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Active soft materials exhibit various dynamics ranging from boat pulsation to thin membrane deformation. In the
present work, in situ prepared ethanol-containing chitosan gels propel in continuous and intermittent motion. The
active life of the organic material loaded to the constant fuel level follows a linear scaling, and its maximal velocity
and projection area decrease steeply with the chitosan concentration. A thin propelling platelet forms at low polymer
content, leading to the suppression of intermittent motion. Moreover, the fast accelerating thin gels can split into a
crescent and circular-like shape or fission into multiple asymmetric fragments.

Self-propulsion behavior is the core of living organisms,

making them perform distinct tasks in coordination and

survival strategies that assist in their evolution. Energy

transduction yields the functioning of biological systems

under isothermal equilibria. In an artificial active system,

the conversion of chemical energy into kinetic energy self-

propels the object due to the asymmetry in the interfacial

tension around its locality. The mode of spontaneous ag-

itation relies on the design of the motor and the size of

the container. In this work, a new way to explore the self-

propelled motion of hydrogel is studied. A polymer boat

is created in situ which exhibits rotational and/or transla-

tional motion. It is shown that the gel deforms into various

shapes by varying the composition of the infused fuel and

the polymer solution.

I. INTRODUCTION

Dissipative systems self-organize to various spatiotem-
poral structures and produce autonomous activities.1 Ac-
tive material moves on its own by consuming chemical,2–5

electromagnetic,6 electrical energy,7–9 or light10–12. Various
mechanisms such as Marangoni effect,13,14 electroosmosis,9

bubble ejection,15,16 dielectrophoresis7 have been proposed to
direct the propulsion activities. The well-known interfacial
phenomenon, the so-called Marangoni effect, drives the ob-
ject towards the higher surface tension caused by chemical or
thermal gradients. Over the last few decades, a wide range
of artificial solid, liquid, and gel-based motors1 and quantita-
tive parameter estimation17 has been investigated and gained
the immense attraction of scientists. The spontaneous motion
of motors mimics the behavior of living organisms. Several
practical applications are being explored, from drug delivery18

to bio-actuators19 and from sensors for toxicity detection20 to
chemical spills for environmental remediation21.

Designing new self-propelled machines is always a topic
of interest in nonlinear science and technical applications.
The underlying dynamics of motors include translational, ro-
tational, and spinning motion. Contemporary research has

also identified periodic oscillations in a string of camphor-
infused disks,22 filament-like undulatory and vertical oscilla-
tory motions23. Interestingly, the polymer gels’ flexible, soft
and swelling features make them perfect candidates to fab-
ricate high-tech programmable motors. The gel-based self-
motion on the water surface generally occurs either by spread-
ing solvents due to the Marangoni effect or by continuously
releasing organic molecules via osmotic and hydrostatic pres-
sure from the gel. The latter mechanism produces sponta-
neous motion of amphiphilic polymer gels24 and the spread-
ing of the infused organic solvents generates periodic mo-
tion of polyacrylamide hydrogel contained in plastic tubing,25

and spinning motion in a photo-patternable poly-N-isopropyl
acrylamide gel26.

The instability induced by the interfacial tension gradients
deforms and splits the active droplets.27–30 The well-known
examples include the formation of tears on the wall of the
wine glass31 and the erratic splitting of an alcohol droplet
on an aqueous surface30. Mechanical stress on the gels can
also deform their shapes and induce cracking patterns and
fracturing.32 It has been found that the formation of a gel layer
of tetradecane droplet containing palmitic acid on a stearyl
trimethyl ammonium chloride aqueous solution forms bleb-
bing dynamics and fission.33–36

We report a polysaccharide chitosan gel-based motor by
implementing a new approach via sol-gel transition technique.
The propulsion behavior exhibits translational and rotational
motion, and the gel develops complex structure, even sym-
metric and erratic gel splitting can take place. The polymer
concentration along with the infused fuel amount controls the
motion dynamics and the structure deformations.

II. EXPERIMENTAL

Analytical grade reagents CH3COOH (99 – 100 %), ethanol
(99 – 100 %), NaOH (pellets) were purchased from VWR,
and polysaccharide medium molecular weight chitosan (CS)
was obtained from Sigma-Aldrich (448877). The pre-gel CS
sol (0.58 – 3.0 w/V % CS(sol)) in 0.2 M CH3COOH, NaOH
(3.0 M) and ethanol (86 V/V %) solutions were prepared with
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deionized water (Purite 300).

FIG. 1. (Color online). (A-B) Schematic diagram of self-propelled
chitosan gel. (C) Top view image of ethanol drop expansion with
field view: 16.14 × 16.87 cm2 and (D) temporal evolution of the
radius of the ethanol drop. (E) Side view of the chitosan boat built
from 3.0 w/V % CS(sol) concentration with R = 3.0 and Vw = 0 mL.
Scale bar: 1 mm.

To observe the motion of the CS gel boat, 4 mL of CS-
ethanol-water (CEW) solutions were mixed in various com-
positions (see Table S1) with 0.008 w/V % methylene blue
(Reanal) to aid visualization. For presentation purposes,
the chitosan-ethanol volume ratio was calculated as R =
(VCS +Vw)/VEtOH , where VCS, Vw and VEtOH represent the vol-
ume of acidic chitosan sol, water, and ethanol (86 V/V %),
respectively. All solutions were stirred for 2 hours and stored
overnight at room temperature.

Figure 1A shows the schematic diagram of the experimental
setup, where a glass container of dimension 22 × 22 × 5 cm3,
containing 300 mL alkaline solution, was placed horizontally.
A fresh drop of CEW solution was dripped from 9.2 mm far
from the alkaline surface using a peristaltic pump (Ismatec
Reglo) through the Tygon tube (i.d. = 1.42 mm) and plastic
needles (di = 1.65 mm or 2.5 mm). White chalk powder was
used for tracing the drop expansion.

Videos were recorded with a digital camera (25 frames/s),
CCD-Vivitar camera (15 frames/s), or Osmo action camera
(240 frames/s) by projecting above the container, illuminated
with an LED light source. The images of the gelated bead
were captured using a CCD camera equipped with Vivitar lens
or a microscope (Nikon Eclipse Ts2R) coupled with a CCD
camera (Nikon LVTV). The data were analyzed using ImageJ
and MatLab 2021 softwares. All experiments were performed
at temperature 24 ± 1 oC.

III. RESULTS AND DISCUSSION

When a CEW droplet is placed on the sodium hydroxide
solution surface, as shown in Figure 1B, a thin chitosan gel
layer forms immediately between the interface of the acidic
and alkaline solutions. The gel thickens/strengthens over time
as the mobile hydroxide ions diffuse into the acidic chitosan

sol creating a gel bead of around 4–10 mm in diameter. The
ethanol in the droplet spreads out on the NaOH surface (Fig.
1C). Its expansion is measured separately by dripping a CS-
free droplet with R = 3 and Vw = 3 mL on the alkaline surface.
The radius growth (see Fig. 1D), scales with time as

r = ktα , (1)

where k = 51.19 ± 3.82 cm2 s−1 and α = 0.50 ± 0.02, sim-
ilarly to the diffusional spreading of volatile compounds like
camphoric acid on water surface.37

FIG. 2. (Color online). (A) Top view of the gel, (B) top view near
boundary and (C) central view of the gelated bead for the CS(sol)
concentration of 1.5 w/V %. (D) Two layers of the bead at 3 w/V %
CS(sol). Scale bar = 1 mm. The compositions are used: R = 3,
Vw = 0 mL.

The gel bead formed during the reaction is taken out of the
solution and kept on the glass substrate for the visualization of
its structure. For low CS concentrations in the gel, the upper
and lower side of the gel bead maintain the convex and con-
cave shapes, respectively. The gel is sufficiently soft, so when
it makes contact with the glass it can adhere to it. However,
a rigid structure develops at high CS concentrations as shown
in Fig. 1E. The upper surface becomes conical, resulting in
a boat-like structure due to the evaporation of ethanol during
the time scale of the experiments. The top view of the CEW
droplets looks circular (Fig. 2A), regardless of their outer
edge. A close inspection of the gelated bead reveals that the
outer edge is wavy, typical for evaporation (Fig. 2B), while at
the central core irregular ridge-like patterns evolve (Fig. 2C).
When the gel boat with high CS concentration is left one hour
in the alkaline solution, the diffusion of OH− creates "two-
level" boats (Fig. 2D), similar to multilayer hydrogels38.

As the CEW droplet contacts with the alkaline solution,
besides the gel formation, the Marangoni effect—due to the
ethanol spreading—generates the motion of the gel instantly.
The speed of the boat at a given time, defined as

vi =
√

(xi+1 − xi)2 +(yi+1 − yi)2/∆t , (2)

characterizes the dynamic activities, where i represents the
frame number, (x,y) coordinates are the centroid of the bead
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FIG. 3. (Color online).(A) Speed evolution of the self-propelled CS
gel. (B) A spike of the intermittent state and (C) ln(v) as a function
of time. The red line indicates the linear fit. The concentration of
CS(sol) is 2.0 w/V% with Vw = 0 mL and R = 3.

and ∆t expresses the time interval between the frames. The
speed evolution in Figure 3A indicates that before reaching
a quiescent state (III), the gel bead exhibits continuous (I)
and intermittent (II) motion. The collision of the gel with
the wall decreases its speed, therefore the data near the con-
tainer boundaries are eliminated manually by checking the
entire speed profile (Figure S1). The speed of the bead in
region (I) decreases sharply due to the quickly decreasing
ethanol supply rate. The propulsion begins in a straight path,
which, after hitting the boundaries, may switch to a circular
one (Movie S1). The development of circular motions are ex-
pected due to the wavy patterns on the gel and the slowing
down of the propulsion.

In the second stage (II), the bead exhibits stop and run mo-
tion (Movie S2), producing spikes in the velocities in Figure
3A. Due to the depletion of ethanol, the distance traveled by
the diffusion of ethanol from the central to the outer region
increases, which increases the interspike period Tp with time.
The Tp follows a linear scaling with the rest state Tr (Figure
S2) with slope of 0.94 ± 0.03, which supports that on aver-
age, the variation in propulsion time of spikes is insignificant.
In region II, the gel bead accelerates abruptly at the beginning
of spiking as shown for an example case in Figure 3B. The
speed of the gel boat reaches a maximum and then it decreases
exponentially (Fig. 3C), indicating a relaxation-like motion.
The frictional coefficient of the gel bead (µ) can be calculated
by assuming that no driving force acts on it, and the initial
speed v(0), identified as the maximum speed, exponentially
decreases as a function of time, i.e.,

v(t) = v(0)e−
µ
m t , (3)

where m is the mass of the bead (∼25 mg, see Table S1). From

the slope of the fitted line in Figure 3C, the frictional coeffi-
cient is estimated to be (2.08 ± 0.05) × 10−5 N m−1 s. For a
given R, the formation of the thin gel can be comparable to an
elastic sheet at low concentrations of chitosan. The CS mem-
brane is flexible and upon collision with the container wall,
the gel adheres to the glass surface and produces an oscilla-
tory motion like pendulum (Movie S3) with increasing period
of the oscillations due to the depletion of ethanol (Figure S3).
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FIG. 4. (Color online). (A) Propulsion time of the gel and the gel
characteristics such as (B) depth h, (C) projection area A, and (D)
maximal velocity vmax as a function of CS concentrations with R = 3
and Vw = 0. The red lines correspond to the linear fittings.

The active time of the bead increases linearly as a func-
tion of CS concentrations (see Figure 4A) at constant R and
constant amount of ethanol. Increasing the chitosan concen-
tration increases the viscosity of the sol (Table S1) and hence
increases the cohesive force between the polymer chains. Be-
cause of that, the chains are tightly packed at high concen-
trations causing a slower supply rate of the infused fuel in
the droplet under which the bead stays active for a longer
time. The physical characteristic of the droplet, the sub-
merged depth h, increases with concentration as shown in Fig.
4B due to the increasing polymer density. The top projection
area A, however, decreases steeply as a function of the CS con-
centration (Fig. 4C) because of the increasing cohesive force
in the polysaccharide sol. The maximal speed is determined
by considering the largest speed values in the first ten seconds
of the experiments. Figure 4D shows that the maximal speed
decreases abruptly as the concentration of polymer increases
and follows a linear tendency with the projection area (see the
inset figure). Upon increasing the area of the ethanol-loaded
gel, the drag force and the supply rate increase. The drag
force decreases the speed, but the supply rate increases the
concentration gradients and increasing the maximal propul-
sion speed. The rise in the maximal speed with A reveals the
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dominating effects of the interfacial tension gradients on the
acceleration of the bead.
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FIG. 5. Speed evolution of the gel for the compositions of (A) R = 3,
Vw = 0 mL, (B) R = 1, Vw = 0 mL, (C) R = 3, Vw = 1 mL. The chitosan
sol concentration is 0.75 w/V %.

The variation of the fuel amount with respect to the poly-
mer content, i.e, R and Vw, controls the dynamics and the
shapes of the gel. The speed evolution in Figure 5A corre-
sponding to R = 3 and Vw = 0 mL (di = 1.65 mm) shows
the continuous and intermittent motion of the circular bead.
Further increasing the fuel amount, thus decreasing R to 1, we
find that chitosan droplet forms with an asymmetric shape and
exhibits rotational motion. Figure 5B displays that the bead
sustains the active state up to 155 ± 16 s and significantly
suppresses the intermittent region. Comparing the two cases,
we find that the circular-like bead has a sudden, steep tran-
sition from continuous to intermittent mode, while the asym-
metric shape has a monotonic. Furthermore, the maximal ve-
locity of 17.82 ± 0.85 cm s−1 of the circular bead increases
to 26.58 ± 3.15 cm s−1 for the asymmetric gel, but the spik-
ing speed decreases from 4.42 ± 0.45 cm s−1 to 1.67 ± 0.13
cm s−1. When a droplet with the composition of 0.75 w/V%
CS(sol), Vw = 1 mL and R = 3 (di = 2.5 mm) is placed on the
alkaline surface, the projection area of the gel increases. A
sheet-like circular thin membrane ruptures the edges, causing
deformation to an asymmetric shape and leading to a move-

ment along a ring pattern (Movie S4). The speed, illustrated
in Fig. 5C, shows that the continuous motion reaches the qui-
escent state, resulting in the complete suppression of spiking
events.

FIG. 6. (Color online). (A-D) Top-view images illustrate the shape
transition. Field of view: 3.83 × 2.40 cm2. (E) Speed evolution as a
function of time. (F) Oscillatory motion of the crescent gel and (G)
trajectories of the rotational dynamics. CS(sol): 0.75 w/V% with
R = 0.6 and Vw = 0.

Increasing the ethanol amount tends to deform the shape
of the organic droplet. Image sequence in Figure 6A-D ren-
ders the transition of the gel shape for a given composition
of R = 0.6 and Vw = 0. When the droplet falls from the nee-
dle (di = 2.5 mm) on the alkaline, it forms a circular shape
(Fig. 6A), and a thin layer separates the alkaline and polymer
electrolytes. The propulsion speed sharply rises, depicted by
the blue curve in Fig. 6E, but the upper solution of the organic
drop stays in the near-rest state due to Newton’s first law. This
process spreads the upper solution backward and immediately
creates a new gel layer attached to the initial formed gel layer
resulting in an elliptical shape (Figure 6B). The further fast
propulsion speed (red curve in Fig. 6E) expands the bound-
ary of the gel (Fig. 6C), while the fuel consumption decreases
the speed and the asymmetric shape produces the rotational
dynamics. Later, the membrane splits into circular and asym-
metric, crescent-like pieces, as shown in Fig. 6D. The length
of the left (L) side of the asymmetric gel is shorter and thinner
than the right (R) side, and the green arrow in Fig. 6D denotes
the anticlockwise direction of the gel motion. The speed of
the crescent shaped gel, shown by green in the inset of Figure
6E, monotonically reaches the intermittent zone. The circu-
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lar piece also exhibits rotational motion, but the collision with
and the adhesivity to the boundaries trap the gel and affect
its dynamics. Figure 6F represents the oscillatory behavior
of crescent gel. The color coded trajectory (Fig. 6G) in the
later stage of the continuous motion displays the reduction in
the size of the ring diameter with time, indicating the smooth
transition from the continuous to the intermittent zone.

FIG. 7. (Color online). The dynamical phase diagram of the different
growth regimes, guided by the black dotted lines. The needle inner
diameter is used 1.65 mm and CS(sol) concentration is 0.75 w/V%.
Scale bar: 5 mm.

We have summarized the qualitative picture of the observed
shapes and dynamics of the active soft material in Figure 7.
The shapes can be assigned to three distinct regions: circular
(square markers), asymmetric (diamond markers), and split-
ting (circular markers). For the last case, the number of frag-
ments increases, but the time of fracture occurrence decreases
on decreasing R or increasing Vw, i.e., increasing the amount
of the fuel or decreasing the polysaccharide concentration in
the gel. Multi-splitting produces different shapes, and the dy-
namics of the individual fragments depend on their shape and
the fuel amount in the gel. For example, for high fuel level
with R = 1/3, Vw = 0 mL, and 0.75 w/V% CS sol, the large
fragments can spike even with speed of 13.1 ± 0.2 cm s−1

(see Figure S4). Moreover, fission into multiple tiny particles
are observed at high Vw. Further increase of the water in the
CEW droplet, however, lowers the chitosan concentration so
much that gel formation can not take place.

IV. CONCLUSIONS

We have designed a bio-inspired artificial system where
self-propulsion activities are shown for ethanol-containing
chitosan hydrogels. A dynamic transition from continuous to
intermittent modes of motion has been observed, where the
control of the stop-run motion is attained for varying the poly-
mer concentration and the amount of the fuel in the polysac-
charide. The expansion of the gel can induce splitting into
fragments of distinct structural shapes.

Future studies can be aimed to explore the collective phe-
nomena of chitosan beads and boats. The complexation of
various metal ions with chitosan can modify the membrane
properties, which may assist in manufacturing a smart motor
for technical applications. The attractive-repulsive interaction
of droplets can be controlled by appropriately selecting metal
ions and tuning the solvent composition. It is possible to gov-
ern the various nonlinear phenomena and dynamic patterns
that mimic the coordinating behavior of living organisms.

Moreover, the self-propelling droplet induces chemical gra-
dients on both sides of the chitosan membrane and generates
an electric potential as was shown in our previous work,39 for
self-organized tubular membranes. We believe that the present
work can pave the way for future studies in advancing energy-
based chemical motors.

V. SUPPLEMENTARY MATERIAL

The solution compositions, further figures on histograms
and oscillatory dynamics of beads, and the temporal evolu-
tions of gel speeds, along with videos on the various motion
types of the gel beads are found in the supplementary material.
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