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Capillary ratchets activated by interfacial flows for
versatile torque generation and microassembly

Zhe Li'?, Keliang Liu’, Lida Pan’, Zhangyuan Cheng3, Shuxian Li?, Chengchen Guo?,
Jan G. Korvink®, Jiadong Li'*, Yongbo Deng**, Zongmin Ma**, Cheng Zeng'*

Chiral microstructures exhibit distinctive mechanical, electrical and optical properties, but reliable methods to
generate unidirectional rotation with precise control remain limited. Previously, Zeng et al. developed “capillary
machines,” macroscopic machines with hollow channels that braid microscale wires into specific topologies using
interfacial capillary forces. Here, we report a versatile ratcheting mechanism that is flow rate dependent. Under
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high-flow rate conditions, robust unidirectional rotation of the floating object is generated by the interplay be-
tween interfacial flows and capillary forces. Simulations reveal that interfacial flows depend on the actuation di-
rection, leading to the observed hysteresis. Leveraging this principle, we successfully braid multiple microwires
into a hierarchically twisted bundle without destructive torsion. By coupling interfacial hydrodynamics with geo-
metric design, this approach establishes a scalable strategy for fabricating delicate chiral architectures, opening

transformative paradigms in interface-mediated microassembly.

INTRODUCTION

The controlled generation of unidirectional rotation underlies fun-
damental processes across biology, physics, and engineering, from
bacterial propulsion by flagellum (I, 2) and viral genome packaging
by molecular motors (3, 4) to the work cycles of engines (5). Recent
years have witnessed an explosion of research interest in harnessing
external energy to precisely control unidirectional spin of micro-
and nanomachines (6-9). Interfaces provide a natural platform for
such conversion because they confine the motion of objects to two
dimensions through pinning (10). By applying imbalanced in-plane
forces, torque can be generated.

A number of interfacial strategies for unidirectional rotation gen-
eration have been developed in recent years. Spinners with polar de-
signs can be fueled by chemical approaches such as bubbles generated
from catalytic reactions (11-13) or Marangoni flows produced by
dissolution of surfactants (14, 15). Such chemical propulsion strate-
gies are applicable to a wide range of systems, from colloidal particles
(11) to macroscopic spinners (14). Yet chemical reactions are funda-
mentally spontaneous, thus difficult for active control, and ultimately
limited by reactant consumption. Physical approaches, including the
use of electric fields (16, 17), optical fields (18), magnetic fields (7, 19),
and waves (8) offer more interactive and programmable routes to
create ratchets but often require complex setups.

Capillary forces, which scale linearly with the length of the contact
line, are an important driving force for manipulation and assembly
across length scales (10). Capillary actions have long been used for
adaptive assembly (20-22) and active transportation (23-29). Late-
ly, capillary repulsion is emerging as a versatile, noncontact, and pre-
cise micromanipulation method (30-34). Since they originate from
the tendency to minimize interfacial deformations, capillary forces are
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intrinsic to the interfaces (10, 35). Thus, the object to be manipulated
does not need to be responsive to external fields, which is typically re-
quired in some other contactless manipulation methods (36-38).

Zeng et al. previously invented “capillary machines:” simple 3D-
printed devices that have hollow channels to shape the meniscus at
the air-water interface and precisely control the position, orienta-
tion, and interplay of floating objects (the “floats”) across length
scales via repulsive capillary forces (30, 32). When placed at the air-
water interface surrounded by the channel wall, the float has one or
multiple locations and orientations that minimize the surface ener-
gy. By prescribing the channel boundary, the capillary forces applied
onto the float(s) can be programmed to achieve object manipula-
tion. Taking advantage of contact angle hysteresis, the team further
realized a “capillary ratchet” that converts the cyclic vertical motion
of the device into net unidirectional rotation of the float. The behav-
ior of the float has been described to satisfaction by a quasi-static
model that assumes the float is always in an equilibrium configura-
tion at any given water level.

Here, we present a previously unknown regime: A capillary ratchet
that is activated by interfacial flows. For this class of machines, ratch-
eting effect emerges only when the device is actuated rapidly across
the air-water interface. Interfacial flow created at such high speed de-
viates the float rotation from a quasi-static fashion, thus breaking
time-reversal symmetry and generating torque efficiently. We harness
this phenomenon for hierarchical twisting of microfibers that resem-
ble the configurations of Litz wires (39-41). Notably, the symmetry
breaking happens within the same channel, making this approach
suitable for efficient twisting without introducing lateral tension from
the fibers. Beyond revealing a mechanism for unidirectional rotation,
this approach opens pathways toward future delicate interfacial ma-
nipulation, force measurement, and assembly.

RESULTS

Conversion of vertical channel motion into in-plane

float motion

Our aim is to manipulate floating objects in a dynamically programmed
fashion by applying repulsive capillary forces via an evolving boundary.
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To this end, we design devices with hollow channels of varying bound-
ary shapes over the vertical direction. We use 3D printing to fabri-
cate the plastic devices and plasma treatment to render the channel
surface hydrophilic. The device is then placed in a water bath, where
the meniscus near the boundary curves up. By controlling the wet-
tability of the float, repulsive capillary forces arise between the
boundary and the float (10, 35), which determines the position and
orientation of the float.

When the device is actuated vertically, the meniscus moves to
different levels inside the channel and thus varies its shape. This cre-
ates dynamic repulsive capillary forces that move the floats. To actu-
ate the device vertically, we build a motorized actuation apparatus
(Fig. 1, A and B). The 3D-printed device is mounted to the stage and
placed in the water bath. The vertical movement is controlled by a
programmable electric motor.

The cross section of the float used here takes the shape of a wind-
mill toy. The device is also custom designed to have a central channel
with the same windmill-shaped horizontal cross section that is linearly
scaled up from the float. By design, the channel takes a helical shape:
The cross section of the channel is rotated along a vertical centerline by
180° over the height of the device (Fig. 1C). When partially filled with
water, the air/water interface will assume the shape of the device wall at
that water level. The interface can be approximately considered to have
a windmill shape that curves up along its periphery to wet the hydro-
philic device wall. In reality, the three-phase contact line does not re-
main in the same horizontal 2D plane due to pinning, yet we have
previously used a 2D approximation of the contact line, which leads to
a satisfactory agreement with experimental observations (30).

We place a 3D-printed float of the same plastic material at the air-
water interface. As the plastic is denser than water, the float pins the
interface down and the water-plastic contact angle appears greater
than 90°. The float is thus trapped at the center of the channel thanks
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to capillary repulsions (35). When a windmill-shaped float is placed
at the interface, its equilibrium orientation aligns with the channel
wall (Fig. 1B, inset).

We rotate the float by vertically actuating the device across the
air/water interface in a programmed fashion. When the meniscus
adapts to the channel boundary at a new height, the capillary repul-
sion increases. Therefore, a torque is generated on the float and ro-
tates it. We mark the float with red and blue regions for visualization
purposes. For each given program, we track the vector connecting
the center points of the red and blue regions so that the rotation
angle can be plotted as a function of time (Fig. 1D).

In a typical program, the starting point is a low position where
most of the device is submerged under the interface except the top
approximately 1 mm. The device is then moved up to a position where
only approximately 1 mm at the bottom of the device remains in
water, held for up to 10 s for the float motion to stabilize, moved
back down to the starting point, and held for another few seconds to
complete one cycle. We also let the system run continuously and re-
cord data over multiple cycles for statistics.

The capillary ratchet activated by interfacial flows
We first operate the device for one cycle at a vertical speed of 160 mm/
min and observed reversible float rotations (Fig. 2A and movie S1).
The float displays a quasi-static behavior: It rotates by close to 180°
at a steady rotation rate when the device moves up and reverses that
process when the device moves down. The total helical design of the
channel is 180°, and the float rotations deviate slightly from 180°
and —180° because the channel height is not fully used in the ex-
periment. We tracked the rotation angle (@) over time and observed
zero net rotation after one cycle is complete.

A ratchet (i.e., a net rotation in one cycle) emerges with the same
float and device at a vertical actuation speed of 4800 mm/min (Fig. 2B

to

Device
to—

O

Repulsion

Angle tracking

@) («

Fig. 1. Design and operation of the apparatus. (A) A 3D rendering of the actuation apparatus, including a motorized stage, a camera for video recording, a sliding
module, a fixture to hold the device, and a water bath. (B) A photo of the setup. Inset: a device mounted on the fixture and placed in the water bath with a float at the
center of the interface. We design mounting holes as anchoring points on the outside of each device and use spring-loaded stainless-steel pins to fix the device while
actuating its vertical motion. (C) The device is designed with an open helical channel that has a windmill-shaped cross section at any height. The windmill shape is evenly
rotated along its height for a total of 180°, as depicted by the cross sections. A float with the same windmill-shaped cross section is shown as an example. (D) At any given
time t,, with a given static device boundary, the float rests at a referred orientation. As the boundary rotates, repulsive capillary forces (shown in orange arrows) arise,
which generate a torque on the float. The float eventually equilibrates to a new orientation. We mark two opposite sides of the float in red and blue respectively so that
the float rotation angle (¢) can be tracked as a function of time by the digital imaging system.
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Fig. 2. The ratcheting effect activated by high actuation speeds. (A) Snapshots of a rotating float (top) and its rotation angle over time (bottom) in one cycle at a low
actuation speed. The device is moved up at a speed of 160 mm/min (highlighted by light blue background), held for 10 s, and then moved back down to its origin at the
same speed (highlighted by light green background). The float follows the rotation of the windmill-shaped cross section of the device and shows 0 net rotation in one
cycle. Scale bar, 5 mm. (B) Results of a float at a high actuation speed. The device is moved up at a speed of 4800 mm/min (highlighted by light blue background), held for
10 s, and then moved back down to its origin at the same speed (highlighted by light green background). The float shows a delayed rotation and an “overshoot” in rota-
tion angle in the first half. (C) More angle tracking data at varied speeds. A clear time reversal symmetry breaking is observed when the speed is increased from 1600 to
2400 mm/min. (D) The average rotation angle from 10 individual cycles plotted with respect to actuation speed. Error bars represent the standard deviation. Device move-
ment direction (up or down) is also marked by color. A shift from 180° to 360° is observed for the up cycle, and from —180° to 0° is observed for the down cycle. Collec-

tively, they lead to the increase in net rotation angles.

and movie S2). Unlike the previous case, the time-reversal symme-
try is broken. When the device moves up, the float rotation “over-
shoots”: It rotates by approximately 360°, while the channel only has
180° in the helical design. Such overshoot has not been observed in
previous capillary machines. In addition, the rotation continues af-
ter the device motion, as highlighted by the blue background shad-
ings in the figure, has stopped. On the contrary, when the device
moves down, the float rotation “undershoots”™: It oscillates but does
not show a net rotation, insensitive to the helical design. To this end,
we have successfully created a flow-dependent ratchet in which in-
ertia plays an important role.

Both the “overshoot” in angle and delayed response in rotation
suggest that the system can no longer be described by the quasi-
static approximation. Our hypothesis is that the float behavior is the
result from capillary forces coupled with the flow field generated in
the high flow rate regime.

Speed is a key control knob to the transition in regime. We further
study the impact of speed with more granularity (Fig. 2C). By plotting
out the angle versus time curves, we observe no net rotation in one
cycle up to an actuation speed of 1600 mm/min. Beyond this speed,
the float rotates more on the up stroke and less on the down stroke,
which collectively lead to the breaking of the time reversal symmetry.

Lietal, Sci. Adv. 12, eaed5495 (2026) 3 July 2026

For statistics, we track the floats over 10 cycles, and summarize the
average forward and backward rotation angles and the standard de-
viations (Fig. 2D). A clear transition from reversible to ratchet is again
observed at the speed of 1600 mm/min, despite that the rotation angle
under the same conditions is not always identical. In addition, all ro-
tation angles are close to multiplies of 90°, in agreement with the C4
rotational symmetry of the windmill-shaped cross section.

On a static interface, i.e., when the actuation rate is zero, the float
orientation is purely set by the capillary force balance. This is also
true at low actuation rates, when the meniscus can be treated quasi-
statically (30). Thus, the float orientation aligns with the channel
cross section. However, when the actuation rate exceeds 1600 mm/
min, the float rotation angle no longer aligns with the channel, al-
though it still stops at an equilibrium orientation that matches the
channel orientation when the device motion ends. It is thus tempt-
ing to assume that the symmetry breaking at high actuation rate is
due to interfacial flows that overcome capillary forces.

We rationalize the regime transition from the low speed to high
speed conditions by analyzing the relevant dimensionless numbers:
the Reynolds number (Re), Weber number (We), and capillary num-
ber (Ca) for all situations. A characteristic length L = 17 mm, aver-
aged from the inner and outer diameter of the channel cross section,
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is used. Properties of water under room temperature are used, includ-
ing dynamic viscosity p = 0.89 X 107> Pa - 5, density p = 997 kg/m?>,
and surface tension coeflicient y = 72.8 mN/m. The actuation speed
of the stage is used as the characteristic velocity V. The results are
summarized in table S1.

Reis defined as Re = 22X, On the basis of the calculations, it ranges

from 50.7 to 1521.6, when the speed increased from 160 to 4800 mm/
min. The relatively high Re suggests that inertial forces dominate over
viscous forces.

We further calculate We, which represents the relative strength
between capillary forces and inertial forces. Under the 160 mm/min
actuation, We is 8.6 X 1073, which is small and capillary force domi-
nate. At 1600 mm/min where we start to see the transition experi-
mentally, We is 0.086, two orders of magnitude higher than the case
above. At 4800 mm/min, which is the hlghest speed tested, We is 0.775,
close to the order of unity. Since We = 2%, it increases quickly with
respect to the characteristic velocity.

We note that the transition of regime happens below We = 1. This
is because of the simplified choice of the characteristic dimension
used for calculations. The channel geometry can contribute to the
critical transition value of We. The helical channel structure is not
well described by the dimensionless number calculations, yet it plays
a critical role in promoting interfacial secondary flows. The contri-
bution from this geometric effect helps the system to overcome the
surface tension effects at a We smaller than 1.

The hysteresis is not unique to the specific operating parameters
mentioned above. The pause time between the up strokes and down
strokes can be tuned. We observe this hysteresis under varied pause
times, albeit more variations are observed among the repeated tests
when the pause time is reduced to zero (fig. S1). It is also interesting to
note that the up stroke and down stroke are independent (fig. S2). For
instance, it is possible to operate the device in the quasi-static regime
on the up stroke and in the ratcheting regime on the down stroke. On
the way up, the float will show a 180° rotation as in Fig. 2A; on the way
down, the float will show a 0° rotation as in Fig. 2B. This feature allows
tunable rotation angles from each cycle via controlled operations.

Interfacial flow simulations

For a deeper understanding on the origin of the ratcheting effect, we
further simulate the dynamic evolution of the liquid/vapor interface
at the center of the device channel during its vertical motion. The
fluid flow is simulated without the float to avoid the high computa-
tional cost and numerical errors caused by the moving mesh arisen
from the float motion. Nevertheless, simulations of the fluid per se
would provide valuable insights on the interfacial flows, which are
critical to the symmetry breaking. We use the phase-field method to
analyze the interfacial flow because it enables accurate capture of the
evolution of two-phase interfaces and is widely applied to track the
diffuse interface between immiscible fluids.

We use the Navier-Stokes equations to resolve mass and momentum
transport in the central channel fluid, while also accounting for the
non-negligible effects of surface tension in this system. The Navier-
Stokes equations can thus be expressed as

P+ p(u- Vyu=

where pis the fluid density (kg/m?), jt is the dynamic viscosity (N-s/m?),
u is the velocity field (m/s), p is the pressure (Pa), I is the identity

V- [-pI+p(Vu+ (Vo)")] + Fy+pg (1)
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tensor, g is the gravitational acceleration vector (m/s”), and Fis the
surface tension force acting at the liquid/vapor interface.
The surface tension force is defined as

F = odxn (2)
where n is the unit normal to the interface, ¢ is the surface tension
coeflicient (N/m), k = —V - n is the curvature, and 8 is the Dirac

delta function, which is nonzero only at the interface.
To enforce the contact angle at solid boundaries, an additional
boundary force was included

Fy =08 (1, -n — cosd,, )n (3)

where 8 is the prescribed contact angle and n,,; is the unit normal to the
wall. For strictly no-slip boundaries, the velocity at the wall vanishes and
the contact angle cannot be explicitly imposed, while the interface
remains pinned. Allowing for finite slip permits the specification of a
contact angle. This feature was implemented using a wetted wall cou-
pling condition, which constrains the wall-normal velocity component

Myl = =0 (4)
In addition, a frictional boundary force was applied
p
F,=—--u
f B €)

where f is the slip length, chosen to be equal to the mesh element size.
Through this boundary condition, the equilibrium contact angle 6 be-
tween the fluid interface and the solid wall could be prescribed.

The two-phase flow dynamics are governed by the Cahn-Hilliard
equation, which we use to track the diffuse interface between two
immiscible fluids. The interface is defined by the variation of the
dimensionless phase-field variable ¢ from —1 to 1. For numerical
implementation, the Cahn-Hilliard equation is split into two cou-
pled equations

¢

— +
ot

YA

u-Vo=V- =Vy (6)

W= -VeelVh+ (o7 - 1)d )
where u is the fluid velocity (m/s), y is the mobility (m3-s/kg), Ais the
mixing energy density (N), and & (m) is the interfacial thickness pa-
rameter. The auxiliary variable y is introduced for computational
convenience. The relation between the mixing energy density, inter-
facial thickness, and the surface tension coefficient ¢ is given by

_2V2a

(8)
€

Typically, the interfacial thickness parameter is set as € = h_/2,
where h_is the characteristic mesh size across the interface. The mo-
bility y controls the timescale of Cahn-Hilliard diffusion and must
be carefully chosen: It should be large enough to maintain the inter-
facial thickness but sufficiently small to avoid excessive suppression
of convective effects. A common initial estimate is y = €2. In this
model, we use a relatively large mobility to ensure correct pressure
variations across the interface.

Within the phase-field framework, the volume fractions of the two
fluids are defined as =6

Vf1=_

. ©)

40f13

9202 ‘¥T 3nbny uo AriqiT 1M T Bioadus10s mmm/:sdny wouy papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

1+9

> (10)

sz =

Here, we define air as fluid 1 and water as fluid 2. The density (kg/
m®) and viscosity (Pa-s) of the mixture are smoothly interpolated
across the interface using
pw) Vf 2

p=py+ (Par — (11)

H=Hy + (pair - uw)VfZ (12)
where subscripts w and air denote the properties of water and air,
respectively.

We specify the boundary conditions as follows: The bottom and
sidewalls of the container are defined as wetted boundaries, while the
top surface is set as a zero-pressure boundary. The lower half of the
container is initially filled with water to represent our experimental
conditions. The device walls are also treated as wetted boundaries,
with a prescribed contact angle imposed at these surfaces. Note that
this contact angle is varied depending on the device moving direc-
tion to represent the dynamic contact angles. We use a small receding
contact angle and a large advancing angle to closely mimic the ex-
periments. Furthermore, the device is implemented with a moving
mesh to reproduce the experimental procedure with high fidelity.

We perform numerical simulations for both upward and down-
ward strokes of the device actuated across the liquid/vapor interface at
4800 mm/min, yielding the corresponding fluid flow fields at the
channel center (Fig. 3A and movie S3). A clear hysteresis is observed.
On the up stroke, a counterclockwise vortex builds up over time on
the interface (Fig. 3B), in agreement with the observed “overshoot”
On the down stroke, however, the interfacial flow is concentrated at
the four corners while the central part of the interface shows nearly
zero flow (Fig. 3C). In addition, a close-up check will show that the
arrows close to the corners are curved downward, suggesting that the
interfacial flow turns into the axial flow. The results are in alignment
with the “undershoot” Collectively, we observe the hysteresis from
the interfacial flows which resemble the float behavior.

The simulation results are also supported by flow visualization
with tracer particles dispersed at the interface (movies S1 and S2). In
the steady state, the particles form a cluster at the center of the me-
niscus due to capillary attraction. We then move the device at same
rates as the conditions of the float experiments. At low actuation
speeds, particles rotate collectively as a cluster both on the up and
down strokes. At high actuation speeds, the cluster shows rapid ro-
tation when the device is moved up and almost no rotation when the
device is moved down, closely resembling the hysteresis observed in
float experiments.

The simulations reveal a flow field that shows radial variations.
We further test floats at increasing diameters while keeping thick-
ness and material unchanged. We observe an increase in cumulative
rotation angle for diameter up to 10 mm, beyond which the angle
drops (Fig. 3D and movie S4). We further plot the average rotation
angle and the variations from the individual cycles (Fig. 3E) and ob-
serve the same trend as Fig. 3D. Such results qualitatively resemble
the flow field obtained from our simulation results. For the up stroke,
a major vortex dominates within 10 mm, and flow rate increases with
the distance from the center. Above 10 mm, the vortex is strongly

Lietal, Sci. Adv. 12, eaed5495 (2026) 3 July 2026

distorted by the boundary. In addition, the corner flows on the down
stroke start to play a role, leading to clockwise rotations. Therefore,
the flow produces maximum acceleration to the float up to 10 mm.

Further simulations will be necessary to quantitatively predict the
float behavior, which is beyond the scope of this work. Nevertheless,
the simulations here provide a simplified view of the origin of the
hysteresis to a reasonable degree.

On the basis of the experimental and computational evidence, we
conclude that the hysteresis originates from interfacial flows. In the
reversible regime, the actuation rate is small and the We is on the
order of 10™* to 1072 In this case, capillarity dominates, and the float
rotates alongside the channel boundary. In the ratcheting regime, the
actuation rate is large and the We is greater than the order of 1072,
The helical channel wall also exerts a driving force to the fluid. De-
pending on whether the channel moves up or down, the tilted helical
wall of the channel promotes or suppresses the secondary flow at the
interface. Furthermore, the contact angle depends on whether the
device moves up or down. The chiral design of the helix, together
with the contact angle hysteresis, breaks the time reversal symmetry.
The ratcheting effect is more pronounced at higher actuation speeds
potentially due to greater contact angle hysteresis (42).

Generalization of the flow-activated capillary

ratchet mechanism

The ratcheting effect is not unique to the windmill shaped channel
and float. Instead, it can be generalized to a wide range of channel
and float designs. We design floats to represent multiple levels of sym-
metry, from circle (with an infinitely high rotational symmetry), to
square and windmill (with a C4 symmetry), to triangle (with a C3
symmetry), to rectangle and track (with a C2 symmetry). All floats
share the same circumscribed circle.

Using the previous windmill channel, we first show that the ratch-
eting effect can be reliably reproduced for all other shapes of floats
tested. In all cases, ratcheting occurs for 10 consecutive cycles. The
windmill float has also been placed in a mirrored configuration and
maintained the ratcheting behavior (fig. S3). Note that the selection
of the float strongly influences the net rotation angle (Fig. 4A and
movie S5).

The float with the highest rotation symmetry, the circular float,
shows the highest cumulative rotation among all float configura-
tions. The windmill-shaped float that matches the channel cross-
section geometry shows the second largest cumulative rotation.
Among the rest of floats, the triangle and the rectangle show greater
net rotation than the square and the track.

We further isolated the angle versus time curves from each indi-
vidual cycle (fig. S4). While the channel has a 180° rotation by de-
sign, all types of floats show an “overshoot” on the up stroke, and an
“undershoot” on the down stroke. Most floats show rotation angles
close to multiples of 90°, consistent with the four-quadrant design of
the windmill-shaped channel cross section. The triangle has more
varieties of final orientations due to its symmetry mismatch from
the channel cross section.

In addition, we see multiple regimes on the curves. On each up
stroke, the initial quick counterclockwise rotation is always followed
by a “snap” event, which is a brief clockwise rotation. After that, the
float oscillates until it reaches the equilibrium rotation angle.

The overshoot/undershoot and the snap/oscillation events are
shape dependent. For the circular float, the initial spin is relatively
gradual, followed by a long snap event and oscillations with a small
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Fig. 4. Generalization of the ratcheting mechanism to alternative float and channel designs. (A) Floats with varied shapes are tested in a windmill-shaped channel,
as depicted in green background. Rotation angles of the floats are tracked over 10 cycles and plotted cumulatively with respect to time. In each cycle, the device is moved
up at a speed of 3200 mm/min, held for 10 s, moved down at the same speed, and held for another 10 s. While a ratcheting effect is observed for all floats, the degree of
rotation is highly dependent on the shape of the float. (B) Channels with varied cross sections are used to actuate a windmill-shaped float, as depicted in blue background.
The devices are actuated using the same program for 10 cycles, and the angle tracking data are plotted. Substantial rotation is observed for all cases except a circular
channel cross section. (C) A table summarizing whether the ratchetting effect can occur (open black circles) or not (brown crosses) under arbitrary combinations of float

and channel shapes.

amplitude. For all other floats, the initial rotation is faster, and the
snap/oscillation is more pronounced.

We believe the following factors contribute to the shape-dependent
rotation results: (i) how the float interacts with the boundary via
capillary forces and (ii) how the float perturbs and couples with the
flow field. Tentatively, we think that the circular and the windmill
floats show the relatively largest rotation because their effective cou-
pling with the flow field. Moreover, the circular float has the weakest
coupling with the boundary via capillary forces thanks to its high
symmetry. Thus, it is the least decelerated float by capillary repul-
sion, as demonstrated by the small snap and oscillations. The cumu-
lative rotational angle is likely a compound effect from multiple
factors. Thus, a universal quantitative explanation to the rotation angle
is challenging.

We believe that the initial and final orientation of the float is set
by capillary-driven alignment between the float and the channel
cross section. Such capillary repulsion sets multiple minimum en-
ergy orientations separated by energy barriers in between. A static
experimental analysis is performed to confirm the preferred orien-
tations of floats (fig. S5). Therefore, although interfacial flows can
drive the float to overcome energy barriers and overshoot, once the
channel motion stops, the float is decelerated by such barriers which
lead to the snap and oscillation events. The float eventually stops at
an orientation that satisfies the shape alignment with the channel.

We further illustrate this angle-dependent energy landscape by
simulations. In the dynamic simulations reported in the previous
section, the float is omitted. Here, we perform static simulations with
the float to better understand the interactions between the bound-
ary and the float via capillary forces. The simulations are adapted
from the previously reported general framework (30) to include the
more complicated geometry used in this study. In brief, we scan the

Lietal, Sci. Adv. 12, eaed5495 (2026) 3 July 2026

float at rotation multiple angles relative to the channel and calculate
the energy of the system in each state. The simulations show an en-
ergy landscape that has a period of 90°, with minima that closely re-
semble the preferred orientations observed in experiments (fig. S6).

We expected floats with low symmetry to have certain preferred
orientations and thus align with the channel wall when the device
stops. However, the fact that the circular float also rotates by multi-
ples of 90° is highly unexpected. In previously reported capillary ma-
chines, the float orientation is set by capillary-force-driven geometry.
Following this principle, the capillary force acting on a circular float
should be independent of its orientation due to its infinite rotational
symmetry. Yet, we have shown that the circular float does have pre-
ferred orientations by repeatedly disturbing the float by tweezers
and recording its equilibrium orientation (fig. S7). We have tested
circular floats manufactured by 3D-printing (using two different
resins) and computer numerical control (CNC) machining, and re-
produced the same result. The preferred orientation for circular floats
is likely caused by minor imperfections in float manufacturing that
dominate the local three-phase contact line.

Optical and scanning electron micrographs confirm the existence
of the microscale imperfections (fig. S8A). We also image the con-
tact line with optical methods to demonstrate nonuniform pinning
around the periphery. From optical imaging, we see reflections from
certain locations of the interface near the edge of the float, sugges-
tion high curvature regions due to pinning. From optical profilom-
etry, we also observe abrupt height changes near the pinning sites
(fig. S8B). As an additional test, we intentionally fabricate a float
with a prescribed pinning site, a small 0.2-mm hump on the edge of
a disk (7). Reflection from the interface confirms pinning at that
point. This float also shows a clear orientation preference and ratch-
eting effect (fig. S9).
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In addition to floats, we further generalize this mechanism to dif-
ferent channel designs. The same set of shapes is used for the chan-
nels, in combination with a windmill-shaped float (Fig. 4B). The
strongest ratcheting is observed for the triangle channel, followed by
windmill, track, and rectangle. The ratcheting effect breaks down in
the channel with a circular cross section. The curves from individu-
al cycles are again plotted separately (fig. S10 and movie S6), and
similar characteristics are observed as the previous curves.

In addition, we have tested all possible channel-float combina-
tions generated from the six types of fundamental shapes. We suc-
cessfully demonstrate the ratcheting effect in almost all scenarios.
The only exception is a cylindrical channel with a circular cross sec-
tion, in which case no helical structure exists. We perform control
experiments with the cylindrical channel and confirm no ratcheting
effect regardless of actuation rate (fig. S11). The helical channel de-
sign is clearly vital for the ratchet.

We summarize the results in a table (Fig. 4C). Such results prove
the versatility of our flow-activated ratcheting mechanism and enables
flexible channel/float designs to meet application-specific needs.

We consider size as another key factor, in addition to shape. Scal-
ing is critical for the application of the mechanism. To explore direct
applications in the microscale, we miniaturize the channel and the
float. The windmill-shaped device is downscaled to 30% of its origi-
nal size to accommodate the small floats. We test two floats that are
smaller than the ones mentioned above: (i) a 3D-printed circular float
with a 2 mm diameter (fig. S12) and (ii) a Si cuboid which has a
131 by 272 pm cross section, cut from a wafer (fig. S13). Note that
the surface area of the Si cuboid float is approximately 0.5% of the
smallest float shown in Fig. 3. We operate the device using the same
setup, and image the floats with an optical microscope. In both cas-
es, we show clear evidence of the ratcheting behavior. Such results
further expand the application of our approach to the micrometer
scale and open doors to direct manipulation of microobjects.

The design of the helix, namely, the pitch and the total height,
can be tuned as well. We test two sets of devices using the windmill
cross section. First, we decrease the pitch to 50 and 20% of the orig-
inal value while keeping the total height constant. The ratcheting
effect is observed in all cases, and the device with a tighter pitch shows
a greater cumulative rotation (fig. S14A). Second, we elongated the
device to five times its original height while keeping the pitch con-
stant. A greater cumulative rotation angle is also achieved (fig. S14B).
Therefore, both pitch and height of the device are knobs to tune the
rotation angle, and thus can be modified for designated needs.

Last, we verify the reproducibility of our system by 3D-printing
identical devices and running parallel experiments (fig. S15). The in-
tragroup and intergroup variations are within 10°. This is sufficient
for applications such as twisting, where a 180° rotation is needed for
one crossing. We envision that this variation can be further reduced
by tightening the tolerance in fabrication.

Torque generation for microbraiding

Taking one more step toward controlled manufacturing, we estab-
lish a workflow to estimate the torque output using this mechanism.
This is realized via analyzing the float motion in response to the flow.
The angular acceleration a of the float is estimated by taking the
second derivative of the rotation angle 0 as a function of time ¢. The
torque (t) is then calculated via T = I a, where I is the moment of
inertia calculated from the geometry and density of the float. We take
data in Fig. 3 as a sample dataset for the torque estimation (fig. S16)
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and find a maximum torque output on the order of 1078 N - m. It is
also highly related to experimental conditions (e.g., float size) and
can be tuned accordingly. This torque is smaller than a macroscopic
DC motor (on the order of 1072 to 1 N - m) (43), yet much greater
than the biological flagellar motor (on the order of 10718 N - m) (44).
It offers an effective means to output a net unidirectional torque that
is in between the macroscopic world and the molecular world.

We further leverage the flexibility in channel/float design and
demonstrate one application in the hierarchical twisting of microfi-
bers. Such bundles are promising candidates for high-end surgical
suture (45) and nano-Litz wires (39, 41).

We tether microwires to the float for twisting, as demonstrated in
our previous work (30, 32). Here, we use silk fibers with individual
diameters ranging from 10 to 20 pm fabricated by dry spinning.
During each experiment, the fibers are attached to the same float.
The capillary ratchet is cycled vertically to generate torque on the
float, which drives the fibers to twist (Fig. 5A). The free end of the
fibers is fixed to an anchor to avoid unwinding.

To demonstrate the capability of the ratchet, we prepare hierar-
chical structures twisted in two levels. In this case, we make a 4 by 4
bundle: we first twist four fibers counterclockwise in each bundle of
level 1 (L1), and then attach four L1 bundles to one float and twist
them clockwise in level 2 (L2) to achieve the final structure (Fig. 5B).
Note that the rotation direction (i.e., clockwise or counterclockwise)
can be customized via channel helical design (fig. S17). We use scan-
ning electron microscopy (SEM) to confirm the structure of the fi-
nal bundle (Fig. 5C).

This ratchet is self-limiting. As twisting proceeds, the fibers get
increasingly taut. As torque accumulates in the twist, the cumulative
rotation of the float eventually plateaus. For instance, the ratchet ef-
fect vanishes after 50 cycles, at which point the torque output is bal-
anced by the mechanical stress stored in the twisted bundle (movie
S7). This is in fact an important feature for braiding at this length
scale as we can tune the maximum torque to prevent over twisting
or mechanical damages to the fibers.

Hierarchical microbraiding via integrated ratchets

We lastly add one more knob to control the microstructures: We
integrate multiple functional segments in one device and activate
them sequentially over time via programmed vertical motion of the
device. As a demonstration of this mechanism, we design an inte-
grated device for hierarchical twisting (Fig. 6A). This device is com-
posed of two channels on top for L1 counterclockwise twisting, a
merging channel, and one channel at the bottom to rotate the com-
bined float clockwise for L2 twisting. We use two rectangular floats
that can assemble into a larger rectangular float. On each level, the
floats display the ratcheting effect as designed.

We make a 2 by 2 bundle with silk fibroin fibers with this device
as a demonstration. First, we repeatedly cycle the device in the top
L1 region to ensure two fibers are twisted in each pair. Later, we
move the device up and let the two floats, embedded with magnetic
beads, to stably attach to each other. Last, we repeatedly cycle the
device in the bottom region to complete the L2 twisting (Fig. 6B and
movies S8 and S9). By SEM, we confirm that a 2 by 2 bundle is
formed, which has a structure that closely resembles the rendering
(Fig. 6C and fig. S18).

Hierarchical twists are widely used in mechanical and electric
engineering (40, 45), and here we provide a simple and versatile way
to generate them at the microscale. Industrial braiding machines
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Zoomed in

Fig. 5. Hierarchical twisting with the flow-activated capillary ratchet. (A) A 3D rendering of the setup used for twisting. The top end of the individual wires is attached
to a needle pierced through the float, while the other end is attached to an anchor in the water bath. (B) A 3D rendering of the hierarchical twisting structure. Four indi-
vidual fibers are first twisted counterclockwise to form Level 1 bundles (L1). Four L1 bundles are then twisted in the opposite direction to form the Level 2 bundle (L2). A
cross section of the final bundle is depicted in the inset. (C) Representative SEM images of the final bundle at two different magnifications; scale bars, 200 pm. The SEM
image is false colored to better illustrate the hierarchical twisting of fibers. The same color is used for fibers within each L1 bundle.

(46) are not applicable in making such braids at the micrometer scale
because the fibers tend to break under high mechanical stress. Alter-
native microbraiding machines that are proposed typically require
delicate apparatus (41, 47) or complicated mechanical design (48, 49).
Self-assembly-based approaches exist, yet they are mostly limited to
certain patterns (50, 51). In contrast, we offer a technique with a self-
limiting torque control, a flexible modular design, and low manu-
facturing cost, which enables scaling up via parallel operation of
multiple devices using the same control stage. Depending on the specific
need, the number of hierarchies, the number of fibers in each hierar-
chy, and the twisting direction can all be precisely engineered. Our
approach provides the flexibility to make any hierarchical twists by
tuning the channel design in combination with the actuation program.

DISCUSSION

We have demonstrated a capillary ratchet that is activated by inter-
facial flows. While reversible behavior occurs at low actuation rates,
the time reversal symmetry is broken at high actuation rates while
the float remains within the same channel. Using experiment and
finite element analysis, we reveal the critical role of interfacial flow
in symmetry breaking. We have also demonstrated the versatility of
this mechanism by generalizing the float and channel designs to
anything except a cylindrical channel.

The flow-activated capillary ratchets are unique in that they use
nothing but a moving interface to control the rotational symmetry
breaking of the float. The float and channel walls do not touch each
other; instead, they are coupled via the meniscus. Therefore, we achieve
great flexibility over the floats to be manipulated: They can take a
wide range of materials, shapes, and dimensions.

With such understandings, we showcase the capability of har-
nessing the torque generated to output work at the microscale. We
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provide a universal, efficient, and green solution for all microscale
braiding applications. Beyond silk fibers, our method can in princi-
ple braid any fiber material into hierarchical twists. By using con-
ductive component wires at the micrometer or submicrometer scale,
we can fabricate micro- or nanobraids (micro-/nano-Litz wires) that
hold great practical significances in high-bandwidth low-loss inter-
connects among servers in data centers (39). The versatility also makes
our approach particularly attractive for braiding multifunctional sur-
gical suture (45, 52) and artificial muscle (53, 54). We have estimated
the torque generated by this phenomenon, which can guide future
applications. For instance, we envision that the mechanical work
needed to fabricate a microbundle can be estimated from the bundle
structure (e.g., pitch, fiber diameter, and topology) and the material
properties (e.g., Young’s modulus). We can design the peak torque
by tuning the channel and float designs and the actuation speed accord-
ingly to ensure the self-limiting braiding of an intended structure.

We also consider our approach as a general mechanism for the con-
version between linear translation and unidirectional rotation at the
millimeter to micrometer scale that can be applied beyond twisting.
Such a mechanism holds potential in many other applications, such as
interfacial energy harvesting from wave power (55), droplet mixing in
droplet microfluidics (56), rheology testing of microscale samples (57),
or as actuators in micromachines and soft robotics (7, 19).

MATERIALS AND METHODS

Design and fabrication of capillary ratchet machine

We used SolidWorks 2020 (SolidWorks Corporation) to create the
3D models of the ratchet devices. Channels were made by using the
Swept Cut function on a solid cylinder. The channel cross-section
designs can be found in the Supplementary Materials (fig. S19). We
used a Form 4 3D printer with Clear V5 clear photopolymer resin
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Moving up Moving down

Fig. 6. Hierarchical twisting with integrated ratchets. (A) A 3D rendering demonstrating the design of the integrated ratchet. It has three functional segments: Rotation
L1 (colored in orange), for rotating two individual floats in one direction; merging, for combining the two floats embedded with magnetic beads; and rotation L2 (colored
in blue), for rotating the combined float in the opposite direction. (B) Snapshots of floats monitored in the individual functional segments are shown. Rectangles with
white dashed lines are drawn to represent the float orientation in the previous snapshot, while colored arrows demonstrate the direction of float motion since the previ-
ous snapshot. Clear ratcheting effects are observed in both L1 and L2. (C) A 3D rendering and SEM images of a 2 by 2 hierarchical twist. Two fibers are attached to each
individual float and twisted in this device. A hierarchical twisted bundle is successfully formed by first cycling the device through the rotation L1 segment for forty times,
then elevating the device through the merging segment, then cycling the device through the rotation L2 segment for sixty times. The structure of the bundle is confirmed

by SEM; scale bars, 500 pm. The SEM image is also false colored to better illustrate the individual fibers.

(Formlabs) to fabricate ratchet machines with a typical layer thick-
ness of 100 pm. After printing, the device was placed together with
the 3D printer’s build platform into a cleaning machine (Form Wash,
Formlabs) and washed with isopropyl alcohol for 20 min at high
speed to remove excess resin. Following the wash, the device was
transferred to an ultraviolet curing chamber (Form Cure, Formlabs)
and cured for 3 min at 35°C to ensure complete polymerization of
the resin. The cured device was then ready for subsequent experi-
ments. We measured the contact angles on this material to be 68°.

Design and fabrication of the floats

We designed the floats using SolidWorks 2020. The geometric designs
of all floats can be found in the Supplementary Materials (fig. S20).
The floats were 3D printed following the same procedure as the de-
vices unless stated otherwise.

For the circular floats, two additional fabrication methods were
used. We used a custom-formulated hydrophobic photocurable resin
to fabricate circular floats using a different 3D printer (ELEGOO, Sat-
urn 4 Ultra), yielding floats with a contact angle of 100°. In addition,
we produced circular Teflon floats by mechanically cutting Teflon
plates by a CNC, with a measured contact angle of 106°. For all floats,
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two opposite points were marked red and blue, respectively, to serve as
markers for subsequent rotation tracking via color-based recognition.

Actuation apparatus and its operation

We controlled the vertical motion of the ratchet by a custom-built
apparatus, which consists of four main components: an imaging sys-
tem, a motion control unit, a clamping mechanism, and a water
bath. We assembled the water bath from 1-cm-thick acrylic sheets
which measures 30 cm by 30 cm in length and width. Positioning
holes are printed on the side of each device. Before each experiment,
we fixed the ratchet device onto the apparatus by inserting the spring-
loaded stainless-steel pins into the positioning holes. By program-
ming the control unit, the vertical motion of the ratchet could be
precisely executed. The apparatus allows for customizable control of
the movement speed, stopping position, and pause duration, enabling
the ratchet to perform predefined motion profiles.

Rotation angle data collection and processing

We used a ZV-E10 camera (Sony) mounted directly above the ratchet
apparatus to record the rotational motion of the float. The camera ori-
entation could be adjusted in four directions: X, Y, Z, and rotation (R).

100f 13

9202 ‘¥T 3nbny uo AriqiT 1M T Bioadus10s mmm/:sdny wouy papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

During each experiment, we recorded the float motions at 1080p reso-
lution and 120 frames per second for subsequent analysis.

We extracted rotational angle data using the OpenCV package in
Python. In each frame of the video, the program identifies the red
and blue markers on the float and constructs a directional vector
between them. We then use this vector to quantify the rotation angle
of the float over time.

System miniaturization

We fabricated the device following the same 3D-printing procedure
as described above. The Si cuboids were cut from a wafer. To record
the rotation the Si cuboids, we positioned a microscope (AOSVI,
AO-3M180) with its lens directly above the device. To enhance visu-
alization, we applied a horizontal light source at the air-water inter-
face, which highlighted the Si cuboid float.

Characterization of the three-phase contact line for

circular floats

We used two distinct methods to visualize the three-phase contact
line of circular floats at the air-water interface. First, a circular float
was placed at the interface and confined by a circular boundary device
to maintain its stable position. An optical microscope (AOSVI, AO-
3M180) was positioned directly above the float, supplemented by an
external ring-shaped light-emitting diode light source to illuminate
the air-water interface. The profile of the contact line surrounding the
circular float was clearly visualized through the microscope, rendered
by the reflected light from the interface.

Second, we used a 3D optical profiler (Sensofar S neox 090) to
image the contact line of a 2-mm-diameter circular float. Similar to
the first method, the float was spatially confined. Under the profiler,
the air-water interface was first located using interference fringes,
after which the lens was translated to the contact line region sur-
rounding the float to take the precise topography of the contact line.
This is a local approach that offers better vertical resolution yet a
much reduced scan size compared with the first method.

Quasi-static simulations

We use a finite element method (FEM) to calculate the total energy
of a system containing a float at the air-water interface. We followed
the previously reported method (30) and set up the simulations in
Python. The system consists of a shell-shaped container and a float-
ing object, both represented as 3D STL meshes. The container and
the float STL files were both sliced horizontally to obtain the chan-
nel interior boundary and the float cross-sectional geometry.

The total energy of the system comprises three contributions: (i)
the capillary energy arising from the fluid interface deformation, cal-
culated by solving the Young-Laplace equation using FEM on the 2D
domain bounded by the container interior and float perimeters; (ii)
the gravitational potential energy of the submerged float portion; and
(iii) the work done by contact line forces at the container wall. The
equilibrium vertical position Z; is determined by minimizing the to-
tal energy with respect to float height.

To investigate orientation-dependent behavior, the float was ro-
tated in the horizontal plane from 0° to 360° in 1° increments, with
the energy and equilibrium height computed at each orientation. The
capillary length L. = 2.7 mm was used. This approach reveals the
preferred floating orientation (minimum energy state) and quanti-
fies the energy landscape governing the alignment of the float inside
the channel.
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Flow visualization with tracer particles

To visualize fluid motion during device actuation, we dispersed poly-
ethylene terephthalate (PET) particles with a diameter of 100 pm as
tracer particles. We repeatedly transferred small quantities of PET
with a laboratory spatula and gently deposited them onto the inter-
face at the center of the channel until most of the open area was
covered. As we actuate the ratchet device vertically, the movement
of the particles on the interface was recorded to visualize the inter-
facial flows.

Computational fluid dynamics simulations

We used the finite element analysis software COMSOL Multiphysics
to simulate the fluid dynamics at the channel center during device
motion. We imported the STL file of the device into the software and
define its position and the surrounding fluid domain accordingly. We
used a moving mesh to simulate the device.

Torque estimation

The torque (t) was estimated from the moment of inertia (I) and the
angular acceleration (a) of the float via T = I a. The moment of in-
ertia was calculated based on the float density (1.18 g/cm” for the
3D-printed resin material) and dimensions. The angular accelera-
tion was calculated by taking the second derivative of the float rota-
tion angle with respect to time using numpy. A Gaussian filter was
applied to the angle tracking data before taking the derivatives to
reduce noise.

Preparation of dry-spun silk fibers
Natural silk fibers were degummed with a Na,COj3 solution and then
dissolved in a 9.3 M LiBr solution. Following a 3-day dialysis and puri-
fication, a fresh 5.0% (w/v) silk fibroin aqueous solution was obtained.
Then, 30 ml of the freshly prepared regenerated silk fibroin solution
[5 weight % (wt %)] was loaded in a 50-ml centrifuge tube. Glycerol
(100 mg/ml) aqueous solution was added into the centrifuge tube
sequentially to make the weight ratio of silk:glycerol = 75:20. The mix-
ture solution was concentrated under vacuum at 30°C for 18 hours
to obtain the spinning dope with a concentration of ~50 wt %.
Subsequently, the spinning dope was extruded through the nee-
dle (20 gauges) at a spinning rate of 5 to 10 mm/s to form solid silk
fibers. Silk fibers were collected on a customized sample holder and
stored in a chamber at 25 + 2°C and 50 + 5% relative humidity. The
as-spun silk fibers were poststretched to 4x their original length in
deionized water for subsequent use.

Stepwise hierarchical fiber twisting
We tethered the silk fibers to the float via an elastic needle. We first
inserted a fine stainless-steel needle (diameter = 0.35 mm) into a
small hole at the center of the float. We then glued the fibers to the
free end of the needle. Last, we fixed the other end of the fibers to an
anchor placed at the bottom of the water bath. The twisting process
occurs entirely underwater. As the experiment proceeded, the fibers
gradually twisted around each other and became increasingly taut.
We used a total of 16 fibers for the stepwise hierarchical twisting
demonstration. We first divided the fibers into four groups, each
containing four fibers. Within each group, the fibers were twisted
counterclockwise. Once a group was twisted, we removed it from
the water bath and fixed it onto a glass slide to preserve its twisted
configuration before proceeding to the next group. After all groups
were processed, we combined the twisted fiber bundles and conducted
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an additional clockwise twisting step following similar procedures,
thereby completing the hierarchical twisting of 16 fibers.

Hierarchical fiber twisting with integrated ratchets

We used integrated ratchets comprising three segments for hierar-
chical twisting of silk fibers. We used two rectangular floats embed-
ded with magnetic beads and tethered fibers to the floats following
the same procedure as above. We then began the twisting process by
cycling the device in the upper segment (L1), where two individual
floats, each tethered by two fibers, were rotated for 40 cycles. We
then raised the device through the middle segment and allowed the
two floats to merge. As the device rise, the two magnetic bead-
embedded floats combined into a single unit. Last, we cycled the de-
vice in the bottom segment (L2) to rotate this newly formed composite
float for 60 cycles to form the final twisted bundle.

Characterization of the twists

We characterized the morphology of the fibers using an SEM (Quanta
400). To prepare the sample for imaging, we fixed the two ends of the
bundle onto a glass slide and deposited an approximately 10-nm-thick
gold layer by sputter coating (Emitech K550X) to improve conduc-
tivity. We then image the samples under SEM in secondary electron
mode at an accelerating voltage of 15 kV.

Supplementary Materials
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