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Abstract

The intertwining of strands into 3D spirals is ubiquitous in biology, enabling functions from information storage to maintenance
of cell structure and directed locomotion. In synthetic systems, entwined fibers can provide superior mechanical properties and
act as artificial muscle or structural reinforcements. Unlike structures in nature, the entwinement of synthetic materials typically
requires application of an external stimulus, such as mechanical actuation, light, or a magnetic field. Herein, we use computational
modeling to design microscale sheets that mimic biology by transducing chemical energy into mechanical action, and thereby self-
organize and interlink into 3D spirals, which spontaneously rotate. These flexible sheets are immersed in a fluid-filled microchamber
that encompasses an immobilized patch of catalysts on the bottom wall. The sheets themselves can be passive or active (coated
with catalyst). Catalytic reactions in the solution generate products that occupy different volumes than the reactants. The resulting
density variations exert a force on the fluid (solutal buoyancy force) that causes motion, which in turn drives the interlinking and
collective swirling of the sheets. The individual sheets do not rotate; rotation only occurs when the sheets are interlinked. This
level of autonomous, coordinated 3D structural organization, intertwining, and rotation is unexpected in synthetic materials systems
operating without external controls. Using physical arguments, we identify dimensionless ratios that are useful in scaling these ideas
to other systems. These findings are valuable for creating materials that act as “machines”, and directing soft matter to undergo
self-sustained, multistep assembly that is governed by intrinsic chemical reactions.

Significance Statement:

Through computational modeling, we designed immobile and mobile catalyst-coated surfaces in a fluidic microchamber to orches-
trate the spontaneous intertwining of 2D flexible, mobile sheets into a self-rotating 3D spiral. Instead of mechanical, electrical, or
optical forces, the process involves inherent chemical reactions on the catalytic patches to convert chemical energy into mechani-
cal action, thereby mimicking chemo-mechanical transduction in biological systems. The findings reveal how specific placements
of the catalytic patches within the chamber enable control over the structure–formation and dynamic behavior in the system.
The results provide guidelines for regulating the spatiotemporal self-organization of flexible layers into hierarchically structured,
dynamic 3D objects without the use of externally applied power.

Introduction
To create synthetic materials that mimic the diversity of move-
ment observed in nature, researchers are designing “active mat-
ter,” which consumes chemical energy to undergo motion (1–3).
Active matter exhibits one of the hallmarks of living systems:
chemo-mechanical transduction, where chemical reactions break
down nutrients to fuel mechanical actions (4). Through these re-
search efforts, scientists have fabricated a range of active mi-
croparticles that individually, or as a self-organized assembly,
achieve biomimetic propulsion, i.e., autonomous movement in a
straight line or specified direction (5–7). Rotation constitutes an-
other fundamental component of movement, allowing organisms
to change direction in an efficient manner (8, 9). Isolated, active
particles can rotate by spinning (10) and assemblies of these par-
ticles can form rotating microstructures (11, 12). In most cases,

the larger, rotating object is composed of rotating particles; there
are few examples of active, rotating assemblies formed from units
that do not spin (13–16). Furthermore, these rotating microstruc-
tures are typically 2D objects, like flat rotors (17) or gears (18),
and do not assemble into more functional 3D forms. Recently,
computational models were developed to examine active mat-
ter with greater structural diversity than hard particles; the sys-
tems encompassed active, 2D flexible sheets (from the μm to mm
size scale) immersed in a fluid-filled chamber (19–21). The sheets
and/or chamber walls were coated with catalysts and underwent
chemo-mechanical transduction as the catalysts decomposed re-
actants (“nutrients”) into products and thereby “fueled” the mo-
tion of the fluid and flexible sheets. The studies revealed that the
sheets spontaneously move and morph into a variety of control-
lable 3D shapes (22, 23). Herein, we use computational modeling to
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Fig. 1. Dynamic self-assembly and self-rotation of passive sheets. (A) Schematic view of a fluid-filled chamber containing a chemical pump (marked by
red circular region of radius R) and four passive elastic sheets (four different colors are guide to the eye). The inset shows the network of nodes
(marked by yellow dots) that form the sheet and the flexible bonds between nodes (white lines). (B) and (C) Inward fluid flow generated by the catalytic
patch drags sheets toward the center of the chamber to form a tower-like structure (B) that develops into an interlinked assembly (C). (D) and (E) The
interlinked configuration rotates in the presence of convective fluid flow (see Movie S1, Supplementary Material). (F) The temporal trajectory of the
angle (θ ) of the yellow sheet demonstrates the periodic rotation of the assembly. Times for the sheets configurations are marked in (F). Stretching and
bending moduli of the sheet are κs = 60 pN and κb = 2.25 pN mm2, respectively. The radius and reaction rate of the catalytic patch respectively are
R = 0.5 mm and rpatch

m = 90 μmol m−2s−1.

design multiple sheets that self-organize into a rotating 3D spiral.
Each sheet alone does not rotate, but clustered around a station-
ary catalytic patch, they rise upward, intertwine with one another,
and form a vertical, revolving structure.

The dynamic assembly of the sheets grossly resembles the bio-
logical interlinking of strands into a 3D helix, as in the formation
of DNA, the assembly of microfilaments, and the coordination of
flagella. The spontaneous 3D structural organization, intertwin-
ing, and rotation observed here, involving sequential coordinated
steps, is not commonly evident in synthetic materials systems.
This level of autonomous, self-sustained behavior is invaluable for
creating materials systems that act as machines (24), advancing
the development of soft robots (25, 26), and more generally, pro-
viding insight into directing self-organization in nonequilibrium
systems (27–30).

The distinctive collective motion of the immersed sheets is ini-
tiated by adding appropriate chemical reactants to a liquid-filled
chamber, which encompasses an immobilized catalytic patch on
the bottom wall (Fig. 1A). The reactants are catalyzed to generate
the reaction products. If these products occupy different volumes
than the reactants, then the reaction generates local density gra-
dients, which exert a force on the fluid that propels its motion.
(The force that arises from the density gradients is a solutal buoy-
ancy force, as detailed further below.) The flowing fluid in turn
drives the sheet upward in a tower-like configuration that expe-
riences an instability. As a result, a new configuration develops
where the sheets entwine or “self-link” and undergo the collective
swirling shown in Fig. 1(C).

Eventually, all the reactants are consumed in this energy trans-
ducing, dissipative system. The solution, however, can be refu-
eled and the entire process can be revived with the addition of
new chemicals to the fluid. Such chemically driven self-linking,

self-rotating elastic sheets constitute new modes of dynamic self-
assembly and can provide new functionality to microfluidic de-
vices, all without the need for mechanical or electrical pumps.
Below, we describe our model for simulating these interconnected
dynamic events and detail how various control parameters (e.g.,
the stiffness and chemical reactivity of the sheets) affect the
global behavior of the system.

It is worth noting that experimentalists are beginning to exam-
ine the behavior of flexible sheets that are coated with catalytic
patches and immersed in fluid-filled microchambers. Recent stud-
ies (31) experimentally validated our earlier prediction (20) that
sheets coated with enzymes (catalase) can undergo directed mo-
tion and shape-changing when the appropriate reactant (hydro-
gen peroxide) is added to the solution. The researchers note that
the observed behavior can be rationalized in terms of the solutal
buoyancy mechanism (described below), as we had predicted (32)
through our computational modeling of chemically active sheets.
Hence, the experiments support our observation that the system
undergoes chemo-mechanical transduction, where catalytic reac-
tions drive the mechanical deformation of the immersed active
layers (20, 21). The latter agreement between experiments and
modeling gives credence to the new predictions detailed below.

Computational Model
The simulation box contains a surface-anchored circular catalytic
patch of radius R (Fig. 1A) and mobile elastic sheets in a fluid-
filled chamber. In the first instance, we consider sheets that are
not coated with catalyst and hence are termed “passive”. We also
consider the behavior of active sheets, which are coated with a
layer of catalysts. With the addition of the appropriate reactants
to the surrounding fluid, the catalysts on the patch decompose the
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chemical reactants into products. The products can occupy differ-
ent volumes than the reactants, leading to local density variations
in the fluid, which gives rise to a buoyancy force per unit volume,
Fb, that acts on the fluid. The force is expressed as Fb = gρ0

∑
βiCi,

where ρ0 is the solvent density, g is gravitational acceleration, Ci

is the concentration of chemical species i, and βi = 1
ρ0

∂ρ

∂Ci
are the

corresponding solutal expansion coefficients. This buoyancy force
density, Fb, drives the spontaneous motion of the fluid. In other
words, the immobile catalytic patch works as a “chemical pump”
that drives the fluid flow via the solutal buoyancy (33, 34) mech-
anism. Along the bottom surface, if the density of the products is
less than the density of the reactants, the flow will move toward
the patch and this flow is referred to as “inward” flow. Alterna-
tively, if the products are denser than the reactants, the fluid flow
on the bottom surface is away from the patch and is referred to as
“outward” flow. Since the fluid is confined in the chamber, it will
undergo a circulating motion, as shown in Fig. 1(B).

In the system considered here, the temperature changes due to
chemical reaction are assumed small, and thus the effect of ther-
mal buoyancy is neglected (35, 36). We also neglect any enthalpic
changes associated with the mixture of the chemicals.

The viscous stresses generated by the fluid flow change the po-
sition and shape of the immersed elastic sheet, which is modeled
as an initially planar network of nodes, with positions rk, that are
interconnected by elastic rods (inset of Fig. 1A). The nodes of the
sheet experience body forces, Fsheet = Fe + Fs + Fg, which are the
respective elastic, steric, and gravity forces. The elastic forces, Fe,
are characterized by the stretching (κs) and bending (κb) moduli
and are governed by the linear constitutive relations for a Kir-
choff rod (37) (see Supplementary Information). The steric forces
on the sheet, Fs, are the sum of the “node–node” (nn) repulsion
between two nodes, Fnn, and repulsion between nodes and any
of the six confining walls, Fnw. These steric forces are calculated
as the gradient of a Morse potential that ensures the equilibrium
separation between node–node or node–wall to be r0 (see Sup-
plementary Information). Gravity acting on the sheet is described
by Fg = V(ρs − ρ0)g, where V is the effective volume of each node
and the density of the sheet (ρs) is assumed to be greater than
the density of the solvent (ρ0). In the absence of reactants, the
sheet sediments to the bottom of the chamber. In the case of pas-
sive sheets, the buoyancy forces (and, thus generated fluid flow)
in the chamber arise due to density variations generated solely by
the surface-anchored chemical pump. Otherwise, the nodes of ac-
tive sheets are uniformly coated with a catalyst, in which case the
buoyancy forces originate from both the sheet and the chamber-
coated chemical pump.

The dynamic interactions between the elastic sheet and flow-
ing fluid are described by the respective continuity and Navier–
Stokes (in the Boussinesq approximation (38) equations for the
dynamics of an incompressible flow, and the equation for the ve-
locity of the nodes of the elastic sheet:

∇ · u = 0, (1)

∂u
∂t

+ (u · ∇) u = − 1
ρ0

∇p + ν∇2u + 1
ρ0

F, (2)

where

F = g ρ0

∑
βiCi︸ ︷︷ ︸

solutal buoyancy

+ 1
V

(
Fe +

∑
Fnn +

∑
Fnw

)
+ (ρs − ρ0) g

︸ ︷︷ ︸
sheet

.

∂rk

∂t
= u (3)

Here, the body force per unit volume, F, acting on the fluid
arises due to the solutal buoyancy force density and the body force

density exerted by the sheet on the fluid. The immersed boundary
method (IBM) (37) is used to treat the fluid–structure interactions.
In the IBM, the velocity of each node of the sheet is determined by
the fluid velocity at the position of the node (Eq. 3). Also, u and p
are the local fluid velocity and pressure respectively, ν is the kine-
matic viscosity of the fluid, and ∇ is the spatial gradient operator.

The dynamics of dissolved chemical species Ci in the chamber
is governed by an advection–diffusion–reaction equation:

∂Ci

∂t
+ (u · ∇)Ci = Di∇2Ci ± Kpatch

d

∑
δ
(
rpatch − r

)
︸ ︷︷ ︸

path

± Ksheet
d

∑Ns

k=1
δ (rk − r)

︸ ︷︷ ︸
sheet

.(4)

Here, Di is the diffusion constant for the ith reagent of concen-
tration Ci. When the sheets are passive, the chemical is consumed
or produced at the location of a chemical pump with a reaction
rate rpatch

m . For active sheets, chemical reactions occur at the posi-
tion of the catalytic node rk with a reaction rate given by rsheet

m . The
catalytic reactions are modeled using Michaelis–Menten reaction
rates (39):

Kpatch
d = rpatch

m Ci

KM + Ci
, Ksheet

d = rsheet
m Ci

KM + Ci
. (5)

KM (in units of molarity, M) is the Michaelis–Menten constant.
rpatch
m and rsheet

m are the maximal reaction rates at the chemical
pump and active sheets, respectively. The latter reaction rates are
given by the products of the reaction rate per molecule of enzyme
ke (in units of s−1) and the areal concentration of enzyme [E] (in
units of mol m−2).

We use no-slip boundary conditions for the fluid flow (u = 0)
and no-flux conditions for chemical Ci at the confining walls of
the chamber. The numerical methods for solving the governing
equations (Eqs. 1–5) with the specific boundary conditions are de-
scribed in the Methods section. The parameters relevant to chem-
ical reactions are given in Tables S1 and S2 (Supplementary Ma-
terial).

The dynamic behavior of the elastic sheets depends on a num-
ber of physical and chemical variables. In the following section,
we first discuss some typical behaviors of the system and then
identify dimensionless parameters (see also Supplementary In-
formation) that characterize physical mechanisms regulating the
observed phenomena.

Results and Discussion
Self-linking and rotation of passive elastic sheets
We first focus on the dynamic self-assembly and self-rotation of
passive elastic sheets in a fluid-filled chamber of lateral dimen-
sion 4 mm × 4 mm and height 1.5 mm. Figure 1(A) shows the four
passive sheets placed symmetrically about a centrally located cir-
cular patch, which is coated with the enzyme catalase and acts as
the chemical pump. All four sheets are identical in size. The length
and width of the sheets are respectively 1.95 mm and 0.3 mm and
the thickness of the sheets is 0.26 mm. Initially, the sheets are
placed parallel to the bottom wall (at height of 1.2r0 above the
wall) and assume a flat configuration. When hydrogen peroxide
(H2O2) is added to the chamber, catalase decomposes hydrogen
peroxide into less dense products, water (H2O), and oxygen (O2)
(33,35)

H2O2
catalase→ H2O + 1

2
O2. (6)

Since the solutal expansion coefficient for oxygen is approxi-
mately an order of magnitude smaller than that for the hydrogen
peroxide, we neglect its contribution to the density variation in
the solution (35). In the systems investigated here, the formation
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of O2 bubbles is also ignored (40) since experiments at compa-
rable conditions showed little or no bubble formation during the
catalase-activated decomposition of hydrogen peroxide (40)

Since the product of the reaction is less dense than H2O2, the
product-rich lighter fluid rises upward and generates inward fluid
flow toward the center of the patch along the bottom of the cham-
ber. This inward fluid flow acts on the elastic sheets at the center
of the patch and drags them upward, against gravity, to form a 3D
tower-like assembly (Fig. 1B and Figure S1, Supplementary Mate-
rial). The tower can only rise to a particular height until the sheets
experience the flow oriented parallel to the top surface (and or-
thogonal to the vertical line going through the center of the tower).
With time, the tower structure becomes unstable and forms an in-
terlinked configuration (see Fig. 1C and Movie S1, Supplementary
Material). The dynamics of the interlinking are analogous to the
domino effect. Namely, local fluctuations (numerical in the simu-
lation and thermal in the physical system) cause one of the sheets
to preferentially bend downward (breaking the symmetry of the
system). Due to steric and hydrodynamic interactions, the bend-
ing of the first sheet causes its neighbor to bend; the latter sheet
drives the bending of the next until all four sheets are interlinked.
This interlinking process and the final steady-state configuration
result from the fluid–structure interactions, gravity, and steric re-
pulsion between the sheets.

As the first sheet is perturbed sideways, the fluid–structure
interactions are no longer completely symmetric and the latter
symmetry breaking initiates the motion of the assembly. In the
interlinked state, an individual sheet assumes a helical configu-
ration (Fig. 1D and E). Consequently, the convective flow generates
a net torque on the sheet and drives the assembly to rotate about
the vertical axis that goes through the center of the patch (Fig. 1D
and E; the formation of the rotating structure can be visualized by
viewing Movie S1.) The angle of rotation (θ ), measured between the
x-axis and the lateral line connecting the center of the patch and
the center of the yellow sheet shows periodic motion over time
(Fig. 1F), and thus the assembly has a well-defined angular ve-
locity. This rotating state is stable until the reactant is consumed
(corresponding to a few hours in real time, as indicated in Fig. 1F).

Given the initial symmetric placement of the sheets (Fig. 1A),
both directions of rotation (clockwise or counterclockwise) are
equally probable, and the direction of rotation determines how
the sheets are intertwined. The Gauss linking number (41, 42)
serves as an order parameter that characterizes the degree of en-
tanglement between two curves. The linking number, Ln, of two
3D curves c1 and c2 are defined as

Ln (c1, c2) = ∫
c1

∫
c2

(dr1 × dr2) · r2 − r1

|r2 − r1|3 , (7)

where r1 and r2 are the position vectors on the curves c1 and c2,
respectively. We use the central line along the long axis of the
sheets to compute the linking number (see Supplementary Infor-
mation for details). Figure 2(A) and (C) shows the linking number
between the yellow and green sheets as a function of time for two
different initial configurations of the sheets (at a fixed value of
the reaction rate at the catalytic patch). In both cases, the sheets
are placed symmetrically about the patch, but at different dis-
tances from the patch center (Figure S2, Supplementary Material).
The assembly begins to rotate when the linking number becomes
nonzero. The magnitude of the linking numbers for both cases
are the same (since the reaction rate is fixed; see below); however,
the sign of the linking number can be either positive or negative.
The entwined assembly rotates clockwise for the positive value of

the linking number (Fig. 2B) and counterclockwise for the negative
values (Fig. 2C).

The transition from the nearly vertical tower structure of the
assembly (Fig. 1B) to the rotating state (Fig. 1D) is marked by a
linear instability, as can be seen from Fig. 2(D). In particular, we
compute the component of the vorticity of the fluid along the z
direction, ωz = (∇ × u)z and plot the maximum magnitude of the
z-component of the fluid vorticity vector, |ωz|max, as a function
of time. At time t = 53.3 min, |ωz|max displays an exponential in-
crease from its minimum value to the value at the assembly of
the rotating state. The exponential evolution is typical of a lin-
ear instability in the regime that precedes the formation of the
rotating state (43). The magnitudes of the fluid vorticity in the
chamber for different times are shown in Figure S3 (Supplemen-
tary Material). The plots show that magnitude of the fluid vortic-
ity around the elastic sheets affects the rotational behavior of the
assembly.

From the vorticity, we can obtain the angular speed of the ro-
tating assembly and determine parameters that affect the speed.
Figure 2(E) reveals a pronounced dependence of the mean angular
velocity (
; averaged over five initial configurations) on the reac-
tion rate at the catalytic patch, with 
 increasing with increases in
the reaction rate. As the rate of reaction increases, the magnitude
of the fluid flow also increases (Figure S4A, Supplementary Mate-
rial), which leads to an increase in 
. Thus, the angular speed (or
frequency) of the rotating assembly can be tuned by varying the
reaction rate of the patch (i.e., by preparing systems with a higher
or lower areal concentration of the enzyme).

The state diagram in Fig. 3 further details the influence of the
reaction rate on the rotating assembly. We anticipate that the sta-
bility of the rotating state is likely to depend on the elasticity of the
sheets, reasoning that a stiff sheet would be less sensitive to the
flow field than a flexible one. Hence, the state diagram is plotted
with the bending modulus of the sheet on the vertical axis and the
reaction rate at the patch on the horizontal axis. The diagram in-
dicates regions where the rotating state is stable and where the ro-
tating structure is not formed. To obtain the stable rotating state,
the catalytic reaction rate (and thus magnitude of the fluid flow
in the chamber) must be above a critical value so that the forces
from the fluid flow can morph the sheet to the interlinked con-
figuration (Fig. 3B) for a sustained period of time. The temporal
behavior (Fig. 3D) for the configuration in Fig. 3(B) shows that the
center of each sheet undergoes regular spatial oscillations in the
rotating state. Here, the initial concentration of reactant was cho-
sen so that the sheets’ rotational motion is stable for hours, allow-
ing us to carefully focus on this behavior. (As shown in Figure S4B
(Supplementary Material), the duration of stable rotation depends
on the initial concentration of the reactants.)

For a higher reaction rate (rpatch
m > 95μmol m−2s−1), the fluid

flow is sufficiently large in magnitude that each sheet follows the
closest convective rolls generated in the fluid and does not form
the stable interlinked configuration (Fig. 3C) that is necessary for
the stable rotation of the assembly. In the nonrotating state, the
sheets move irregularly within the chamber (Fig. 3E; Figure S5 and
Movie S1, Supplementary Material).

The temporal motion of the height of the top of sheets (zs)
in Fig. 3(D) provides additional insight into the dynamics of the
rotating assembly and symmetries in the conformations among
the different sheets. After a relatively short time, all the curves
for zs versus time exhibit pronounced oscillatory behavior. For
a given curve, the transition from the nonoscillatory to oscilla-
tory state reflects the structural transition from the stationary
tower to the regularly rotating assembly. Notably, the oscillations
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Fig. 2. Direction and angular speed of rotating assembly, and vorticity of the flow. (A) Gauss linking number (Ln) between yellow and green sheets are
plotted for two different initial configurations, where the sheets are initially placed symmetrically about the patch, but at different distances from the
center of the patch (Figure S2, Supplementary Material). (B) and (C) The direction of rotation depends on the sign of the linking number. For clockwise
(B) and counterclockwise (C) rotation, the linking number is positive and negative, respectively. (D) The maximum magnitude of the z-component of
vorticity (|ωz|max) in the chamber as a function of time. The exponential fit (red line) indicates that |ωz|max increases exponentially from its minimum
value (at t = 53.3 min) to a stable value, corresponding to a steady rotating state. (E) The mean angular speed increases with the reaction rate of the
patch. The error bar denotes the standard deviation from five initial configurations; inset shows the typical configuration of the rotating assembly.
Stretching and bending moduli of the sheets are the same as Fig. 1. The reaction rates of the catalytic patch in (A–D) are the same as Fig. 1.

of the yellow and blue sheets are approximately in phase, as are
the oscillations between the green and purple sheets. Further-
more, the oscillations between the respective pairs are approx-
imately out of phase. As seen in Fig. 1(A), the blue and purple
sheets lie adjacent to each other, as do the green and yellow. The
green sheet lies diagonally across from the purple and the yel-
low sheet lies diagonally across from blue. Figure 3(F) shows the
linking number between different pairs of sheets; Ln assumes two
values, one for a pair of adjacent sheets and another for pairs of
opposite sheets. Due to their closer proximity, the magnitude of
the linking number between adjacent pairs of sheets is greater
than that of between opposite pairs. The images in the panels of
Fig. 2(B) and (C) allows visualization of the similarity in confor-
mations having the same linking number. Additionally, the os-
cillations between the yellow and green lines in Fig. 3(F) indi-
cate an out-of-phase difference in the motion of adjacent pairs;
similar oscillations between the purple and brown lines indicate
an out-of-phase difference in the motion between opposite pairs.
These observations reveal the complementary motion between
one pair of sheets and another. In addition to the reaction rate at
the patch, the height of the sheets in the chamber can be tuned
by varying the height of the chamber. Since the velocity of the
fluid flow increases with the height of the chamber (H), the height
of the sheets also increases with H (Figure S6, Supplementary
Material).

To probe the robustness of the interlinked, rotating state, we
varied the length of the sheets, considering cases where l s =
1.35 mm, 1.65 mm , and 1.95 mm. (All four sheets in a set are
identical in size.) Here, the reaction rate at the patch is fixed to
rpatch
m = 78 μmol m−2s−1. The top panels in Fig. 4 demonstrate that

the rotating states can be achieved for all three lengths. The con-
figuration of the assembly for the shortest length (ls = 1.35 mm) is
different from those for the other two lengths. Consequently, the
linking number also depends on the sheet length. For the longer
sheets (1.65 mm and 1.95 mm), the linking number between ad-
jacent sheets in an assembly are all identical (Figure S7 and Movie
S2, Supplementary Material). In contrast, for the shortest length,
the linking numbers between adjacent sheets in the assembly
exhibit two distinct values (Figure S7, Supplementary Material).
As can be seen in Fig. 4(A)–(C), the short sheets are not suffi-
ciently long to show the same extent of interweaving possible
with longer sheets. We do nevertheless observe stable rotation
for assemblies with all three lengths (Movie S2, Supplementary
Material).

To test the consistency of the observed phenomenon,
we varied the widths of sheets, considering ws=
0.3 mm, 0.45 mm , and 0.6 mm. (The widths of all four sheets
for a given value of ws are identical.) The bottom panels in
Fig. 4 show the dynamic self-assembly and self-rotation of the
sheets for all three widths. Rotating configurations shown in
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Fig. 3 State diagram of the rotating and nonrotating states of passive elastic sheets. (A) State diagram of passive elastic sheets as a function of bending
modulus of the sheets and reaction rate of the catalytic patch. The rotating and nonrotating states are marked by squares and circles, respectively.
The colors are guide to the eye. (B) The configuration of the sheets in the rotating state is a stable interlinked structure. (C) The typical configuration in
the nonrotating state is an irregular one and changes with time (see Movie S1, Supplementary Material). (D) and (E) The temporal evolution of height
of the top of sheets (zs) are shown for the rotating (D) and nonrotating state. (F) The magnitude of the linking number between adjacent sheets and
diagonally opposite sheets are shown as a function of time. Here, the stretching modulus of the sheets is the same as in Fig. 1. The bending modulus of
the sheets in (B)–(F) is the same as in Fig. 1. The reaction rates of the catalytic patch in (B), (D), and (F) and in (C) and (E) are respectively
90 μmol m−2s−1 and 111 μmol m−2s−1.

Fig. 4(D)–(F) are obtained with the same size of the fluid chamber
(6 mm × 6 mm × 2.0 mm) and with the same reaction rate at the
patch, rpatch

m = 66 μmol m−2s−1. As the sheet width is increased,
the bending deformation of the sheets due to fluid flow becomes
less pronounced. Consequently, the magnitude of the linking
number that characterizes the degree of intertwining decreases
with the increases in ws (Figure S8, Supplementary Material; to
obtain self-rotation with an even wider sheet, we would need to
increase the size of the fluid chamber so that the bottom surface
can accommodate four sheets without overlapping.)

The interlinking and rotating of the sheets are sufficiently con-
sistent that it is observed with eight passive sheets in the chamber,
for two different reaction rates (Figure S9 and Movie S3, Supple-
mentary Material). At each reaction rate, the sheets self-assemble
into distinct interlinked configurations that spontaneously un-
dergo rotation. The self-rotation can also be achieved for differ-
ent shapes and sizes of catalytic patches. Figure S10 (Supplemen-
tary Material) shows the self-rotation of four passive sheets with
a square catalytic patch. Since the area of the square catalytic re-
gion is different than the circular patch, we tuned the reaction
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Fig. 4. Self-rotation of passive sheets of different lengths and widths. (A)–(C) The configuration of the rotating state of the passive sheets of lengths
1.35 mm, 1.65 mm, and 1.95 mm are respectively shown in A, B, and C. The width of the sheet is 0.3 mm and the reaction rate of the patch is
rpatch

m = 78 μmol m−2s−1 The snapshots in (A)–(C) are at 108 min after the start of the chemical reaction. (D) and (E) The typical snapshot of the
rotating state of passive sheets of widths 0.3 mm, 0.45 mm, and 0.6 mm are shown in D, E, and F, respectively. The length of the sheet is 1.95 mm and
the reaction rate of the patch is rpatch

m = 66 μmol m−2s−1. The configurations of the assembly are at 167 min. The sizes of the fluid chamber in (A)–(C)
and (D) and (E) are 4 mm × 4 mm × 1.5 mm and 6 mm × 6 mm × 2.0 mm, respectively. Stretching and bending moduli of the sheet are κs = 60 pN and
κb = 2.25 pN mm2, respectively.

rate of the patch to obtain the self-rotating state. Furthermore,
the assembly and rotating behavior of the elastic sheets can be
altered by introducing a ring-shaped catalytic patch (Figure S11,
Supplementary Material). This collection of simulations indicates
that self-rotating behavior is robust and can be achieved with the
appropriate choice of reaction rate or elasticity of the sheets.

Self-rotation of chemically active sheets
The dynamic assembly and rotation of the sheets are altered
when the sheets are active, i.e., coated with catalysts. The rotat-
ing state of four catalase-coated elastic sheets is shown in Fig. 5A
(see Movie S3, Supplementary Material). Now, the fluid flow in the
chamber is generated by catalytic reactions on both the patch
and sheets. Hence, for a fixed bending and stretching moduli, the
state diagram (Fig. 5B) of active sheets can be controlled by vary-
ing reaction rate of the patch (rpatch

m ), as well as reaction rate of
the sheets (rsheet

m ). Since catalase-coated sheets also generate flow
in the chamber, the rpatch

m necessary to obtain the rotating state of
the assembly decreases with an increase of the reaction rate of the
sheet rsheet

m . Similarly, rpatch
m required for the transition from rotat-

ing state to nonrotating states (at which sheets follow convective
rolls and move irregularly) decreases with the increase of rsheet

m .
For higher reaction rates at the sheets (rsheet

m > 15 μmol m−2s−1),
the fluid flow in the chamber is sufficiently large in magnitude
that active sheets do not form stable rotating structures for all
values of the patch reaction rates considered here.

Unlike the case for passive sheets where clockwise or counter-
clockwise rotation is equally probable and cannot be controlled
a priori, the directionality of the rotation can be achieved by just
partially coating the sheets. Examples of this behavior are shown
in Fig. 5(C)–(F) and Movie S4 (Supplementary Material). The ini-
tial arrangement of the partially coated sheets in Fig. 5(C) (and
in Fig. 5E) breaks the rotational symmetry due to the patterning
of the sheets and subsequent asymmetry in the fluid flow (with
respect to the long axis of the sheet). Thus, the generated fluid
flow for the case in Fig. 5(C) always drives the sheets to assemble
into a right-handed helical structure (Fig. 5D), while the case in
Fig. 5(E) always yields the left-handed helical structure (Fig. 5F).
Hence, sheets always rotate in clockwise for the case in Fig. 5(C)
and counterclockwise for the case in Fig. 5(E).

Influence of different variables on the swirling of
the passive sheets
Recall that the dynamics of the passive elastic sheets depends on
a number of variables, such as reaction rate (rpatch

m ) and radius (R)
of the catalytic patch; initial concentration (C10) and diffusivity (D)
of the chemical; and density (ρs) and elastic properties (κs and κb)
of the sheet. We consider the size of the chamber and the sheets
to be fixed. By analyzing the effects of the individual variables,
we establish a dimensionless parameter that governs the dynam-
ics of the sheets. To facilitate this analysis, we characterize the
movement and reconfiguration of a sheet from its initial flat state
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Fig. 5. Self-rotation of chemically active sheets. (A) Fluid flow generated by four catalase-coated elastic sheets and the chemical pump drives the
elastic sheets into an interlinked configuration that spontaneously rotate. The reaction rate of the patch and sheets are respectively
rpatch

m = 78 μmol m−2s−1 and rsheet
m = 6.67 μmol m−2s−1. (B) State diagram of the chemically active sheets as a function of the catalytic reaction rate of

the patch, rpatch
m and catalytic reaction rate of the sheets, rsheet

m . Circle and square symbols represent the nonrotating and rotating state of the assembly.
(C)–(F) Partially coated sheets are used to achieve stable rotation in a particular direction. The initial positions of the partially coated sheets in (C) and
(E) always exhibit clockwise (D) and counterclockwise (F) rotation. The reaction rate of the patch and sheets in (C)–(F) are respectively
rpatch

m = 78 μmol m−2s−1 and rsheet
m = 2.67 μmol m−2s−1. Here, stretching and bending moduli of the sheets are the same as Fig. 1.

through the order parameter, zm, which is the maximum height of
the sheet over time (see Figure S1, Supplementary Material).

We examine the effect of the area of the catalytic patch on
the sheet dynamics by varying the radius of the circular patch,
R (while keeping all other parameters fixed). For a given reaction
rate at the patch (rpatch

m ), an increase in R enables the patch to cat-
alyze more hydrogen peroxide, leading to an increase in the mag-
nitude of the fluid flow. The increased fluid flow lifts the sheets
higher, resulting in higher values of zm for larger R (Fig. 6A). Con-
sequently, the magnitude of the fluid flow and the dynamics of the
sheets is regulated by the parameter rpatch

m R2 (Figure S12A, Supple-
mentary Material).

Since an increase in C10 effectively increases the chemical de-
composition by a factor of C10/(KM + C10), the parameter zm in-
creases with an increase of C10 for a constant rpatch

m (Fig. 6B). There-
fore, the parameter rpatch

m C10/(KM + C10) also plays a key role in reg-
ulating the dynamics of the sheets (Figure S12B, Supplementary
Material).

In addition to initial concentration, the diffusivity of the chem-
icals contributes in developing the solutal buoyancy force, and
hence the strength of the fluid flow. A more rapidly diffusing
chemical creates a lower chemical gradient (and lower solutal
buoyancy force) in the chamber. Therefore, the magnitude of the
fluid flow is lower with higher diffusivity and zm decreases with
an increase of D for a constant rpatch

m (Fig. 6C). If the x-axis (rpatch
m )

is rescaled with the parameter rpatch
m /D, then the order parameter

zm for different diffusivities collapse into one curve (Figure S12C,
Supplementary Material).

While the physical parameters characterizing the catalytic
patch (rpatch

m , R) and the chemicals (C0, D) determine the strength
of the fluid flow, which affects the upward motion of the sheets,
gravity acting on the sheets (which is proportional to the density
of the sheets) counteracts this upward motion. Figure 6(D) shows
that the maximum height of the sheets, zm, decreases with an in-
crease in the density of the sheets (for a fixed rpatch

m ). Therefore,
when the x-axis is rescaled to rpatch

m /(ρs − ρ0), curves involving dif-
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Fig. 6. Quantifying the effect of various physical parameters. (A) The maximum height of the sheet (zm), scaled with the height of the chamber as a
function of catalytic reaction rate of the patch, rpatch

m for different radius of the patch, R. All other parameters are kept constant (marked in the inset of
E). (B)–(D) The scaled order parameter (zm/H) as a function of rpatch

m for different initial concentration of the chemical (C10), the diffusivity of the
chemical (D), and the density of the sheets (ρs) are plotted in (B), (C), and (D), respectively. D = D1 is the diffusivity of the hydrogen peroxide. (E) When
the x-axis is rescaled to the dimensionless parameter, Ã (Eq. 7) all the curves in (A)–(D) roughly collapse into one single curve. Here, stretching and
bending moduli of the sheets are κs = 60 pN and κb = 2.25 pN mm2, respectively.

ferent sheet densities collapse onto a single curve (Figure S12D,
Supplementary Material).

The above observations reveal that the dynamics of elastic
sheets (of the constant elastic modulus) effectively depend on two
competing forces: the solutal buoyancy force and the gravitational
force. The ratio of these two forces yields a dimensionless param-
eter that governs the dynamics of the sheets (see Supplementary
Information for details)

Ã = ρ0β1R2rpatch
m C10

bD1 (ρs − ρ0) (KM + C10)
, (7)

where b is the thickness of the sheet. If the order parameter for
various control parameters is plotted with respect to dimension-
less parameter, Ã, then all the data roughly collapse into one mas-
ter curve (Fig. 6E). The resulting master curve quantifies the effect
of the different control parameters and provides insight into the
competing forces acting on in the system. Namely, to obtain the
upward motion of the sheets, the viscous stresses generated by
the fluid flow must be greater than the gravitational force acting
on the sheets.

The generated viscous stresses also compete with elastic forces
associated with the bending of the sheets. The corresponding di-
mensionless ratio for a sheet with flexural rigidity B is given by
(see Supplementary Information)

B̃ = BD1 (KM + C10)

l2s wsρ0β1R2rpatch
m C10

. (8)

The typical values of the dimensionless parameters corre-
sponding to the simulation of Fig. 1 are Ã = 8 and B̃ = 0.0002.

Discussion
In summary, we demonstrated the spontaneous self-organization
of millimeter-sized elastic sheets into interlinked, helical struc-
tures that undergo autonomous rotation. This distinctive behavior
is due to the solutal buoyancy mechanism, where catalytic reac-
tions on the bottom of the chamber (and on active sheets) gener-
ated density variations in the solution. The density variations pro-
duced a solutal buoyancy force that drove the fluid flows, which
exerted forces on the flexible sheets. The sheets in turn exerted
a force on the fluid. This dynamic feedback and the placement of
the sheets around a central catalytic pump gave rise to the self-
organization and rotation of the spiral assembly. The entire pro-
cess involved biomimetic chemo-mechanical transduction as the
chemical energy released from the reaction was converted into
mechanical motion.

The interlinking of the sheets into 3D spiral structures can also
be viewed as biomimetic, since the 3D spiral resembles a com-
mon motif in nature, from the assembly of DNA to the coordinated
movement of cilia and flagella. Notably, the isolated sheets do not
undergo rotational motion; rotation was observed only when the
sheets were interlinked. The latter property is distinct from the
typical behavior for synthetic self-organized microrotors, where
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the individual components typically spin and have intrinsic angu-
lar momentum (44, 45). In contrast, the individual flexible sheets
in our system do not generate torque.

The rotational motion of the interlinked sheets was sensitive
to several variables. To determine the role of these different vari-
ables, we established the ratio of parameters and identified di-
mensionless numbers that characterize the system’s behavior. Ex-
pressed in terms of these dimensionless numbers, we can relate
the numbers used in our simulations to the relevant range of
physical values and thereby guide future experimental studies.
For example, the magnitude of the flow velocities is characterized
by the ratio of the solutal buoyancy to viscous forces, expressed
as a dimensionless Grashof number, Gr = gβ1cL3/ν2, where β1 is
the coefficient of solutal expansion, and c is the characteristic
chemical variation across the domain. In our studies, the assem-
bly and rotation of the structures were observed for Grashof num-
ber ∼2.6 × 102. Alternatively, the flow can be characterized by
the Reynolds number, Re = uR/ν, and Peclet number Pe = uR/D1,
where R = 0.5 mm is the radius of the catalytic patch, and u =
33 μm/s is typical fluid velocity in the chamber. In our simula-
tions, the typical Reynolds number and Peclet number are respec-
tively 0.016 and 11.5.

The elastic properties of the sheet are characterized by the di-
mensionless flexural rigidity, B̃ (Eq. 8), which is the ratio of the
bending stress to the viscous stress. The typical dimensionless
flexural rigidity of the sheet considered in this study is ∼0.0002.
There in fact exist both synthetic and biological thin films that
exhibit a flexural rigidity comparable to sheets in our model and,
therefore, these materials could enable experimental realization
of the assembly. For example, ultrathin flexible sheets of function-
alized nanoparticles (NPs) (46, 47), photo-crosslinkable polymer
films (48, 49), and sheets composed of oleosin surfactant proteins
(50) can be utilized to form chemically active sheets by incorpo-
rating catalysts (49, 51) into these films.

The relative importance of the solutal buoyancy force relative
to the density of the sheets is characterized by the dimensionless
parameter Ã (Eq. 7). The typical range of dimensionless parame-
ters Ã used in our simulations was ∼2 − 12.

Finally, this self-rotating system does not require any external
input of electrical or mechanical energy. It can be instigated by
adding a chemical reactant to the solution; once the reactant is
consumed, the rotary motion can be maintained by adding more
reactant. Hence, the design concepts presented here can be use-
ful in creating soft robotic structures that display self-sustained
action or motion (52). The self-linking, self-oscillatory systems
presented here provide guidance for developing autonomous soft
robots (53) that operate in solution and can work without any ex-
ternal source of energy. Additionally, the self-assembly of elastic
sheets into 3D complex structures by chemically generated fluid
flow provides new modes of dynamic self-organization.

Methods
The continuity and Navier–Stokes equations (Eqs. 1 and 2) are
solved using the lattice Boltzmann method (LBM) with a single
relaxation-time D3Q19 scheme (54). A finite difference approach
with a forward-time central-space (FTCS) scheme is used to solve
the equation for advection, diffusion, and reaction of the chemi-
cals (Eq. 4). The boundary condition for the fluid flow at the confin-
ing walls of the chamber satisfies the no-slip boundary condition
(u = 0). For the concentration of chemical Ci, we use two differ-
ent boundary conditions: (i) no chemical penetration through the
walls, ∂Ci

∂n̂ = 0, and (ii) the walls are coated with enzyme and take

part in the catalytic reactions, −Di
∂Ci
∂n̂ = rpatch

m Ci
KM+Ci

. Here, n̂ is surface
normal pointing into the fluid domain.

The immersed boundary (IB) approach is used to capture the
fluid–structure interactions between the elastic sheet and fluid
(37, 55). Each node of the elastic sheet is represented by a sphere
with effective hydrodynamics radius a that accounts for a fluid
drag characterized by the mobility M = (6πμa)−1, where μ = νρ0 is
the dynamic viscosity of the fluid. The forces exerted by the nodes
of the elastic sheet on the fluid, calculated using the IB method,
provide zero fluid velocities at the discretized nodes of the elastic
sheet. Therefore, the IB approach approximates no-slip conditions
for the fluid velocities at the nodes. The separation between the
nodes of the sheet is sufficiently small that there is no fluid per-
meation through the nodes constituting the sheet. Since the elas-
tic sheet in our model is composed of one layer of the nodes, the
effective thickness of the elastic sheet (b) is equal to the diameter
2a of a single node. We keep the thickness of the sheet constant
and vary the elastic moduli to alter the mechanical properties of
the sheet.

The velocity field u(ux, uy, uz) computed using the LBM method
at each time step of the simulation is used to advect the chem-
ical concentration (Eq. 4) and to update the position of nodes of
the elastic sheet (Eq. 3). The updated concentration field is then
used to determine the buoyancy forces in Eq. 2. The time step size,
�t, in the simulation is 1.67 × 10−3 s. The sizes of the computa-
tional domain are 42�x × 42�x × 17�x and 62�x × 62�x × 22�x,
where the lattice Boltzmann unit �x is 100 m. The physical dimen-
sion of the simulation box corresponding to each figure is given in
Table S4 (Supplementary Material). The hydrodynamic radius of
the node, a is taken as 1.3�x. In the discretization of the elastic
sheet, the distance between two nearest neighboring nodes is set
to 1.5�x. The dimensions of the elastic sheets and catalytic patch
are given in Tables S3 and S4 (Supplementary Material).

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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