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Co-motion of catalytic tubes and host droplets
on superhydrophobic surfacest

Amrutha S. V.12 and Oliver Steinbock (= *

The ability to convert chemical energy into directed motion is a defining feature of living systems and a
central goal in the design of synthetic active matter. Here, we report a self-propelling system in which a
millimeter-sized tube is confined within a hydrogen peroxide droplet on a superhydrophobic surface.
The tubes are synthesized via chemical garden self-assembly and catalyze the decomposition of the
peroxide to water and oxygen gas. The resulting droplet-tube cell exhibits diverse dynamic behaviors,
including propeller-like spinning, orbital rotation, and long-range translational jumps, driven by the
asymmetric growth and bursting of internally generated gas bubbles. These motions are sensitive to
hydrogen peroxide concentration, which governs both the internal gas production rate and the system’s
active lifetime. This system offers a simple yet versatile platform for exploring confined catalysis,

rsc.li/soft-matter-journal

1. Introduction

The evolutionary emergence of active motion was a significant
step that enabled living systems to seek food and energy
sources as well as to escape predators. Cells employ various
propulsion mechanisms, including flagella, cilia, and actin-
based dynamic networks.'™ The latter not only drive locomo-
tion but can also deform cells into highly elongated shapes.*
The recent two decades have seen significant progress towards
mimicking these types of reaction-driven, engine-free locomo-
tion in chemical and other synthetic systems.>™®
Prominent examples include catalytic Janus particles
Au/Pt nanorods,"**®> which self-propel in hydrogen peroxide and
similar solutions by generating chemical potential gradients or
producing gas bubbles.'®"” Catalytic microrockets'® follow a simi-
lar principle but achieve propulsion through symmetry breaking,
releasing bubbles preferentially from one end. These microtubes
can be fabricated either by the spontaneous roll-up of vapor-
deposited thin films or via electrochemical methods. To suppress
bubble formation on their outer surfaces, the tubes are often
coated with an insulating polymer layer (e.g., polyaniline)."*
Similar microrockets can also be produced by chemical self-
assembly. Our group first demonstrated this by generating
catalytically active tubes through precipitation reactions using
the chemical-garden method."® Chemical gardens are hol-
low precipitate tubes that form when metal salt seeds are
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emergent motility, and the design of soft, fuel-containing active materials.

introduced into silicate or other solutions.>***> Tube lengths
can reach several centimeters, with diameters ranging from
about 10 um to over 1 mm, depending on preparation condi-
tions. These parameters are more easily controlled when the
salt seed is replaced by a salt solution injected at constant rate
and concentration.>*>* The thin tube walls typically consist of
metal hydroxides or oxides, but depending on the reagents,
phosphates, carbonates, sulfides, and other materials can also
form.>*’ In silicate systems, the tubes additionally feature a
very thin outer layer of amorphous silica.”®

In 2021, Wang et al.'® demonstrated that chemical garden
tubes, formed by injecting Mn(u)/Cu(u) into sodium silicate
solutions, can self-propel in hydrogen peroxide for over a day,
reaching speeds of 5 mm s~ '. Each ejected bubble propels the
tube forward by approximately one to two tube radii. The
ejection frequency increases linearly with peroxide concen-
tration, as revealed by acoustic detection of bursting bubbles.
At lower H,O, concentrations, this subsurface locomotion
transitions into a vertical bobbing motion®® and groups of
tubes can exhibit collective dynamics.>** While these studies
focused on millimeter-scale tubes, micrometer-scale analogs
can be fabricated by converting hollow CaCO; fibers into
catalytic microrockets through shape-preserving chemical
transformation.®

All of these examples differ fundamentally in one key aspect
from the amoeboid motion of living cells:**** their energy
source is entirely external. In contrast, cells generate and store
energy internally to power their movement. Here, we report a
chemical system that mimics this biological feature by combin-
ing a cell-like, localized fuel reservoir with an internal chemical
motor. The system consists of a millimeter-scale chemical

Soft Matter, 2025, 21, 6299-6306 | 6299


https://orcid.org/0000-0002-6698-2436
https://orcid.org/0000-0002-7525-6399
http://crossmark.crossref.org/dialog/?doi=10.1039/d5sm00576k&domain=pdf&date_stamp=2025-07-23
https://doi.org/10.1039/d5sm00576k
https://doi.org/10.1039/d5sm00576k
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00576k
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM021031

Open Access Article. Published on 18 July 2025. Downloaded on 9/15/2025 10:13:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

garden tube confined within a microliter-sized H,0, droplet
placed on a superhydrophobic surface.*® We observe that the
tubes are stationary, spinning, or rotating within the droplet.
The drop volume increases intermittently due to internal gas
bubble formation, and bubble bursting triggers repeated trans-
lational events of the synthetic cell over centimeter-scale
distances.

2. Methods

2.1 Chemicals

Manganese chloride tetrahydrate (MnCl,-4H,0, Fisher
Chemical), copper sulfate pentahydrate (CuSO,-5H,O, Fisher
Chemical), sodium metasilicate pentahydrate (Na,SiO;-5H,0,
Fisher Chemical), and hydrogen peroxide (30% v/v, VWR Che-
micals) were used as received. All solutions were prepared using
nanopure water (resistivity 18 MQ cm) obtained from a Barn-
stead Easypure UV system.

2.2 Experimental methods

To produce the chemical garden tubes, we injected an aqueous
solution containing 0.4 M MnCl, and 0.1 M CuSO, into a
rectangular reservoir filled with 50 mL of 1.0 M sodium silicate
solution (Fig. 1(a)).">** The injection proceeded in the upward
direction through a glass capillary (1.0 mm inner diameter) at a
constant rate of 8.0 mL h™', controlled by a syringe pump
(New Era Pump Systems, NE-4000). We stopped the injection

Fig. 1 Growth, physical structure, and confinement of chemical garden
tubes in droplets. (a) Growth of a chemical garden tube inside a rectan-
gular reactor containing 1 M sodium silicate solution. Injection is
performed vertically through a glass capillary. Container width: 3 cm. (b)
Top view of a 2 mm-long tube fragment in a 10 puL water droplet on a
superhydrophobic surface. Inset: Axial view of the tube revealing its hollow
interior. (c) Side view of a tube fragment suspended in a 10 uL droplet of
5% v/v H,O5.
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once the precipitate tube reached the silicate solution surface.
Subsequently, we extracted the precipitate tubes and rinsed
them thoroughly with nanopure water. Chemical analyses of
the tube material have been reported in ref. 19.

For self-propulsion experiments, we sectioned the hydrated
tubes into 2 mm-long fragments using a syringe needle. We
then placed each fragment on a 9 cm-diameter circular super-
hydrophobic surface, prepared by coating a polystyrene sub-
strate with Rust-Oleum NeverWet spray (Rust-Oleum 275185;
contact angle 165°).°® Weight measurements of coated/
uncoated substrates and an assumed dry film density of
0.3-0.5 ¢ cm ™ yield an average layer height of 60-100 pm.
Using a micropipette, we applied a 10 pL drop of hydrogen
peroxide onto each fragment to initiate motion. This step
sometimes required gentle positioning of the drop with the
pipette tip as the drop moves freely over the water-repelling
surface.

We captured the dynamics of the droplet-tube system with a
digital camera (Nikon D3300) equipped with a 90 mm macro
lens (Tamron) at a rate of 60 frames per s. To investigate the
influence of hydrogen peroxide concentration on the propul-
sion behavior, we conducted systematic experiments across a
range of concentrations. All experiments, including the tube
production, were performed at room temperature.

2.3 Analysis

All video recordings were analyzed using custom MATLAB
scripts developed in-house. Drop trajectories were smoothed
using a low-pass Fast Fourier Transform (FFT) filter with a cut-
off frequency of 1/3 Hz. For the instantaneous speed, cumula-
tive distance, and drop area, we applied a median filter with a
window size of 50 frames. Pixel-to-millimeter conversion was
based on calibration measurements, yielding a factor of
0.070 mm per pixel.

3. Results and discussion

The presence of a superhydrophobic surface creates a nearly
spherical drop shape. As shown in Fig. 1(b) and (c), the
chemical garden tube is fully contained within the drop and
does not protrude out of the liquid phase. The tube is hollow
(inset of Fig. 1(b)) and has a rough internal surface texture that
was characterized in ref. 19. Moreover, the active chemical
garden tube is buoyant within the H,O, drop and positions
itself within the upper half of the drop. This buoyancy is due to
trapped internal and attached external gas bubbles that result
from the catalytic decomposition of H,0, to H,O and gaseous
0,. However, in water (Fig. 1(b)) or solutions with low H,0,
concentrations, the tube is positioned in the lower portion of
the droplet.

3.1 Early stage dynamics

In the following, we will focus on the dynamics in droplets with
an initial volume of 10 pL and an initial concentration of
15% v/v. Within the first few seconds of the experiment, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Spinning motion of a chemical garden tube within a hydrogen
peroxide droplet. A 2 mm-long tube continuously spins inside a 10 plL
droplet of 15% v/v H,O,. The orientation of the tube changes steadily over
time. The field of view is 1.4 x 1.4 cm? and the interval between
consecutive frames is 0.1 s.

2-mm long tube undergoes a spinning motion within the
droplet’s upper hemisphere. A series of snapshots in Fig. 2
(shown here for the clockwise case) reveals that the tube
completes one full rotation in about 0.6 s, while its geometric
center remains essentially fixed in space. For shorter tubes
(1 mm), spinning initiates with a back-and-forth motion along
the tube axis and then stabilizes to spinning around a point
closer to the tube’s orifice.

The observed propeller-like spinning likely arises from torsional
forces generated by the cyclic growth and detachment of O,
bubbles from the tube’s orifice. Each bubble pinch-off produces
a tangential recoil force on the wall. Because the tube is tightly
wedged at the droplet-air interface, these forces cannot translate
the tube and instead sum to a net torque about its midpoint. Tiny
asymmetries in the tube’s overall cylindrical shape or in the shape
of its orifices help to break the symmetry of bubble release, biasing
the detachment sequence and choosing a typically consistent
clockwise or counter-clockwise spin during the first seconds of
the experiment.

An alternative explanation is that smaller bubbles
detaching from the outside tube surface drag liquid upward
and induce a compensating flow down the droplet’s vertical
axis, setting up recirculation cells that could shear the tubes
and impart rotation. However, these vortex rolls are highly
transient, likely decaying long before the next bubble forms.
To slow down both the spinning motion and the rate of
bubble release, we performed experiments in 5% v/v solu-
tions. Here, the spinning motion that appears continuous at
15% v/v can be clearly resolved as individual steps, each
advancing the tube by a few degrees. Each of these steps
correlates to the observation of a single bubble that moves
(within the top-down camera perspective) from the tube end
to the droplet center (i.e. the drop’s topmost point).
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To confirm that inertial effects are small, the Reynolds
number Re within the droplet was estimated using Re =
pUL/p with a characteristic length L = 2 mm, largest tip velocity
U =0.06 m s ', fluid density p = 1000 kg m 3, and viscosity
i =102 Pa s. The resulting value of Re &~ 120 lies well below
the onset of turbulence (Re &~ 2000). Such lower Reynolds
numbers indicate that viscous stresses dominate over inertia
and that the flow remains laminar, consistent with the rapid
damping of the stepwise rotations observed in 5% v/v H,O,
solutions.

Next we performed a closer analysis of the experiment in
Fig. 2, yielding results that are representative for the dynamics
during the first seconds of spinning tube motion. To extract the
tube’s orientation and position over time, we begin by building
a static background image from the pixel-wise median values
over the entire video and subtract this image from each
grayscale frame to highlight moving features. A global intensity
threshold then isolates dark regions and identifies the largest
connected area as the tube. From this elongated region,
we compute the centroid and principal-axis angle (reported
between —90° and +90°) with the latter being unwrapped to
remove jumps at the discontinuity, and then halved to recover
the true orientation over time. Fig. 3(a) shows that the time-
dependence of the original axis angle follows a saw-tooth-like
curve for which two “teeth” correspond to a full spin cycle of
the tube (red curve). The unwrapped angle (blue curve) steadily
increases at about 10 rad s, equivalent to 570 deg s~ ' and a
period of 0.63 s.

To track the droplet’s position, we follow an analogous but
polarity-reversed workflow. After building the same pixel-wise
median background, each grayscale frame is subtracted and
then positively thresholded to highlight the faint bright rim of
the drop. Morphological closing removes spurious speckles,
and the largest connected component within a fixed circular
region-of-interest is taken as the droplet mask. We then extract
the mask’s centroid. By recording the centroid coordinates
in each frame, we obtain the drop’s trajectory over time
(blue curve in Fig. 3(b)). For this experiment, we find that the
droplet moved about 1 mm which is about 1/3 of its diameter.
The trajectory of the tube’s centroid matches this minute
motion fairly closely which an offset of about 0.5 mm.

3.2 Late stage dynamics

Following the initial stage of propeller-like tube spinning in an
essentially stationary solution drop, the dynamics of the system
shifts to a new regime. Now, the oxygen bubbles burst less
frequently and grow to larger sizes that greatly alter the effective
size of the drop. A representative example is shown in Fig. 4
that illustrates the expanded drop, its collapse, and the result-
ing small, and essentially bubble-free, droplet. The bursting of
these large bubbles is somewhat violent, often induces short-
lived rapid bouncing, and can break off very small particles
from the precipitate tube (see also Fig. 1(c)). We speculate that
the accumulation of these fine, powder-like particles may
contribute to the increased lifetime and size of the gas bubbles,
as similar stabilization has been documented for Pickering

Soft Matter, 2025, 21, 6299-6306 | 6301


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00576k

Open Access Article. Published on 18 July 2025. Downloaded on 9/15/2025 10:13:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) 20 1
=~ 15} :
c
O
Ee]
g 10 } ]
@
Q
2 5t :
<
| 1 71 N N 1 Ve
oOp~\ | /// |
0 0.5 1 1.5 2
Time t (s)
b) 15f ]
E
e '
>
c
RS
? 05} -
o
0
0 0.5 1 1.5 2

Position x. (mm)

Fig. 3 Angular dynamics of a chemical garden tube and translational
trajectories. (a) Time evolution of the tube's orientation angle, corres-
ponding to the system shown in Fig. 2. The red curve shows the wrapped
angle, and the blue curve shows the unwrapped angle. The total accu-
mulated orientation change is 1140 degrees over 2 s. (b) Trajectories of the
centroids of the tube (red) and the droplet (blue) in the x,y-plane, both
starting at the lower end points. The trajectory of the droplet’s centroid has
a length of 3.93 mm.
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foams®” and, in the case of silica particles, for air bubbles at
planar water-air interfaces.*®

The striking increase of the typical bubble size allows the
tube to change from a spinning to an orbital motion that
advances the tube tangentially along a circular trajectory.
During this rotation, the tube is effectively wedged between
the external surface of the drop and the solution-oxygen inter-
face of the trapped bubble. An example is shown in Fig. 5 where
the (here clockwise) rotation is easily discerned in the second
row of panels. The rotation period is comparable to the period
of spinning tubes. Notice that the transition from spinning to
orbital motion is not abrupt but rather described by a contin-
uous increase in the distance between the rotation center and
the tube.

The bursting of large oxygen bubbles significantly perturbs
the drop-tube system, typically repositioning the entire unit by
up to 1 cm per burst. At first glance, such abrupt translational
steps appear to violate linear momentum conservation. How-
ever, closer visual inspection reveals that each bubble-bursting
event ejects several small satellite droplets at high speeds, each
carrying momentum in various directions. Since the launch
angles of these tiny droplets are erratic, their momentum sum
typically does not cancel out, causing the droplet-tube system to
recoil accordingly. An example for such a burst-induced repo-
sitioning step is shown in Fig. 5. Between the first and second
panels of the third row (time marks 3.7 s and 3.8 s), the droplet
decreases in size, inducing 0.3 s of movement in the 4 o’clock
direction. Although the surface is superhydrophobic, residual
friction gradually slows and eventually halts the droplet’s
translational motion.

Following the same image processing and analysis steps
described for Fig. 3, Fig. 6 shows the temporal evolution of (a)
the unwrapped tube axis angle and (b) the centroid coordinates
of the tube as well as the solution drop. The largely increased
time interval reveals that the sense of tube rotation changes five
times during the experiment. The first directional change
occurs 18 s into the experiment, switching the sense of rotation
from clockwise to counter-clockwise. As a consequence, the

Fig. 4 Side views of an H,O, drop with a chemical garden tube undergoing a bubble burst event. Initially the drop is inflated by a very large internal
oxygen gas bubble forcing the buoyant tube into the lower portion of the drop. At around t = 0.02 s, the bubble is bursting and the drop is ejecting
solution. By t = 0.10 s, the drop has returned to a near spherical shape. Scale bar: 1 cm (applies to all four panels). A video of this experiment is available in

the (ESIT).
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Fig. 5 Rotating motion of a chemical garden tube within a hydrogen
peroxide droplet. The droplet also undergoes two consecutive translation
events that follow gradual increases in the effective droplet volume. These
motion steps are triggered by the sudden release of accumulated gas. The
field of view is 1.4 x 1.4 cm? and the time interval between consecutive
snapshots is 0.1 s with one larger time step between frames 10 and 11. The
initial drop volume and H,O, concentration are 10 pL and 15% v/v,
respectively. A video of this experiment is available in the (ESIT).

angle 0 that had increased to about 140 rad (800 deg), decreases
for a few seconds until the next directional change reestab-
lishes clockwise rotation and increasing values of (. Notice that
the difference between spinning and rotating motion is not
resolved in this graph. Visual inspection shows the transition
occurs around ¢ = 10 s.

Orbital tube rotation clearly manifests in the trajectory of its
centroid which describes circles with diameters comparable to
the drop diameter. Eight or nine of these circles are discernible
in Fig. 6 (red curve). The centroid of the drop (blue curve)
follows a simpler trajectory and remains essentially stationary
during the rotating-tube phases. In this experiment, the drop
centroid moved a total of 99.3 mm while staying confined in a
square of about 2 x 2 cm?. The observed motion is reminiscent
of the run-and-tumble dynamics of certain bacteria, which
might suggest possible modeling strategies.*®

Fig. 7 completes our example analysis by showing the drop’s
projected top-view area and its instantaneous speed over time.
In panel (a), the cyan trace is the raw area extracted via our
image-processing routine, and the black curve is the same data
after median filtering to suppress noise. Over the course of the
experiment the area varies between 5 to 20 mm?, equivalent to a
twofold change in the drop’s apparent radius. Notice that the
long, continuous area increase between t = 50 to 80 s has a
decreasing slope as expected for a spherical bubble steadily
growing inside the liquid drop. With a constant volumetric gas
production rate k and disregarding curvature-related pressure
changes, the area values 4 (50 s) = 6 mm? and A (80 s) = 15 mm?>
yield an estimate of k ¥ 1 mm® s~ '. For comparison, very
different, earlier measurements reported 0.1 mm® s~ ' for
3% v/v rather than 15% v/v H,0,.*
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Fig. 6 Long-term rotational and translational dynamics of a chemical
garden tube-droplet system. (a) Cumulative unwrapped orientation angle
of the tube over the full active duration of the experiment (tacive= 90 S),
including the events shown in Fig. 2, 3, and 5. (b) Trajectories of the
centroids of the droplet (blue) and the tube (red) in the x,y-plane. The
droplet undergoes a total translational displacement of approximately
99.3 mm. The tube’s trajectory reflects its coupled rotational and transla-
tional motion throughout the experiment.

Panel (b) shows the drop speed evolution in the same
experiment. Most of the time, the drop remains stationary
but occasionally its speed bursts to values of 5-8 mm s .
These motion events last for about 2 s and coincide with abrupt
decreases in drop area (marked by dashed lines). However, the
relationship between the magnitude of the area change and the
resulting speed is not strictly deterministic. It is rather influ-
enced by the complex nature of the bursting events and
possibly local variations in the surface. We note that the latter
may include changes caused by prolonged contact between the
solution drop and the substrate. Specifically, regions where the
drop stays longer often develop a faint white haze which
typically fades spontaneously within a few seconds after drop
departure. From the motion patterns of the droplets, we
observed no irreversible changes or hysteresis that could man-
ifest as drop pinning. However, earlier studies reported con-
tinuous changes of contact angles and even the breakdown
of superhydrophobicity over longer time scales of several
minutes. %"
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Fig. 7 Temporal evolution of the droplet’s area and the centroid’s speed
throughout the active duration of the experiment. (a) Changes in the
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repeated expansion and sudden contraction episodes, corresponding to
gas accumulation and release. (b) Peaks in the instantaneous speed of the
droplet’s centroid coincide with abrupt drops in area (highlighted by purple
dashed lines), indicating that the translational motion is primarily driven by
sudden gas release events.

3.3 Concentration dependencies

Lastly, we examine the effect of H,0, concentration on the
dynamics of the drop-tube units. Fig. 8 presents an analysis of
four key observables across concentrations ranging from 0.5%
to 15% v/v. Each data point represents the average of five
independent experiments, and the error bars indicate the
corresponding standard deviations.

Panel (a) shows the total travel distance of the drop. This
distance remains near zero for concentrations below 3% v/v,
indicating an absence of motion events. At higher concentra-
tions, however, the total distance increases and approaches
6 cm, equivalent to more than 40 times the initial drop radius.
As shown in panel (b), this trend is mirrored by the maximal
drop speed, which also increases with H,O, concentration.

Panel (c) analyzes internal activity by plotting the total
accumulated angular change, > |Af|. This measure increases
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nearly linearly with concentration, ultimately exceeding 80 full
rotations. This finding can be understood in terms of an earlier
study that reported a linear increase in the frequency of
propulsion-bubble generation with increasing fuel concentra-
tion." Moreover, panel (d) reveals that the lifetime of the
dynamics decreases by over 50% as the H,0, concentration
increases. Here, we define the plotted active lifetime of the
system as the time interval during which either the drop or the
tube exhibit motion. The observed decrease is likely due to
more pronounced fuel loss during bubble bursting and spray. It
is interesting that these effects outcompete the increased
concentration of the peroxide “fuel”. Lastly, the data in (d)
also explain that the increase in speed with concentration is
less pronounced than the increase in distance.

4. Conclusions

In summary, we have demonstrated a novel form of active
matter where a catalytic chemical garden tube enclosed within
a small hydrogen peroxide droplet exhibits complex motility on
superhydrophobic surfaces. The system displays spinning,
rotating, and translational behaviors driven by asymmetric
bubble detachment and repeated bursting events. These
dynamics enable centimeter-scale displacements.

The observed droplet-tube behavior shares intriguing paral-
lels with biological motility, especially through the internal
localization of chemical fuel. Unlike systems driven by exter-
nally maintained gradients or bulk fuel reservoirs, our inter-
nalized propulsion provides a closer analogy to autonomous
living cells that metabolize internal energy stores for motion.
While the underlying physical mechanisms differ fundamen-
tally from biological processes, our droplet-tube system opens
new pathways toward synthetic active matter exhibiting increas-
ing functional autonomy. Additionally, multi-unit interactions
might be realized via vapor-mediated coupling between dro-
plets, akin to the long-range attraction and chasing reported by
Cira et al in two-component propylene glycol-water
droplets.*>*? Lastly, we emphasize that the coupling of tube-
drop motion could also be studied for H,O,-containing self-
organizing reactions such as self-propelled Briggs-Rauscher
droplets.**
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Fig. 8 Effect of hydrogen peroxide concentration (% v/v) on the dynamics of self-propelling tube-droplet cells. (a) and (b) Total distance and maximal

instantaneous speed of the droplet during the system'’s active period. (c)

Cumulative absolute angular change of the tube axis during spinning and

rotation. (d) Active time, defined as the period during which either the droplet or the tube exhibits motion.
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Overall, our work contributes to the growing exploration of
soft, chemically driven locomotion by integrating catalytic
activity, confined geometry, and surface interactions. Future
research should investigate the fluid motion within the droplet,
the influence of the tube material, and collective multi-drop as
well as multi-tube behaviors to further approximate biological
complexity and possibly achieve programmable autonomous
functionality.
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