. 5d, with x, = 0.17 pN mm?) is
f=1.125 mHz, which corresponds to period of 7 = 14.8 min.

If, however, the bending stiffness is decreased to x}, =
0.057 pN mm?, the tip of the post touches the bottom of the
chamber and remains there (see Fig. 6d and Movie S4 in ESL T
Appendix). Notably, for the system with two active posts, we
observe oscillatory dynamics at a higher bending stiffness
(approximately, three times in the Young’s modulus) than for
one active post. The behavior is a result of the stronger average
flow induced in the domain with two active posts.

F. Fluidic “dipole” is effective at prompting oscillations in the
array

To demonstrate the influence of the “dipolar” flow discussed
above, a passive post is placed near the two active ones. The
passive posts shown in green in Fig. 7A(i) and B(i) lie at
different locations, which were chosen to test the ability of
a single passive post to sense and respond to the oscillatory
behavior arising from the “dipole” generated flow. As in
the cases above, the passive post is sequentially placed at
24 different locations to generate a phase map.
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Fig. 7 State diagram of different modes of motion for a dipolar pattern. Oscillation of passive post (colored in green with tip (colored in magenta)
trajectory) in presence of two active posts (one CAT-coated post and one UR-coated post) along the diagonal plane of the chamber and the
corresponding streamlines, as well as the state diagram showing different modes of motion of the passive post, for bending stiffness of (A) kp =
0.17 pN mm?, where the UR-coated post also oscillates and (B) kp = 0.057 pN mm?, where the UR-coated post doesn't oscillate. The height of the

chamber is H = 1 mm, and the length of the posts is L = 0.8 mm.

To examine the effect of bending stiffness, we focused on
two representative values of ky,, with Fig. 7A portraying results
for the stiffer post and Fig. 7B showing the results for the more
flexible ones. (Note that at a chosen value of k, all three posts
have the same bending stiffness.) As discussed below, a com-
parison of the results shown in Fig. 7A and B reveals how the
combination of the dipolar motif with the posts’ flexibility
affects the oscillatory behavior in the array.

The panels in Fig. 7 show: (i) the position of a passive post
with the corresponding trajectories of the post tips, (ii) the
streamlines in the diagonal plane and (iii) the state diagram
that summarizes different modes of motion of the passive post
in the presence of the active CAT-UR pair. We consider only half
of the domain due to the symmetry of the system.

For the cases presented in Fig. 7A, the bending stiffness for
all the posts was set to x, = 0.17 pN mm?. Of the two active
posts, only the UR-coated post exhibits oscillatory behavior at
the specific separation distances depicted in Fig. 7A(i). The
phase map (Fig. 7A(iii)) reveals that the dipolar flow pattern
generated by the two active posts enables passive posts closest
to the UR-coated one (shown by stars) to sense and respond to
the oscillatory behavior enforced by this active post. An oscillat-
ing active post can propagate oscillations to a nearby passive
one. This oscillatory signal has a limited range; it is not
propagated to posts that lie farther away in the chamber. In
the latter regions, a passive post only exhibits highly damped
behavior, stable and unstable modes.

Fig. 7B shows the behavior for the more flexible posts, which
have x;, = 0.057 pN mm?®. A particular example with the passive
post located to the left of the line that connects the active posts

6336 | Mater. Horiz., 2024, 11, 6326-6341

is shown in Fig. 7B(i). At the smaller value of x}, the UR-coated
post does not oscillate since its tip remains near the bottom
wall (Fig. 6d). The phase diagram shown in Fig. 7B(iii), how-
ever, indicates that the generated ‘“‘dipolar” flow profile still
enables even the non-oscillatory UR-coated post to prompt the
oscillations of the nearby passive posts. Here, the flow around
the UR-coated post causes the passive posts’ free-ends to bend
toward the UR-coated post, whereupon these ends dip into the
fluid layer in the bottom half plane, which flows in a direction
opposite to the flow in the upper half of the box (see stream-
lines in Fig. 7B(ii)). This flow pattern enabled by the dipole
arrangement of the active posts (coupled to fluid motion
reflected from the wall), ultimately produces oscillatory motion
of the passive posts in the same region of the phase map as in
the case above, where the UR-coated post did oscillate.

Relative to Fig. 7A, the decrease in the bending stiffness for
Fig. 7B affects the behavior of posts near the walls in the upper
half plane. The posts at the unstable points in Fig. 7A show
highly damped behavior in the corresponding locations in
Fig. 7B. Similarly, posts with the highly damped behavior in
Fig. 7A show damped dynamics in Fig. 7B for the same
locations.

G. Collective behavior in arrays containing multiple passive
posts

We consider an array that encompasses additional posts, which
alter the hydrodynamic interactions in the entire array. As
shown below, the altered hydrodynamic interactions can, for
example, cause non-oscillatory points in the sparse domain to
now exhibit oscillatory behavior in the crowded environment.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Oscillations in an array of passive posts produced by one and two active posts. Top view of the time dependent motion of square array of 5 x 5
posts with (A) one-CAT-coated post in the middle, and (B) one CAT-coated post and one UR-coated post along the diagonal plane of the chamber. The
red post is coated with urease and the blue post is coated with CAT enzyme. In the right of each panel, we plot the tip height of the post P, as a function
of time and the oscillation frequency spectrum of the post P,, without and with the presence of all other passive posts in the array. The bending stiffness
of the posts are i, = 0.057 pN mm? and iy, = 0.17 pN mm? for panel A and B, respectively.

We focus on the two different scenarios presented in Fig. 8A
and B, respectively. In Fig. 8A(i), the array of 5 X 5 posts
encompass 24 passive posts arranged around one central
CAT-coated post (shown in blue). In Fig. 8B(i), the array of
5 x 5 posts include 23 passive posts and two active ones arranged
along the diagonal line of the domain: the UR-coated post (shown in
red) and CAT-coated post (shown in blue). The passive posts are
colored green, with tips shown in magenta.

To analyze the dynamics, we monitor oscillations performed
by a representative passive post, P,, and compare its oscillation
frequencies for the cases when all other passive posts are
present in the array, or they are absent. We plot: (ii) the
evolution of the tip height and (iii) corresponding frequency
of oscillations for these two cases.

When the dynamics of the array are driven by a single
central active post (as shown in Fig. 8A) different passive posts
display distinct modes of motion. Besides the post P,, there are
another 16 passive posts that oscillate with different ampli-
tudes and frequencies. These moving posts actively perturb the
fluid flow around the representative post P,, (see Movie S5 in
ESL+ Appendix). (Note, that the central CAT-coated post always
remains straight and eight passive posts located near the walls
contact the walls.) We observe that all the posts located in the
vicinity of the CAT-coated post display oscillatory behavior in
contrast to the phase diagram in Fig. 2 (for a single passive post
driven by a central active post), where passive posts at the
corresponding positions show stable or unstable modes of
behavior. The results in Fig. 8 indicate that the collective action
of multiple passive posts contribute to the observed oscillatory
behavior. Moreover, the presence of other passive posts in the

This journal is © The Royal Society of Chemistry 2024

array decreases the velocities of the circular fluid flow and,
therefore, reduces the oscillation frequency of post P,. (Fig. S5
in the ESI,f Appendix reveals how the extensive flow stream-
lines in chamber are perturbed by the local motion of the
individual posts.)

In the case shown in Fig. 8B(i), where the dipolar flow is
produced by the UR-coated and CAT-coated posts, the repre-
sentative passive post P, displays almost the same oscillation
frequencies in the absence and presence of other passive posts
in the array (see Fig. 8B(ii) and (iii)). Here, the collective and
extensive dipolar flow pattern can regulate the overall behavior
of the system. For this case, we chose the same bending
stiffness (xp = 0.17 pN mm?®) as that for the post shown in
(Fig. 6(c)), where the UR-coated post oscillates. In the presence
of other passive posts, the collective hydrodynamic interactions
between the posts now enable the UR-coated post to change
orientation, bend toward the CAT-coated post, and remain
there. Note that only two passive posts (post P, and its counter-
part at the opposite corner) exhibit the oscillatory mode of
motion, while remaining passive posts follow the dipolar flow
pattern. The former posts lie near corners, where the reflected
fluid flow can promote oscillations.

IV. Conclusion

In summary, we used theory and simulation to design a system
of flexible microposts in solution that convert non-oscillatory
chemical input into self-organized oscillatory output, which
enabled the posts to spontaneously propagate a chemical signal
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over long distances (i.e., comparable to the characteristic length
in the system). Here, the oscillations arise due to activated
chemo-mechanical processes and the resultant fluid-structure
interactions. The fluid provides the medium by which these
interactions and ‘“messages” can be transmitted over signifi-
cant distances.

In the simplest system considered here, we focused on one
passive post placed near a side wall and one centrally located
active post that converts reactants in the solution into less
dense products. In this fluidic system, the reaction at the active
post generates radially symmetric flow that kept the central
post up-right. The fluid-structure interaction with the sur-
rounding walls and the passive post broke this local symmetry
and lead to the nontrivial behavior of the passive structure. The
flow moved toward this passive post along the top wall and
away from this structure near the bottom wall, thereby forming
circular streamlines. This circular flow pattern enabled a
non-oscillatory chemical input to produce oscillatory chemo-
mechanical output.

For the observed non-reciprocal behavior, the fluid-struc-
ture interactions bent the tip of the passive post in the closed
chamber. Due to the latter interactions, the bent post serves as
the fundamental dynamic unit. The specific conformation of
this fundamental unit depends on its position in the array and
bending stiffness. Hence, the posts can exhibit the range of
dynamic motion seen here.

We also observe that the oscillation frequencies in the
system are sensitive to the post’s position inside the chamber,
the magnitude of the buoyancy-driven force, the bending stiff-
ness of the post and the presence of enclosing walls. Notably,
the oscillation frequency exhibited by the passive posts can be
modified, for example, by introducing additional passive posts
into the array (see Fig. 4 and 8). The latter finding demonstrates
the presence of cooperative activity between the posts in the array.

We also examined systems that involved two active posts,
which were coated with distinct catalysts, UR and CAT.
Here, the combination of the local inward and outward flows
(promoted by the CAT-coated and UR-coated posts, respectively)
led to a specifically oriented fluidic motion, which flowed toward
UR-coated post at the top and away from UR at the bottom,
forming an oriented vortex about the UR-coated post. In this
flow pattern, the fluid in the central region organized into a
“dipolar” flow pattern with the CAT-coated pole being the
“pusher” and the UR-coated post serving as the “puller”. The
combined effects of the pusher and puller led to the flow
pattern shown in Fig. 5d. By taking into account the flow
patterns for the two individual pumps, and the relative place-
ment of the pumps, flow profiles can be combined to enhance,
suppress or reverse the fluid motion in the chamber. The
coupling of the different flows generated at the pump (outward
and inward) provides a distinct means of controlling the global
circulation of the fluid, transporting a chemical message along
a particular path and producing the desired mechanical
response of the tethered posts.

For the dipolar flow created by the UR-CAT coated pumps,
the flow deforms the pusher post and enables it to undergo
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different modes of motions. The imposed dipolar flow profile
enabled the oscillatory behavior on just the UR-coated post
even though the two posts were placed at symmetric positions
along the diagonal line that cuts through the box and they both
exhibited the same bending stiffness. This example elucidates
principles for the rational design of the flow profile in the
immersed array.

The calculated phase maps allow the designer to select the
appropriate parameters (placement in the array, bending stiff-
ness) and thereby access a particular dynamic state and desired
functionality. For a given array containing a specified number,
location and type of active and passive posts, the system can
still be reconfigured by specifying which of the appropriate
reactants are to be added and the sequence in which they are
added. Additional dynamic motions of passive elastic posts
could be induced by cascade reactions, where the product of
one reaction is the reactant for the next. Once all the reagents
have been consumed, the chamber can be reinvigorated by
adding new reactants, and thus, the system can be used multi-
ple times. With this wealth of dynamic behavior, each mode of
motion can serve different purposes and offer a range of utility.
Ultimately, these self-oscillating systems can facilitate the
development of autonomously moving robots in solution and
the directed transport of specific chemicals in the chamber.

V. Methods

A. Numerical simulation

The continuity and Navier-Stokes equations are solved using
the lattice Boltzmann method** (LBM) with a single relaxation
time D3Q19 scheme.*® A finite difference approach with a
forward-time central-space (FTCS) scheme is used to solve the
advection-reaction-diffusion of chemicals. The immersed
boundary (IB) approach is used to capture the fluid-structure
interactions between the elastic posts and fluid. In the
IB model, each node of elastic post is modeled by a sphere
with effective hydrodynamics radius a that experiences
fluid drag, characterized by the mobility M = (6mya)~". The
forces F, exerted by the nodes of the elastic post on the fluid,
which are calculated using the IB method, provide zero fluid
velocities at the discretization nodes of the elastic post. There-
fore, the IB approach approximates no-slip conditions for the
fluid velocities at the boundary nodes, as well as no fluid
permeation through the nodes of the posts. Moreover, all
these nodes are assumed to have the same reaction rate,
which is given by SK,;, where S is the surface area per each
node (see eqn (5)).

The size of computational domain is 40Ax x 40Ax x 10Ax
where the lattice Boltzmann unit Ax is 100 um. The time step of
the simulation is At = 1.67 x 10> s. In the IB approach, each of
the discretized nodes of the post is treated as a sphere with
radius a &~ 1.3Ax. Each post is discretized into N = 5 beads with
the equilibrium distance between the beads as 1.75Ax. More-
over, we place the first bead at distance Ax from the wall,
so that the total length of the post is L = 8Ax.

This journal is © The Royal Society of Chemistry 2024
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B. Dimensionless Grashof number

The behavior of the system is characterized by the ratio of
buoyancy to viscous forces, expressed by the dimensionless
Grashof number, Gr = gBACH®/v*, where f is the solutal
expansion coefficient, AC is the chemical variations in the
domain, v is the kinematic viscosity of the fluid and H is
the height of the chamber. For a chosen set of parameters,
the relationship indicates how to adjust the other parameters to
ensure that the system will yield a similar class of behavior.
This relationship allows us to generalize our findings to a range
of conditions and chemistries. The typical Grashof number in
our system is about 10>,

C. Elasto-hydrodynamic theory

For the semi-analytical calculation, we couple elasticity theory
and overdamped viscous hydrodynamics®®>> to obtain the
time-dependent motion of the posts, where the external back-
ground flow is taken from the flow induced by one CAT-coated
post at the center of the domain. We consider a slender
inextensible elastic post of length L, with circular cross section
of radius a at its midpoint, where the centerline is identified by
X(s,t) which is a function of both time, ¢ and arc length 0 < s < L.
The end s = 0 is clamped against a no-slip wall, and s = L is free.
The surrounding fluid has a viscosity #, and the flow is assumed
to be sufficiently slow that the Reynolds number is small. At any
local point along the post, the instantaneous force balance
satisfies

fe+f"=o, (9)

where f” is the hydrodynamic force per unit length, and f° is
the elastic force per unit length

fe = _Bxssss + (sz)sy (10)

where B is flexural rigidity, T is axial tension (Lagrange multi-
plier) that ensures the condition of inextensibility, and sub-
script s denotes the partial derivative with respect to s. We take
advantage of small aspect ratio of the post (¢ = a/L « 1) and use
the resistive force theory (RFT)*® that linearly relates f” to the
instantaneous relative velocity of the post along the centerline
such that:

X, — U™ = —M[I + (¢ — 1)XX]-f7,

In(c~2e)
8my

(11)

where M, = is the perpendicular mobility of the post,

¢ is the ratio between parallel to perpendicular mobility>
(£ =2 for ¢ - 0), I is the identity tensor, and U® is the
background flow. If we rescale the length by L, time with

. . . B
inverse of shear rate, 7', and tension with 7 = T3 we get:>®

ﬁ(xt - U:D) = _Xssss - (Xssss'Xs)Xs + 2TSXS + TXssy (12)

) L4
where 7] = /
MyB
limit # - 0 and oo corresponds to a rigid rod and a flexible

thread,® respectively. Taking the derivative of both side of the

is the ratio between viscous to elastic force. The
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equation with respect to s and then taking dot product of both
sides by X gives us the other scalar equation:

7Xssss'Xss + 6Xsss'Xsss + ZTss - TXss'Xss

+ ﬁUs% 'Xs - O‘(.]N,l - Xs'Xs) = 0: [13)

where the last penalty term ensures the inextensibility condi-
tion (we take o = 10%), and Jy; is N x 1 array of all “1”’s, when we
divide the post centerline to N grid points. The resulting system
of linear equation is solved numerically to obtain the tension
and time dependent position of the elastic post. Assuming
a constant shear rate of order y ~ 107% s™', aspect ratio of
¢ ~ 0.1, L = 0.8 mm, and flexural rigidity B ~ 0.01 pN mm?,
we obtain 7 ~ 140 for our system.

To obtain the motion of the post, we assume that a single
passive post is placed in the flow generated by the CAT-coated
post. This flow in general is time dependent, due to advection
and diffusion of the chemicals, but in the limit of small
Reynolds number (Re = pLU/n ~ 107°), we can approximate
the background flow as a steady flow. We insert the background
velocity field, U™, in eqn (12) and (13) from the simulation at
some specified time to obtain solutions for the time-dependent
motion of passive elastic posts placed at a specified distance
from the active post.
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