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Edible aquatic robots with Marangoni
propulsion

Shuhang Zhang1, Bokeon Kwak1, Ruihao Zhu 2, Markéta Pankhurst1,
Lu Zhang 2, Remko M. Boom2 & Dario Floreano 1

Centimeter-scale aquatic robots could be used in environmental monitoring,
exploration, and intervention in aquatic environments. However, existing
robots rely on artificial polymers and commercial electronic components,
which can pollute anddisrupt sensitive ecological environments if they are not
retrieved. To address these challenges, we describe a fully biodegradable and
fully edible self-propelled device that leverages the Marangoni effect for
autonomous propulsion. The body of the edible aquatic robot is made of
freeze-dried fish food and is powered by a water-triggered pneumatic reaction
that produces motion by sustained release of a surfactant that is safe for
aquatic fauna. The device’s biodegradable and non-toxic composition allows
for safe environmental deployment for environmental sensing, delivery of
nutrition or medication in aquatic environments. The proposed method sub-
stantially expands the potential benefits of small-scale aquatic robots that
could be deployed on a large scale without the need to retrieve them and even
provide nutrition to wildlife at the end of their lifetime as animals do.

Aquatic robots have a wide range of applications in exploration,
monitoring, and intervention missions within natural environments1–3.
In particular, there has been growing interest in centimeter-scale
aquatic robots due to their compact size, low power consumption,
minimal environmental impact, and suitability for navigating confined
and complex natural water bodies4,5. Various actuation mechanisms—
including piezoelectric actuators6,7, dielectric elastomer or hydraulic
actuation5,8, electricity-driven hydrogels9, orminiatured DCmotors10—
have been employed, enabling locomotion by means of diverse pro-
pulsion methods such as undulation5,8, vibration10, direct jetting6 or
stroking7,9. When integrated with miniaturized power sources and
driving circuits, these robots can display untethered, highly maneu-
verable movement5,8–10 with speeds between one and three times their
body length per secondwhile consuming power in the range of tens to
hundreds of microwatts5,7,9.

However, existing robots are predominantly constructed from
artificial plastic polymers and commercial electronic components,
including electrical batteries. While these materials may be

harmless if the robots are retrieved after completing their task, they
pose risks to natural environments if they are lost or ingested by
wildlife.

Self-propulsion by the Marangoni effect11—whereby a floating
body is propelled by the ejection of surfactant chemicals that locally
decrease the water surface tension—can offer an alternative to elec-
trical power sources and control circuits. Recent advancements in
Marangoni-effect-driven self-propelled devices have led to innovations
such as imbibition microfluidic pumps12, pen-drawn actuators13, pro-
grammable gels14, and biodegradable protein motors15 that facilitate
self-propelled locomotion. Additionally, on-the-fly control of Mar-
angoni propulsion robots has been demonstrated through remote
photothermal switching16. However, current approaches remain
unsuitable for outdoor aquatic environments because they typically
rely on surfactants, such as alcohol14 or other potentially toxic
chemicals12,13, which can be harmful to aquatic organisms. Further-
more, bodies and ejection structures of those robots are often non-
biodegradable, limiting their applicability in ecologically sensitive
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scenarios where transient and biodegradable properties are
required17,18.

Here, we present a method for designing, modeling, and fabri-
cating a fully biodegradable and edible self-propelled aquatic robot.
The cm-scale aquatic robot is composed of a water-triggered switch
that initiates a chemical reaction within the robot’s belly when placed
on a water surface; the chemical reaction produces gas that gradually
expels a surfactant into the water from the rear of a milli-fluidic
reservoir, thus generating a sustained motion. The robot could be
functionalized with edible sensors17,19 and deployed in large numbers
for environmental monitoring over large areas20; also, the nutritional
profile of its body could be tailored to serve as a nutrient or medical
treatment for specific aquatic fauna (Fig. 1a).

Results
Design and modeling
The aquatic robot, endowed with water-sensing, energy storage and
production, and self-propelling capabilities, consists of amulti-layered
structure made of entirely edible materials for aquatic fauna (Fig. 1b).
The operating principle (Fig. 1c) consists of the gradual release of a
surfactant pushed out of the pellet by gas pressure, generated by a
chemical reaction triggered shortly after the pellet is placed on water
surface. The aquatic robot ismade of two structures: (1) a boat-shaped
body, which provides buoyancy and directional motion, and serves as
the main source of nutrition as a showcase in this work; (2) a fluidic
actuator to generate motion that includes a reservoir of liquid sur-
factant (fuel) and a detachable chemical reaction chamber (Fig. 1c)
with powdered chemicals (citric acid and sodium bicarbonate), which
produce gas by reacting with water. Once the aquatic robot is
deployed on the water surface, the permeable bottom of the fluidic
actuatorwill start absorbingwater and trigger a reactionbetween citric
acid and sodium bicarbonate, generating CO2, which will in turn push
the fuel out of the reservoir, thus reducing the water surface tension
behind the aquatic robot and producing forward motion (Fig. 1d).
Citric acid and sodium bicarbonate materials are not only well-
characterized sources of pneumatic power in soft robotics21,22 but are
also safe to consume by aquatic fauna and are commonly used in
aquafarming as feed additives and functional chemicals23–25. Besides
CO2, another byproduct of the chemical reaction is sodium citrate,
which has also been studied as an aquatic feed ingredient26–28 where a
concentration up to 1% of feed by mass is considered safe.

For the sake of simplicity, in this work we consider only locomo-
tion time and speed, although directional change comes for free from
manufacturing imperfections and fluid dynamics, as we will show
below. In terms of motion duration, here we target a motion duration
of a few minutes, sufficient to gather and transmit data from a given
sensor (temperature, pH, e.g.), as a proof of concept. Assuming that
the aquatic robot acts as prey at the end of its lifetime, we considered
the preferred swimming speeds of several typical aquatic species,
which range from 0.5 to 3 body lengths per second (bl·s−1)29. We thus
assume that a small aquatic robot capableof approximating that speed
range could be considered prey. To predict locomotion speed and
duration, and thus assess the performance of the manufactured
aquatic robot, we developed a simple physical model based on the
literature30 (Supplementary Methods Section S1 and Fig. S1).

Hull structure
The boat-shaped body of the aquatic robot is made of materials
obtained from commercial fish feed pellets. Most commercial pellets
are near spherical or cylindrical with a diameter up to 14mm31,
depending on the target fish species and age, and contain all ingre-
dients for a complete diet (18–50 percents protein, 10–25 percents
lipids, 15–20 percents carbohydrate, up to 8.5 percents ash (including
minerals), up to 1.5 percents phosphorus and trace amounts of
vitamins32). Since mass m and drag coefficient cd (Supplementary
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Fig. 1 | Edible aquatic robot concept, design, and work principle. a Future
application scenarios of edible aquatic robots. b The multilayer structure of the
aquatic robot made from edible materials, which comprises a boat-shaped body to
provide buoyancy and various nutrients, and a fluidic actuator that encloses the
fuel reservoir and the reaction chamber. c Sectioned structure view and working
principle of the fluidic actuator. Only upon contact with the water surface, the
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an airtight fit between the reaction chamber and bottom fluidic layer, which is
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propulsion procedure. The fuel decreases the liquid surface tension behind the
aquatic robot, creating the tension gradient that drives forward motion.
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Methods Section S1) negatively impact the boat’s propulsion speed,
the material density should be as low as possible while maintaining
structural integrity. Here we aimed for a density of 250kg/m3 because
it is similar to the lowest density of commercial floating pellets
(reported to be 267–711 kg/m3)33. We designed streamlined hull shapes
with an estimated drag coefficient between 0.76 to 1.60 to support
target speeds of 3–0.5 body lengths per second (Supplementary
Methods Section S2), where larger drag coefficients correspond to
lower motion speeds and lower Reynolds numbers.

Commercial feed pellets were ground to powder, mixed with a
polymer binder to ensure structural integrity of the final product,
poured into a boat-shaped mold, and freeze-dried (Fig. 2a). Freeze-
drying was used because it can reliably produce lightweight yet strong
structures34. However, freeze-dried food items display high porosity,
which would lead to rapid water absorption that would increase the
hull’s density and reduce motion capability. To address this issue,
three common edible binders (starch, flour, and gelatin) were sepa-
rately combined with the ground pellets and compared against
dynamic water uptake within 3min; in addition, texture analysis with
flexure modulus was measured to assess structural integrity of the
freeze-dried structures. All the freeze-dried samples had an average
density of 250± 13 kg/m3 and a mass of 0.50g ± 0.03 g.

The recipe with gelatin binder displayed a water absorption rate
five times lower than the other two recipes within a 3-min timewindow
(Fig. 2b), which is desirable to maintain the lightweight and structural
integrity of the device. To further improve water resistance, several

ediblewaterproof additives (shellac, fish oil, and beeswax), each tested
in 4% and 8% of total dry mass, were added during the mixing process
(Fig. 2a(ii, iii)) and the resulting freeze-dried structureswere compared
for water absorption ratio and flexure modulus. However, these
additives did not show substantial improvements in water absorption
ratios (Fig. 2c, left vertical axis) and even reduced the flexural modulus
(Fig. 2c, right vertical axis), which is a measure of structural integrity.
Therefore, we did not use these additives and resorted to a recipe
made only of ground feed pellets and gelatin to produce boat-shaped
samples with a mass of 0.49 g ±0.02 g, an average flexure modulus of
117.28MPa, and amaximum loadof 24.72 N similar to the crushing load
of commercial fish feed pellets, which range between 6 and 33N33.

Fuel selection
There are several types of surfactant materials (volatile smaller mole-
cules, non-volatile amphiphilic molecules or polymers, either in solid or
liquid form) with diverse water solubility and surface-tension reduction.
Within the scope of an application in aquatic environments, the surfac-
tant should not only provide the highest surface-tension reduction but
also display the lowest toxicity for aquatic species. Some surfactants
have already been used for Marangoni-based propulsion of non-edible
artefacts, such as butanol12, camphor13, hexafluoro-isopropanol15,
sodium dodecyl sulfate35, and ethanol36, but most of these are toxic to
aquatic animals. Here, we select a range of surfactants that are known as
food additives. and propose an approach to compare their environ-
mental impact by establishing a toxicity index Itoxic from standard
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Fig. 2 | Manufacture and testing of boat-shaped body samples. aManufacturing
process of boat-shaped body samples. (i) Commercial feed pellets (approximate
density 0.7 g/m3) were first ground into powder for reshaping. (ii) The powder was
then mixed with the selected binder and, optionally, hydrophobic additives in
water. (iii) Themixturewasheated to 90 °C and stirred to disperse the components
evenly. (iv) The mixture was then poured into silicone molds to shape hulls and
rectangular bars for bending tests. (v) The samples were frozen, removed from the
mold, and subjected to freeze-drying to remove all the water and produce the final
porous structure. b Water absorption results of recipes based with three different

binders (starch, flour, and gelatin); legend indicates material mass ratios in each
recipe. c Comparison of water absorption ratio (blue bars) and flexure modulus
(yellow bars) of seven recipes with different types and quantity of hydrophobic
additives: shellac, fish oil, and beeswax. A higher water absorption ratio corre-
sponds to less water resistance, which is not desirable for the aquatic robot. The
flexuremodulus reflects thematerial’s strength against bending load,which is used
as an indicator of the material’s structural integrity. Error bars show the standard
deviation of tests on three separate samples.
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environmental toxicity data, namely “half maximal effective concentra-
tion” (EC50) and “no observed effect concentration” (NOEC) values37,38

(Supplementary Methods Section S3), and assess their surfactant per-
formance in a standardized manner. Higher EC50 or NOEC values cor-
respond to lower toxicity and thus to a lower toxicity index.
Unfortunately, the surfactant toxicity reported in the literature is often
measured on one or a few species, which vary in their tolerance to the
substance. To illustrate our comparisonmethod, here we use published
toxicity data for freshwater flea (Daphniamagna) because this organism
has been used in the largest number of studies39–46, and we assume that
the resulting toxicity index rank applies to fish too. However, the pro-
posed method is also applicable to any other aquatic species for which
toxicity data of multiple surfactants exist. For the edible surfactant
lecithin, there is no NOEC or EC50 data because it is considered safe
for the aquatic environment47; in this case, the toxicity index is
defined as 0.

Since surface-tension reduction (evaluatedby theminimal surface
tension σmin of surfactant-water mixture, sourced from literature48–57)
and toxicity (evaluated by toxicity index Itoxic) are not directly com-
parable, the results identify a Pareto-optimal front that includes leci-
thin, propylene glycol, and ethanol (Fig. 3a).

To assess the propulsion performance of lecithin, propylene gly-
col, and ethanol, we developed a rotary motion test rig, which com-
prises a lightweight, 3D-printed plastic vessel floating on water that
moves around a pivot (Fig. 3b). 0.3 g of each fuel was used for each
test: propylene glycol and ethanol in pure form, and lecithin in liquid
dispersion form as purchased (see “Methods” section). Each fuel was
injected into the fuel reservoir, and the vessel was released onto the
water surface while its motion was recorded by video. We observed
that lecithin, despite being the safest edible surfactant, quickly satu-
rated thewater surfacedue to its low solubility and amphiphilic nature,
reducing motion time of the edible aquatic robot (Fig. 3c), and
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therefore we narrowed the fuel selection to propylene glycol and
ethanol, which are both highly soluble and therefore allow prolonged
motion.

The energy provided by the two types of fuel for locomotion can
be measured by integrating over time the product of the driving force
Fs and velocity u (Supplementary Methods Section S5) measured
during the tests (Fig. 3c). This results in a total motion energy of
1.07 × 10−4 J for propylene glycol and 1.94 × 10−4 J for ethanol. Although
propylene glycol provided only 55.11% of the motion energy produced
by ethanol, the latter is more toxic to aquatic species and has a safety
concentration limit (evaluated by the 48 h EC5039,40 for Daphnia
magna) that is only 28.37% of that for propylene glycol. Therefore,
propylene glycol, which has also been proven safe as a feed additive in
aquafarming58, was selected as the fuel for the edible aquatic robot.

Fluidic actuator
The fluidic actuator (Fig. 1d) is designed to host the fuel (propylene
glycol) and a reaction chamber sealed by a permeable membrane that
triggers gas generation when positioned on water to push the fuel out
of the reservoir. It consists of a shell structure composed of two layers
(Fig. 1c): the top layer, which holds the fuel reservoir, and the bottom
layer, which holds the reaction chamber and the water-permeable
membrane. Both layers are made of gelatin, a material with nutritional
value59 and well-testedmethods for the production ofmillimeter-scale

capsules60, by pouring and drying in silicone molds. The average mass
of thefluidic actuator sampleswas0.603 g, excluding the fuel- andgas-
generation chemicals.

The fuel reservoir (Fig. 1d) consists of a single fluidic channel with
a waving pattern designed to maximize fuel capacity and smooth
expulsion (SupplementaryMethods Section S5). This necessarily led to
an asymmetric configuration. To analyze the potential effects of this
asymmetricity, two types of actuators: type L and type R, which have
mirrored designs, have been fabricated for comparison. The channel
has a widthw = 1.8mm and thickness δ =0.8mm (Fig. 4a), resulting in
a nominal volume Vf = 195 µl, which represents themaximumpayload
to keep the fuel outlet above thewater surface. Due to shrinkage of the
gelatin material during the fabrication process, resulting in a
decreased volume of the fuel reservoir, the actual average volume of
fuel injected in the reservoir of the samples was 151.7 µl.

The reaction chamber contained sodium bicarbonate and citric
acid as active reagents (Fig. 1d). To achieve the target speed of 0.5–3
body lengths per second (bl·s−1), which corresponds to 23.5–141mm/s
for vessels with a length of 47mm, the required fuel flow rate q was
estimated to be between 1.00 and 29.96 µl/s (SupplementaryMethods
Section S5). In this study, we used 10mg (5.21 × 10−5 mol) of citric acid
and 10mg (11.90 × 10−5 mol) of sodium bicarbonate in each vessel
(Supplementary Methods Section 5) to achieve the desired gas-
generation rate between 3.84 and 23.02 µl/s, depending on the
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amount of absorbed water. Our approach was based on a previous
study22 of gas-generation rate for varying concentrations of sodium
bicarbonate and citric acid, while also considering the requirement for
the resulting sodium citrate not exceeding the safety limit of 1% of the
total feed mass (see subsection “Design and modeling”26–28). However,
it was observed that the gas-generation speeds tend to converge to the
maximumvalue (over 20 µl/s) due to fastwater absorption through the
permeable bottom. To counteract this, it was found that upon the
addition and evendistribution of ethylcellulose (EC), which is an edible
and biodegradable polymer61 known to be hydrophobic, in powdered
form in the reagent mixture, the gas-generation rate could be con-
trollably lowered. Thus, assuming a fuel flow rate q identical to the gas-
generation rate, the expected duration of fuel expulsion could be
engineered to range from8.47 (i.e., flow rate 23.02 µl/s) seconds to 100
(i.e., assumingflow rate 1.95 µl/s upon the additionof sufficient amount
of ethylcellulose) seconds. Here, we define the predicted motion
duration of the edible aquatic robot to be the same as the predicted
fuel expulsion duration, although the actual motion duration is also
affected by the acceleration and deceleration time of the edible
aquatic robot.

Characterization
The boat-shaped bodies and fluidic actuators used for testing have
average masses of 0.483 g and 0.603 g, respectively, resulting in an
average totalmass of 1.428 g per vessel (Fig. 4b) (including themass of
the fuel and gas-generation chemicals). The nutritional profile of the
edible aquatic robot was assessed from the relative mass of the com-
mercial feed pellet used tomake the boat-shaped hull and of the other
components (Supplementary Methods Section S6), resulting in a
composition of 77.0% protein, 17.3% carbohydrate and 2.7% lipids
(Fig. 4c). Compared to a typical commercial feed pellet sample32

(SupplementaryMethods Fig. S6), the edible aquatic robot contains all
essential nutrition classes and has a similar carbohydrate percentage,
but at least 30% more proteins and 8% less lipids due to the gelatin
mass added for structural purpose. Despite thesedeviations from food
pellets, the nutritional profile of the aquatic robot is suitable for con-
sumption by predatory aquatic animals, with the ingredient compo-
sition being tunable for any specific future application scenario, thanks
to the versatility of the manufacturing method. Since the fuel and the
byproduct of the gas-generation reaction (sodium citrate) are likely to
be released or dissipated into water prior to ingestion, they were not
considered in the nutritional profile.

Twelve edible aquatic robots were completely manufactured, and
their free motion characterized in a tank of 130 cm by 65 cm filled with
water up to 8 cm. Motion tests were carried out by individually placing
diverse edible aquatic robot samples on still water and measuring fuel
expulsion and motion trajectories from video recordings (Fig. 4b, see
section “Methods” for details).Waterwas completely replacedafter each
individual test to best ensure comparability of the results, although
surface tension measurements (Supplementary Methods Section S7)
showed that the water surface tension remained effectively unchanged
(reducedonlyby2.67%) evenupon thedispersal of surfactant fromup to
three aquatic robots. The triggering time (time required for the gas-
generation reaction to initiate) and expulsion time (time needed for the
fuel reservoir to be emptied) were measured from video footage.

The average triggering time was 3.42 s (s.d. 1.50 s), with the aver-
age expulsion time 30.36 s (s.d. 11.14 s) for samples with 10mg ethyl-
cellulose mixed in the reaction chamber (faster samples, Fig. 4d red
bars), and 69.00 s (s.d. 17.31 s) for samples with 20mg ethylcellulose
(slower samples, Fig. 4d blue bars). Both scenarios lie within the range
predicted by the model. Notably, the aquatic robot samples did not
follow regular and linear motion trajectories but exhibited versatile
pseudo-random behavior in terms of motion direction and speed,
generating various trajectories (SupplementaryMethods Section S8). It
is observed from the angular velocity data (Supplementary Methods

Section S8) that the samples of type L and type R have a tendency to
turn towards opposite directions (Fig. 4e). Since the samples generated
curvilinear trajectories (Supplementary Material Section S8), the aver-
age speed was calculated by combining the linear velocity measured at
the center of the edible aquatic robot with the angular velocity (Sup-
plementary Methods Section S8). The average speed was 0.052m/s
and the averagemaximum speedwas 0.098m/s for the faster samples,
whereas for the slower samples the average speed was 0.034m/s and
the average maximum speed was 0.075m/s, which are within the
desired range of 0.5–3 body lengths per second (Fig. 4f). Compared to
model predictions,which afforded speedsbetween0.032 and0.111m/s
(Supplementary Methods Section S8), based on assumed fuel flow
rates between 1.95 and 23.02 µl/s (see subsection “Fluidic actuator”), all
samples exhibited expected average speed values within this range,
considering the standard deviation, and there is a general trend of
motion speed decrease with the increase of motion duration. Small
deviations amongst individual samples were likely caused by the dif-
ferences in mass and fuel reservoir volume of each sample, caused by
manual fabrication imperfections, and also the inherent sim-to-real gap
of thephysicalmodel. For example, a samplewith a smallermasswould
in reality be able to travel faster than the model could predict due to
the reduced drag compared to the physical model (Supplementary
Methods Section S1), as the model prediction is performed using the
averaged mass value of all samples.

Discussion
In this article, we described, modeled, and characterized a fully edible
robotic vessel capable of autonomously triggering self-propulsion for an
extended period of time when placed on water. Additionally, we pro-
posed amethod for evaluating various surfactants to identify those that
optimize self-propulsion whileminimizing toxicity to aquatic fauna. The
ingredient composition of the edible aquatic robot is tailored to meet
the nutritional needs of cultivated predatory species, demonstrating its
harmless nature and potential as an environmental sensing vessel or
application as artificial prey. However, assessing the attractiveness and
effectiveness of the proposed edible aquatic robot in the pet industry or
animal research would require extensive animal testing and economic
analysis, which fall beyond the scope of this study.

Theedible aquatic robot sampleswerebuiltmanually according to
themethodsdescribedhere and in the SupplementaryMaterials, which
induced imperfections in the different manufacturing steps. Although
the results of the experimental characterization weremostly within the
range of the model predictions, they did display some variability. The
variability in fuel expulsion time was likely due to the actual con-
centration of the reagents, which was more precisely controllable in
literature studies22 but less precisely controllable in the manual
assembly of the edible aquatic robot, and to manufacturing imper-
fections, such as small leakagepoints in the reaction chamber, thatmay
have caused pressure loss. The variability in the pseudo-random cur-
vilinear trajectories (instead of a more regular and linear trajectory)
was likely due to small differences in fuel expulsion rate, hull shape, and
water-vessel interaction in Marangoni-based propulsion systems62;
however, trajectory variability is considered a positive feature because
it would contribute to effective dispersion of the vessels on the water
surface and possible increased attractiveness to predatory fish species
whose natural prey display pseudo-random behavior63–65. Finally, the
variability in the average and maximum speed was likely due to the
combination effect of the irregular trajectory and imperfections in the
shapeof thefluidic channels andoutlet, which could impact fuel supply
efficiency η (Supplementary Methods Sections S1 and S4) and thus
cause minor deviations from flow rate assumptions of the model,
although all results were with the range predicted by the model when
considering their standard deviations. Overall, higher fabrication effi-
ciency and reduced variability could be achieved by the development
of future versions of the edible aquatic robot optimized for more
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controllable motions by using automated machine manufacturing for
more precise control of ingredient composition, process duration,
temperature, and humidity, and molding and sealing.

The edible aquatic robot surpassed conventional fish feed in two
aspects. It contained 106.2mL·kg−1 of propylene glycol on average,
significantly higher than the 7.5mL·kg−1 reported in the literature58. This
increase resulted from the fuel reservoir’s design, whichmaximized fuel
volume (195 µl nominal) to extend motion duration, with no evidence
suggesting harm to aquatic fauna. Additionally, the robot’s vessel
measured 47mm in length, compared to the <14mm diameter of
commercial pellets31,33. However, some predatory fish naturally con-
sume prey of similar or greater length66. If required for future practical
applications, the robot’s length could be adjusted bymodifying the hull
shape, though thiswouldeither reduce themotion speedorduration. In
terms of locomotion speed, the edible aquatic robot achieved a peak
speed (0.138m/s) of nearly three times its body length and an average
speed (0.052m/s for samples with 0.2mg EC) of approximately one
body length. This performance is comparable to the state-of-the-art
centimeter-scale aquatic robots. However, its controllability and man-
euverability remain limited due to the minimal use of electronics.

The design,model, andmethods described in this article could be
applied to various types of aquatic applications, such as environmental
monitoring with a swarm of edible aquatic robots, equipped with
biodegradable and edible sensors19,67, which would not harm aquatic
fauna and also offer environmental advantages through end-of-life
properties as feed, or if not eaten, biodegradability. Although here we
did not carry out animal experiments, which would require ethical
permissions and animal testing infrastructure, we speculate that the
motion of these aquatic robots could possibly provide predatory
training and cognitive stimulation68 to aquatic pets, thus helping to
reduce stress levels and ultimately enhance animal welfare69,70. More
broadly, these results contribute to the recent trend in animation of
processed food, which reconciles the motion of living natural prey
with the nutritional balance of processed food for environmental,
medical, and nutritional purposes19.

Methods
Preparation of freeze-dried boat-shaped body samples: commercial
feeding pellets (Dynamite Baits) were ground into powder using a
spice grinder (WSG30, Waring). The liquid suspension that contained
25% w/v ingredients (including the ground feed, the edible binder:
gelatin (Sigma-aldrich), starch (potato source, Patissier) orflour (wheat
source, Migros), and optionally the hydrophobic additives: fish oil
(KoRo), shellac (Kremer Pigmente) or beeswax (Sky Organics),
depending on the specific recipe) dispersed in water was prepared by
heating the suspension in a beaker to 90 °C with constant manual
stirring for 15min. The temperature and duration were selected
through preliminary tests to allow all the ingredients to bemelted and
form an evenly dispersed mixture. The mixture was then poured onto
silicone rubber (Smooth On Inc., Smooth-Sil 940) molds, cooled to
ambient temperature, then frozen at −30 °C for at least 6 h and loaded
into the freeze drier (Christ Epsilon 2-10D, Martin Christ) and went
through a drying procedure of 72 h, where the freezing temperature
and drying time were selected according to common practice in the
literature71 to allow slow anduniform sublimation ofmoisture from the
structure, ensuring uniform and even product structure.

Test of freeze-dried boat-shaped body samples: to test the water
absorption rate of the samples, a weight scale capable of real-time data
recording (Explorer Precision, Ohaus) was used. The samples were
secured under a height-adjustable test platform, and the height was
adjusted to allow marginal contact between the sample and the water
surface in a beaker. The beaker was placed on the measuring plate of
the weight scale to allow real-time monitoring of the weight change
during the water absorption process. The texture strength of the
samples was tested by 3-point bending experiments on a texture

analyzer (Instron) and evaluated by flexural modulus on specifically
prepared rectangular shape samples with an intersection size
4 × 15mm and a support distance 30mm.

Fabrication of the fluidic actuator: gelatin (porcine skin source, gel
strength 170–195 g bloom, Sigma-Aldrich) and glycerol (Abcr GmbH)
were used as received. A 33% w/w gelatin solution was prepared by
mixing gelatin, water, and glycerol in a threaded cap bottle, with a 4:1
mass ratio between gelatin and glycerol. The bottle was then sealed and
incubated in anoven for at least 8 h at 60 °C to formaclear solution. The
solution was then carefully cast onto the silicone rubber (Smooth On
Inc., Smooth-Sil 940) molds for the top and bottom fluidic layers and
detachable reaction chamberwall (Fig. 1b) and left to cool down to room
temperature, allowing a firm hydrogel to form. The hydrogel was left on
the mold, held by 3D-printed plastic fixtures, and dried at ambient
temperature (23 °C–26 °C) and humidity (relative humidity 23 ± 3%) for
12 h. Then, cellulosefilter paper (Whatman, grade 597, thickness 180 µm)
was glued with gelatin solution to the reaction chamber’s bottom and
dried together to form a firm connection. The top fluidic layer and
bottom fluidic layer were then bound by applying 20% w/v transgluta-
minase (Moo Gloo) solution, and dried for another 6h in 3D-printed
fixtures to form an airtight connectionwhilemaintaining a flat shape. 5%
w/v ethylcellulose (~50 cP, Carl Roth GmbH & Co. Kg) solution in iso-
propanol alcohol (99%, Thommen Furler AG) was then injected into the
fuel reservoir of the fluidic actuator and subsequently emptied with
pressurized gas purging. Thefluidic actuatorwas then allowed to dry for
another 4 h, allowing a thin hydrophobic coat to form inside the reser-
voir, thus inhibiting the gelatin structure from absorbing the fuel (pro-
pylene glycol). Next, the fuel propylene glycol, mixed with 0.5% by
weight blue food dye (Zhongshan Jiupin Food Co.) for visualization, was
injected into the fuel reservoir usinga syringepump (CETONI,Nemesys).
Citric acid (Fluorochem), sodium bicarbonate (Migros) and ethylcellu-
lose (~50 cP, Carl Roth GmbH&Co. Kg) were thenmeasured by aweight
scale (Denver Instrument MXX-123), mixed thoroughly and loaded into
the detachable reaction chamber, which was subsequentlymechanically
connected to the bottom fluidic layer and sealed with oleogel sealant
(one part of beeswax (Sky Organics) and two parts olive oil (Monini) by
mass, hot melt mixed at 75 °C).

Motion tests: liquid lecithin (NowFoods, phosphorus concentration
17mg/mL), propylene glycol (MP Biomedicals), and ethanol (99.8%,
Fisher Scientific) were used as received. Edible aquatic robot locomotion
experiments in subsection “Characterization” were carried out in a por-
table water pool with a size of 130×65 cm and water depth 8 cm, rotary
vessel locomotion tests in subsection “Fuel selection”were carried out in
the same container withwater depth 3.5 cm. Circular colored paper tape
cuts were attached to the test vessels, enabling vision motion tracking
through video record. Videos were captured by a Sony IMX 586 digital
camera (30 FPS) andprocessedbymotion tracking software (Tracker) to
acquire the position and time stamp data, and manually measured to
read the triggering time and expulsion duration of the fluidic actuators.
The position and time stamp data were then processed in data analysis
software (MATLAB) to acquire the trajectory and speed information.

Data availability
All (other) data needed to evaluate the conclusions in the paper are
present in the paper or the SupplementaryMaterials. The data for this
study have been deposited in the database at https://doi.org/10.5281/
zenodo.14933645.
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