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Biological species routinely collaborate for their mutual benefit or
compete for available resources, thereby displaying dynamic be-
havior that is challenging to replicate in synthetic systems. Here
we use computational modeling to design microscopic, chemically
active sheets and self-propelled particles encompassing the ap-
propriate synergistic interactions to exhibit bioinspired feeding,
fleeing, and fighting. This design couples two different mecha-
nisms for chemically generating motion in fluid-filled microchambers:
solutal buoyancy and diffusiophoresis. Catalyst-coated sheets, which
resemble crabs with four distinct claws, convert reactants in solution
into products and thereby create local variations in the density and
chemical composition of the fluid. Via the solutal buoyancy mecha-
nism, the density variations generate fluid flows, which modify
the shape and motility of the crabs. Concomitantly, the chemical
variations propel the motion of the particles via diffusiophoresis,
and thus, the crabs’ and particles’ motion becomes highly inter-
connected. For crabs with restricted lateral mobility, these two
mechanisms can be modulated to either drive a crab to catch
and appear to feed on all of the particles or enable the particles
to flee from this sheet. Moreover, by adjusting the sheet's size and
the catalytic coating, two crabs can compete and fight over the
motile, diffusiophoretic particles. Alternatively, the crabs can tem-
porally share resources by shuttling the particles back and forth
between themselves. With completely mobile sheets, four crabs
can collaborate to perform a function that one alone cannot ac-
complish. These findings provide design rules for creating chemi-
cally driven soft robotic sheets that significantly expand the
functionality of microfluidic devices.
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ooperation and competition are fundamental modes of in-

teraction that are critical to the survival of biological or-
ganisms. An intriguing question is whether these behaviors are
exhibited solely by living systems or can in fact be performed by
synthetic objects. Determining the limits to which man-made
systems can mimic complex biological interactions is important
for designing the next generation of smart devices and robotic
systems. On a fundamental level, addressing this question is
important for understanding basic biochemical factors that drive
collective behavior. Notably, researchers have designed material
systems that display lifelike functionality in the presence of ex-
ternal cues. For example, in the presence of an applied magnetic
field, magnetic particles appear to hunt and steal beads from
other assemblies (1); in the presence of light, photoresponsive
particles unite to form complex structures (2). In addition to
responding to external stimuli, biological systems can inherently
generate chemical cues that prompt neighboring organisms to
carry out vital tasks (3). Herein, we use computational modeling
to design self-propelled, catalyst-coated sheets that not only gen-
erate the fluid flows that drive their own mobility but also produce
the chemical gradients that direct the motion of chemoresponsive
microparticles in the solution. Researchers have just recently ex-
amined the behavior of chemically active sheets immersed in
fluids (4), and thus, the rich dynamic interactions that can occur
between active sheets and particles have not previously been in-
vestigated. As shown below, these interactive sheets and particles
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exhibit such lifelike attributes as fighting, feeding, and fleeing.
Localized in a fluid-filled microchamber, all these behaviors can
greatly expand the functionality of microfluidic devices.

The self-propulsion of microscopic particles dispersed in solu-
tion can occur through various mechanisms. In the case of dif-
fusiophoresis, particles respond to chemical variations near a
surface by moving with a velocity that is proportional to gradients
in the local reagent concentration (5). In scenarios involving solutal
buoyancy, catalyst-coated particles produce products that have a
different density than the initial reactants. The resulting density
gradients drive the motion of the bulk fluid, which in turn can drive
the particles’ motion (6, 7). For rigid particles, this fluid motion
does not alter the particle’s shape. In contrast to the particles,
recent computer simulations revealed that flows generated by
catalyst-coated, flexible sheets via solutal buoyancy not only propel
but also sculpt the shape of the sheets (4). Hence, chemically active
sheets can permit new forms of dynamic and collective behavior.
Moreover, these sheets can serve as active components in new
types of chemically driven microscale, soft robotic systems.

We take advantage of both the above mechanisms and the
distinctive behavior of active, flexible sheets to devise the systems
described below. Namely, we harness the chemical gradients in
reactants and products produced by the active sheet to drive the
movement of the diffusiophoretic particles in the fluid (Fig. 1).
Here the motion and shape-changing of the sheets affects the
dynamics of both the particles and fluid and can yield new syn-
ergistic behavior. To simulate this multicomponent system, we
formulate the set of coupled equations described below that
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account for the catalytic reactions, fluid dynamics, motion of the
particles and sheets, and fluid-structure interactions between the
solution and solid surfaces.

Theoretical Model

The fluid-filled microchamber in Fig. 14 contains two types of
active objects: enzyme-coated elastic sheets and diffusiophoretic
particles. The composition of the solution is controlled by re-
actions catalyzed by enzymes (immobilized on the surface of the
sheets), which transform the reactants into products. Due to this
reaction, the density of the solution changes because the reactant
and product molecules occupy different volumes in the fluid (6).
The resulting slight expansion or contraction of the solution is
characterized by the solutal expansion coefficient f§, which is
specific to the particular chemicals and solvents. For sufficiently
small concentrations of the reactants and products, the density of
the solution can be approximated as p = py(1+_5;C;), where p,
is the solvent density, C; is the concentration of the dissolved
chemicals, and f;=dp/dC; are the corresponding expansion co-
efficients (8, 9). [These density variations are analogous to those
due to thermal buoyancy (9), where variations in heat produce
the density gradients that produce flow.]

The spatial variations in the solution’s density gives rise to the
solutal buoyancy force F, = gpy) f,C; (directed along the gravity
vector g) that drives the motion of the fluid, which, in turn,
imposes a fluid drag on objects immersed in the solution. When
the products of the chemical reaction are denser (less dense)
than the reactants, then the product-rich fluid flows downward to
the bottom (upward to the top) of the chamber, and its volume is
replaced by the reactant-rich fluid. In a confined chamber, the
buoyancy-generated convective flows are circular (as emphasized
by green lines in Fig. 14) due to the continuity of the fluid.

N mobile particles (yellow spheres in Fig. 14) with coordinates
r; = (x;,¥i,2;) (1<i <N) are immersed in the solution. A particle of
radius a has a density p;, and is subject to the gravitational force
F =47a’ (Pp—po)g/3 directed along the vector g. Each particle

experiences a repulsive interaction with the other particles, elastic
sheets, and chamber walls. The respective repulsive forces, FPP,
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Fig. 1. Components of the system. (A) Schematic of
the enzyme-coated sheet, which generates the in-
ward flow (outlined in light green), and the dif-
fusiophoretic particles (yellow spheres). (B) Within
the sheet, the catalase-coated nodes are marked in
green, and the heavier nodes at the apexes are in-
dicated in black. (C-E) Snapshots from simulations
revealing the gradual aggregation of particles around
sheet. Black arrows indicate magnitude and direction
of fluid velocity. Here a=1 x 102 m3mol~"s~" for
the particles. Color bar indicates the concentration of
H,0, in the solution.

FP", and FP¥, are defined as F.(r)=—0U(r)/dr, where U is the
following Morse potential:

_ [ e(l—exp[-o (r—r)])% r<n

U(r)= { 0 rom . (1]
Here r=|r; —r,| is the distance between the position of the par-
ticle r; and the repelled object r,. The parameters € and w denote
the strength and width of the potential, respectively, and ry is the
equilibrium (and cutoff) distance.

The diffusiophoretic particles respond to the local chemical
variations arising from the enzymatic reactions by spontaneously
moving with a velocity

v =gV, 2]

where VC; characterizes the chemical gradients and the constant
a; characterizes the interactions between the molecules of some
particular solute j and the adjacent fluid/particle interface (5).

Each enzyme-coated flexible sheet is discretized into a single
layer network of M nodes located at ry (1<k<M) and inter-
connected by elastic bonds (4). For the four-lobe sheet in Fig. 1B,
the spheres and black lines represent the respective discretization
nodes and the interconnecting bonds. The elastic forces, Fej, that
arise due to the stretching and bending of bonds connecting the
nodes are governed by the linear constitutive relations for a
Kirchoff rod (10). The minimum elastic energy is attained when
the sheet is in the flat configuration. Each of the sheet’s nodes
represents a portion of material with volume V, surface area S, and
density p, and experiences an external force, Fy= V(p, —po)g.
For the current application, we specify the values of density p, (ry)
as a function of the position of the node r; within the elastic
network. In particular, the nodes at the apex of each lobe (drawn in
black in Fig. 1B) have a higher density than the other nodes, which
makes them less buoyant. Finally, each node of the sheet repels the
mobile particles, nodes of other sheets, and walls of the chamber
with the forces F'P, F™", and F™, respectively, defined through the
repulsive force F; introduced above.
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The chemical reactions in the chamber are catalyzed by M, chem-
ically active nodes in the sheet (green spheres in Fig. 1B). (The gray
and black spheres are chemically inactive.) The rate of reaction on the

rcnzyme A
coated sheet is KS= ;‘Mﬂ‘f‘g S (mol s7*), where Ky is the Michaelis

. . 12
constant and the maximal reaction rate ry 3% =K[E] (mol s~ m™)

incorporates the reaction rate per molecule of enzyme k and the areal
enzyme concentration [E]. S is the surface area of sheet’s active region.

The behavior of the entire system is described by following
equations for the fluid dynamics (Navier-Stokes [in the Boussi-
nesq approximation (11)]) and the continuity of the fluid; the
advection, diffusion, and reaction of the dissolved chemical
species; and the dynamic behavior of the mobile particles and the
nodes of the elastic sheets. The respective equations are

v-u=0, [3]
Ju 1 1

— 4+ u-Viu=-—V +1/V2u+_ Fb+Fl7 [4]
ot ( ) Po P Po( o

o

M,
o +(u-V)G=D)V’C; £ SK > 5(r-r), 1<j<J, [5]

=1

or; h 5 W W, $
Ftl=up +u+;¢<F§+ ;Fp (ri—r; )+;Fpp(l‘i—rl)

o [6]
+ ZFP“(ri—rk)>,1§i5 N,
k
ar, 6 g M
Tt]‘=u+y<Fg+ ZF“W(rk —r,tV’) + ZF""(rk—rl)
=1 I#k (7

N
+ Y FP(r—r) +Fel(rk)>,15k§M.

i=1

Here the local fluid velocity and pressure are given by u and p,
respectively. The V symbol represents the spatial gradient
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operator, and the kinematic viscosity of the solution v is assumed
to be independent of the chemical composition. D; is the diffu-
sivity of the chemical C; in the solution. u is the mobility of
particles and nodes of the elastic sheets specified below.

Unless stated otherwise, we impose no-slip boundary condi-
tions (u = 0) at the solid walls of the chamber. We consider two
different boundary conditions for the chemical concentrations
C;: (i) no flux at the walls, thereby preventing chemicals from
penetrating the walls, and (i) some of the walls are coated with
enzymes catalyzing the reactions. The respective conditions at
the chamber walls, with normal 7, are expressed as

0, (¢) no-flux wall,
9G; n
=Dy~ =1 Tt Ci (8]

Kn+C) (ii) enzyme-coated wall.

Methods describes the numerical approaches used to solve this
set of coupled governing equations and boundary conditions.

Results and Discussion

Fig. 1 C-E reveal the biomimetic behavior that emerges when a
flexible, chemically active sheet interacts with chemically responsive,
diffusiophertic particles in solution. The sheet specifically en-
compasses four claw-like protrusions (Fig. 1B); this architecture
allows us to investigate the sheet’s ability to grab the surrounding
particles and determine factors that drive multiple claw-
encompassing sheets to share or compete for the particles. The
central region of the sheet is coated with catalase (indicated by
the green nodes); the black nodes at the apexes of the four claws
are taken to be heavier than the rest of the sites. These heavier
feet help anchor the sheet onto the surface and thus promote
interactions between this layer and the particles that sediment to
the surface.

With the introduction of H,O,, the catalase on the sheet de-
composes this reactant into the lighter products (H,O and O,),
causing the reactant-laden fluid to rise upward and generate an
inward flow (directed toward the sheet and shown with green
circular lines in Fig. 14). The catalase on the sheet’s bottom
surface also interacts with the H,O,, and thus generates an in-
ward flow directly beneath the layer. This underlying, inward

5 5

Distance from crab (mmj

Fig. 2. Distributions of self-propelling particles
around active sheets. Motility of diffusiophoretic
particles and flows generated by active sheets de-
termine how particles aggregate around sheets. (A
and B) For inward flows, particle distribution pulled
away from sheet with increasing a, as quantified in
C. (D and E) For outward flows, particle distribution
moves toward sheet with increasing a, as shown in
F. The unit of ais in 107" m® mol~"s™".
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flow effectively pushes the center of sheet upward. The uncoated
regions (gray and black sites) do not generate flow, and the
heavy, black nodes keep the sheet near the surface. Conse-
quently, the layer resembles a primitive crab whose body rises
above the tips of the claws (Fig. 1C).

Concomitantly, the diffusiophoretic particles experience the
chemical gradients, VC, near the bottom surface that are gener-
ated at the catalase-covered sheet and respond by moving with a
velocity upp =a VC, where a is the diffusiophoretic mobility and
the gradient, VC, is computed with respect to the center of each
particle. The only chemical gradient in this system is due to the
local distribution of H,O, in the fluid. Namely, the solutal buoy-
ancy coefficient (f) for oxygen is sufficiently small that we neglect
its contribution to the buoyancy force F,, and the water generated
by the catalytic reaction merges with the surrounding aqueous
solution. As the reaction proceeds, the sheet consumes the H,O,,
and thus, the reactant concentration is ultimately higher away
from the crab and closer to the edges of the chamber (see color
bar and the side views in Fig. 1 C-E and SI Appendix, Fig. S1).

The distribution of particles around the crab is dictated by the
competition between two opposing mechanisms. On one hand,
chemical gradients near the surface drive the diffusiophoretic parti-
cles to move (with velocity u,,) away from the sheet and toward the
edge of the chamber, where chemical concentration is the highest.
On the other hand, the buoyancy-driven inward flow (moving with a
velocity u) drags the particles toward the sheet. In Fig. 1 C-E, the
value of « is sufficiently small (1 x 1072 m°mol~'s™!) that the
buoyancy force dictates the behavior of the particles, which are
driven toward the crab by the chemically generated inward flow
(Movie S1). Thus, the sheet appears to have effectively col-
lected and gathered all these species, much as if it were
exhibiting feeding behavior.

An increase in o increases the particle velocity due to dif-
fusiophoresis, upp, and hence, at sufficiently high values of o, the
particles move away from the sheet (Fig. 2 4 and B). Fig. 2C
shows the time-averaged radial distribution function of the par-
ticles with respect to the center of the sheet and quantifies
the shift in the particle concentration away from the center of
the crab as « is increased. (The nonmonotonic behavior near the
center of the sheet is due to the steric repulsion between the
particles and region between the claws.) Visually, the particles
appear to be fleeing from the catalase-coated, green sheets.

A similar competition between the diffusiophoretic self-
propulsion and the drag from the buoyancy-driven fluid also
acts on the particles when the reaction generates a product that
is denser than the reactant, as in the case where the catalyst
hexokinase (HK) converts glucose into glucose-6-phosphate (G-
6-P). Now the buoyancy mechanism drives the flow outward
(away from the enzyme-coated sheet) and, for sufficiently low
values of a, pushes the particles to the edge of the chamber (Fig.
2D). As the reactant is consumed, the concentration of product
(G-6-P) is highest around the active sheet and decreases toward
the edges of the box. Hence, the diffusiophoretic mechanism
dictates that the particles move toward the sheet and is seen to
dominate for relatively large values of « (Fig. 2E). This behavior
is also apparent from the plot in Fig. 2F. (The ability of the
sheets to attract or repel the diffusiophoretic particles is ana-
lyzed in more detail in SI Appendix.)

With two sheets in the microchamber, we can examine factors
that contribute to potential competition between the crabs. The
rate of reaction is a dominant factor in the overall performance of a
catalyst-coated layer because a higher reaction rate leads to a faster
turnover of reactants to products and, thus, can accelerate the
beneficial effects of the coating. Recall that the net reaction rate SK
(mols™") of an enzyme-coated object depends on the product of S,
the surface area of the catalytic domain, and K (mols~'m~2), the
reaction rate per unit area. To assess the influence of the product
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SK, we create a large crab with twice as many nodes as the small
one and thereby double the surface area of the catalytic domain. We
focus on the catalytic decomposition of H,O, and fix the value of «
for the diffusiophoretic particles at 2 x 10~2m°mol~'s~!. Initially,
these particles are randomly and uniformly dispersed in the simula-
tion box. (The centers’ of the crabs are held fixed, restricting their
lateral movement within the chamber.)

When both the large and smaller crabs (with respective net
reaction rates of 25K and SK) are placed in the same chamber,
the solution in Fig. 34 shows a relatively low concentration of
H,O, around the larger crab. The faster turnover rate for the
sheet with the twofold increase in the surface area of catalase
produces a more rapid decomposition of the reactant. (For all of
the images in Fig. 3, the sheet with the higher reaction rate is
decorated in red.) Notably, the increase in the overall reaction
rate generates a faster and broader inward flow around the
larger sheet (as indicated by the black arrows), which is more
effective at capturing the available particles than the smaller one
(Fig. 34 and Movie S2).

[Regular vs Big]

Regular vs Efficient

Big vs Efficien

Fig. 3. Competition and sharing between two active sheets. The reaction rate
is réft . =2x1073 mol m~=2 s~ for green crabs, and a=2x 10~"?m5mol~"s~".
(A) Surface area of active sites, S, on red crab is twice that of green crab; re-
action rate per node, K, is same for both. (B) Reaction rate per node, K, on red
crab is twice that for green crab; S is same on both. Red sheets (having higher
rates of decomposition) draw particles away from green competitors by gen-
erating stronger inward flows (marked with black arrows). (C7) Top view of
winners of (A and B), whose rates of decomposition are equal, generate
comparable flows, and thus gather an equal number of particles. (C2) Side
view of case in C7.
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Alternatively, the reaction rate for a small sheet can be in-
creased by doubling the value of K, the reaction rate at each
node. In Fig. 3B, the crabs have the same size (with the same
coated area §), but the reaction rate for the red one is pro-
portional to 2K. As can be seen, the latter sheet (with the overall
reaction rate of 2SK) is more efficient than the green one (with
the net reaction rate SK) since it effectively seizes all of the
particles. Notably, the red sheets in Fig. 3 4 and B (both having
the overall reaction rate 25K) display very similar behavior: the
species with the higher reaction rate takes all.

In the final comparison, the winners from the above contests
are placed in the same microchamber (Fig. 3C and Movie S3).
Since the rates of reaction for both crabs are ~2SK, the solution
displays a spatially uniform concentration of reactants. More-
over, the black arrows point equally toward both crabs, and the
magnitudes of the arrows around each crab are comparable in
value. Consequently, the number of particles are equally divided
between the two sheets. The side view (Fig. 3C2) shows that the
larger crab extends further upward in the vertical direction, and
hence, a greater number of particles can localize directly un-
derneath this sheet than the smaller one, which has shorter claws
and does not attain the same height.

While images in Fig. 3 show competitive activity, Fig. 4 (and
Movie S4) highlights cooperative behavior among identical,
mobile crabs. The crabs’ motion is governed by Egs. 3-7, and our
numerical approach (Methods) captures the fluid-structure in-
teractions between the mobile objects and flowing fluids. Each
small, catalase-coated crab is identical to the sample in Fig. 1B,
but here a =2 x 1072m’mol~'s~!. Initially, in the four-crab
scenario, (Fig. 44), the sheets are well separated from each
other (i.e., the centers of the crabs are located at 1.2 mm from
each other), and the particles are uniformly dispersed in the
fluid. When H,0; is added to the solution, the catalase begins to
decompose this reactant, and each crab generates an inward flow
about its own location. At this value of «, the diffusiophoretic
particles move away from each sheet (Fig. 4B and SI Appendix,
Fig. S2). Eventually, however, the inward flow generated by each
individual sheet brings the four close together and thereby am-
plifies the net flow produced by the entire group (note the in-
creasing size of the black arrows going from Fig. 4 A-C).
Ultimately, the net flow pushes the four crabs even closer to-
gether (Fig. 4C). Simultaneously, the increase in the flow speed
and shift of the flow profile toward the center of the domain give
rise to fluid flows that dominate the diffusiophoretic self-
propulsion of the particles, and hence, the flow drives the par-
ticles to aggregate in the central region. In essence, the collective
behavior of the four active sheets allows the community to

Top view

o
o

325 sec

perform a task that a single member alone could not achieve:
effectively gathering all of the particles in the solution.
Another form of cooperation involves a time-dependent shar-
ing, where one sheet localizes the particles for a finite time and
then gives them to another sheet. (Alternatively, this can be
viewed as competition, where one crab eventually seizes all of the
particles.) This behavior is shown in Fig. 5 and Movie S5 with two
crabs whose centers are held fixed, restricting their lateral move-
ments; the green crab (left) is coated with catalase, and the pink
crab (right) is coated with glucose oxidase (GOx). This system
takes advantage of a cascade of chemical reactions: when glucose
is added to the solution, GOx decomposes this reactant into the
lighter H,O, and gluconic acid. The H,O; is the reactant for the
catalase-coated crab, and hence, when the product of the first
reaction reaches the catalase-coated crab, it initiates the second
reaction. [The reaction rate for catalase is higher than that for
GOx; therefore, to increase the net rate of consumption of glu-
cose, the top wall of the chamber is also coated with GOx (4).]
Fig. 5 displays the effects of this staged process when dif-
fusiophoretic particles are dispersed in the solution, starting with
Fig. 54 where glucose was added into the solution. The conversion
of reactants into the lighter products at the GOx-coated sheet
generates an inward flow, which draws the particles toward the pink
crab (Fig. 5B). The self-propulsion of the particles in the gradient of
H,0, also contributes to their movement. (Here the value of a is set
to 1 x 1072 m mol™'s™')) As glucose is consumed, the resultant
H,0, activates the catalase-coated sheet and generates an inward
flow; the black arrows in Fig. 5C clearly show that the flow is now
directed toward the green crab on the left. Ultimately, this incipient
flow becomes even stronger and effectively draws all of the particles
away from the GOx-coated sheet, which has exhausted its reactants.
The side views in Fig. 5 reveal the complementary, synergistic
behavior that allows the active crab to spatially trap the re-
sponsive particles. Namely, the chemically generated flows push
the body of the more chemically active crab upward, allowing
particles to occupy the space beneath this sheet. This is apparent
in the significant distortion of the active crabs in Fig. 5 B and C.
The example in Fig. 5 demonstrates how cascade reactions can
be harnessed to shuttle chemoresponsive particles between dif-
ferent active centers. By expanding the number of interrelated
reactions in the cascade and adding the corresponding active
sheets, the particles could be autonomously trafficked to specific
locations at specified time intervals.

Conclusions

In summary, the integration of two different mechanisms for
propelling the motion of particulates in solution produced new,

Side view
z (mm)
oRem

Fig. 4. Collaboration among active sheets to capture particles. (A-C) Snapshots from simulations demonstrate that catalase-coated, movable sheets
acting together can capture particles that individual sheets alone cannot. Inward fluid flows become stronger (indicated by larger arrow sizes) as sheets

aggregate. Reaction rate on each sheetis r®t, =1 x 103 mol m=2s™"

m,sheet
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,and a=2 x 10-"2m5mol™"s".
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Fig. 5. Time-dependent sharing of particles by two active sheets. (A and B)
GOx-coated sheet (in pink) decomposes glucose into lighter products, H,0,
and gluconic acid. Resulting inward flows drag particles toward pink sheet.
(C and D) Eventually, catalase-coated sheet (in green) decomposes H,O,,
generating strong inward fluid flow that drags all of the particles toward
green one. In the side views, the pink sheet gradually flattens out as glucose

is depleted. Reaction rates are r@, =6 x 10~ mol m=2 s and
1o et =2:67 x 1075 mol m™ s™ha=1 x 10-"2m°mol's"".

synergistic interactions among all of the components. Here the
solutal buoyancy mechanism that drove the motion of the fluid
also gave rise to the diffusiophoresis that subsequently drove the
movement of the particles. The resulting coupling between fluid-
driven sheets and self-propelled particles enabled the system to
display attributes that resemble biological behavior. For a single
sheet with crab-like claws, the claws can either catch the particles
or the particles can appear to flee the crab; this biomimetic
behavior can be tailored by altering the relative influence of the
mechanisms acting on the particles. For instance, increasing the
height of the microchambers increases the effect of the solutal
buoyancy, while decreasing this height enhances the effect of
diffusiophoresis.

With more than one sheet in the solution, the system displays
collaborative behavior where four interacting crabs can gather
more particles than a single crab acting alone. The introduction
of cascade reactions (where the product of one reaction serves as
the reactant for another) permits multiple crabs to controllably
transport particles to specified locations for specific periods of
time (as dictated by the rate of reaction). Ultimately, this level of
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spatial and temporal control over the components enables the
chamber to be used as a microfoundry, providing new routes for
microscale fabrication.

The routes to experimentally realizing these systems are cur-
rently available. For instance, the active sheets could be fash-
ioned from thin and flexible ribbons of chemically interlinked
nanoparticles (12), which could catalyze the reactions; for ex-
ample, a sheet of platinum particles could be used to catalyze the
decomposition of H,O,. Importantly, experimental studies have
shown that platinum particles are effective at driving fluid mo-
tion via solutal buoyancy (13). Alternatively, the ribbons of
particles can be coated with enzymes (or other catalysts) that
produce solutal buoyancy flows in the presence of the appro-
priate reactants. Experiments on patches of enzymes immobi-
lized on the surface of fluid-filled microchambers provide
possible candidates that can be used for these purposes (6, 8, 14).
Moreover, there is a range of active particles that undergo dif-
fusiophoretic motion in the chemical solutions considered here
(15) and thus could serve as the food particles in these studies.

Methods

Egs. 3-7, along with the corresponding boundary conditions (Eq. 8), are solved
numerically within a 3D rectangular domain using a combination of the lattice
Boltzmann method (16) for the fluid dynamics, the finite difference technique
for the reaction-diffusion equations, and the immersed boundary (IB) approach
for the fluid-structure interactions (10, 17) between the immersed objects and
the flowing fluid. In the IB method, each mobile particle or discretized node in
the sheet is treated as a sphere with an effective hydrodynamic radius a that

experiences a fluid drag characterized by the mobility u= (anoya)’1. As a re-
sult, the effective thickness of a single-layer elastic sheet is equivalent to the
hydrodynamic diameter 2a of a single node. The forces F, exerted by the nodes
of the elastic sheet on the fluid calculated via the IB method (10, 17) provide
zero fluid velocities at the discretization nodes of the elastic sheets and,
therefore, approximate the no-slip condition for the fluid velocity, as well as no
fluid permeation through the discretized boundaries of the sheets.

In Figs. 1-4, the lattice spacing in the discretized grid forming the simu-
lation box corresponds to Ax=50 pm; the diameter of the self-propelling
particles corresponds to 60 pm, and the dimensions of the sheets are
0.675 mmx 0.15 mm. In Fig. 5, Ax is set to 200 pm to simulate a larger do-
main; the diameters of the particles are 0.24 mm, and dimensions of the
sheets are 2.7 mmx 0.6 mm.

Values used for the Michaelis constant K, and the maximum reaction rate

Imax are K, =0.093 M and r<, =0.0086 mol m=2 s=' for catalase (18, 19),
Km=0.03 Mand r&% =2.6 x 10> mol m™2 s~ for GOx (20), and K, =3 x 10-*M
and ik, =23 x 1078 mol m™ s~ for hexokinase (21).
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