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B I O M I M E T I C S

Aerial-aquatic robots capable of crossing the air-water 
boundary and hitchhiking on surfaces
Lei Li1†, Siqi Wang1†, Yiyuan Zhang2†, Shanyuan Song1†, Chuqian Wang1, Shaochang Tan3, 
Wei Zhao1, Gang Wang1, Wenguang Sun1, Fuqiang Yang1, Jiaqi Liu1, Bohan Chen1, Haoyuan Xu1, 
Pham Nguyen4, Mirko Kovac4,5, Li Wen1*

Many real-world applications for robots—such as long-term aerial and underwater observation, cross-medium 
operations, and marine life surveys—require robots with the ability to move between the air-water boundary. 
Here, we describe an aerial-aquatic hitchhiking robot that is self-contained for flying, swimming, and attaching to 
surfaces in both air and water and that can seamlessly move between the two. We describe this robot’s redundant, 
hydrostatically enhanced hitchhiking device, inspired by the morphology of a remora (Echeneis naucrates) disc, 
which works in both air and water. As with the biological remora disc, this device has separate lamellar compartments 
for redundant sealing, which enables the robot to achieve adhesion and hitchhike with only partial disc attach-
ment. The self-contained, rotor-based aerial-aquatic robot, which has passively morphing propellers that unfold in 
the air and fold underwater, can cross the air-water boundary in 0.35 second. The robot can perform rapid attachment 
and detachment on challenging surfaces both in air and under water, including curved, rough, incomplete, and 
biofouling surfaces, and achieve long-duration adhesion with minimal oscillation. We also show that the robot 
can attach to and hitchhike on moving surfaces. In field tests, we show that the robot can record video in both 
media and move objects across the air/water boundary in a mountain stream and the ocean. We envision that this 
study can pave the way for future robots with autonomous biological detection, monitoring, and tracking 
capabilities in a wide variety of aerial-aquatic environments.

INTRODUCTION
Robots are used in place of human beings to execute missions in 
extreme environments, such as deep-sea exploration (1–3), space 
operations (4), and subterranean monitoring (5). Aerial robots, in 
particular, are widely used in outdoor environments for locating 
pollution sources, tracking wildlife, and monitoring biodiversity 
(6–8). Many related activities—including disaster first-response, 
nuclear power infrastructure surveys, and coastal patrols—require 
robots to transit and operate in both air and water (9–11). Robots 
that can operate across different environments have been reported 
in a few studies (12–22); however, an untethered robot with the 
ability to execute stable, rapid, and consecutive transit between air 
and water has not yet been described. A robot that could seamlessly 
do so would greatly expand the capabilities of existing human-made 
machines. Such robotic forms may be promising for several open- 
environment applications, including long-term air and water observa-
tions, cross-medium operations, submerged structure inspections, 
marine life surveys, and iceberg detections (Fig. 1).

Long-term robotic missions that require continuous flying or 
underwater propulsion can consume an enormous amount of power. 
A “rest” mode, enabled by a perching device, could allow a robot to 
remain in a stationary state and spend less power during an obser-
vational task (23). Previous perching devices include modularized 
landing gear (24), active or passive grippers (25, 26), gecko-inspired 
dry adhesives (27), suction cups (28), microspines (29, 30), magnets (31), 

and electrostatic adhesion (23). However, these adhesive structures 
typically fail to attach well to slippery underwater surfaces and are 
difficult to resist the robot body’s drag under fast shear flow. Thus, 
a “hitchhiking” apparatus that functions both in air and under water 
would substantially enhance the aerial-aquatic robot’s performance.

There are two primary challenges to implementing a robot with 
the ability to perform aerial-aquatic hitchhiking: It requires a 
reversible, adaptable, powerful, and robust adhesive device that 
functions both in air and under water, allowing the robot to hitchhike 
on various surfaces and an untethered platform that can rapidly and 
seamlessly cross the air-water boundary.

To address the challenge of the hitchhiking device, in this article, 
we look to nature for inspiration for a biological attachment system 
(32–34). Some of these sources of inspiration for cross-medium 
adhesion are highlighted in fig. S1. However, a biomimetic study of 
cross-medium and multiterrain hitchhiking in nature is still lacking 
and not well studied. Remoras, which have attracted growing atten-
tion recently (35–42), can hitchhike on fast-moving marine hosts 
(such as sharks, whales, marlins, and human divers) to reduce their 
energy consumption. The remora’s hitchhiking ability derives from 
the adhesive disc located on the dorsal side of its head. In an earlier 
study, with a tethered, three-dimensional (3D)–printed, pneumatic 
actuated biomimetic disc, we summarized the remora’s adhesion 
mechanism as the soft disc lip forms a seal and results in a pressure 
differential with the outside environment, and the spinules enhance 
the disc’s friction to overcome the shear flow force (36,  40). 
Photographers and researchers have found that remoras can remain 
firmly attached to dolphins that spin in the air while attempting to 
remove their parasites (Fig. 2A). We were intrigued that the remora’s 
disc functions not only under water but also in air, adding to previously 
described single-medium adhesive mechanisms such as the gecko’s 
Van der Waals force (43) and the tree frog’s capillary force (44). We 
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also found that a live remora can attach to a porous surface with 
only part of its disc (Fig. 2B and movie S1). An anesthetized remora 
can successfully hang in the air from a glass substrate using just 
one-half or one-third of its disc (fig. S2A). The redundant, adapt-
able adhesion of the remora in both air and water encourages us to 
investigate the morphology of its disc more carefully. In addition, 
conventional suction devices are sensitive to leakage and external 
impact. Implementing a bioinspired adhesive device that is highly 
adaptable, frictional, and robust is essential for robots to hitchhike 
onto various surfaces in both air and water.

To address the challenge of the seamless aerial-aquatic transition, 
the robot needs to perform untethered, rapid, and consecutive transits 
between the air and water and move stably in the two media. A few 
forms of aerial-aquatic robots have been developed previously, 
including fixed-wing (13–15), foldable-wing (16, 17), flapping-wing 
(18), rotor-wing (19–21), and hybrid fixed-rotor-wing (22) forms. 
In this study, we chose the rotor-wing form to develop a robot 
because of its stability, low cost, and ease of operation. Previously 
described rotor-form robots have performed aerial-aquatic transi-
tions (19–22). For example, the robot presented by Maia et al. (19) 
is a tethered device with a limited operating domain in the field. 
Moreover, Alzu’bi et al. (20) and Lu et al. (22) introduced rotor-based 
robots capable of air/water transitions with the help of buoyancy 
devices, which resulted in relatively long transition times (13 and 
30 s, respectively) (table S1). To achieve a rapid transition, a robot’s 
air-water crossing period should be shortened as much as possible. 
A rotor-based robot needs to expose its propellers above the water 
surface and rapidly accelerate them to a high rotational speed to 
generate enough force to lift the robot out of the water.

This study aims to develop a robot that can perform a seamless 
aerial-aquatic transition and hitchhike onto complex surfaces in 
both air and water. First, we analyzed the morphological features of 
the redundant adhesive mechanism of the biological remora’s disc. 
Then, we implemented an onboard- actuated, redundant biomimetic 

adhesive device based on the fundamen-
tal principles of the remora disc. With 
the biomimetic disc, we also studied the 
effects of morphological features on the 
redundant adhesive performance both 
in air and under water. Then, we intro-
duce the self- contained aerial-aquatic 
hitchhiking robot with morphing pro-
pellers, which passively unfold in the 
air and fold under water. This robot can 
be remotely controlled for flying, swim-
ming, and attaching to a wide range of 
surfaces in air and water and seamlessly 
transition between the two. Last, we 
characterize the robot’s performance and 
demonstrate its application in the field.

RESULTS
Morphological features 
of the biological remora disc’s 
redundant adhesion
Using a high-speed camera, we observed 
a living remora fish (Echeneis naucrates, 
280 mm long and 30 mm wide) attach-

ing to a porous acrylic surface on the side of an aquarium from a dorsal 
point of view (movie S1). As shown in Fig. 2B, we found that even if 
a few segments of the adhesive disc are located above the holes 
(20 mm in diameter), which causes the seal to leak, the remora can 
still attach to the acrylic surface with the rest of its disc. We also 
demonstrated that a deeply anesthetized remora could adhere to a 
substrate using only a portion of its disc (fig. S2A). We applied frus-
trated total internal reflection (FTIR) to visualize the contact status 
between an anesthetized remora’s disc and a transparent substrate 
(Fig. 2C and movie S2). The green fluorescent section indicates the 
contact area between the disc and the substrate, and the black sec-
tion indicates no contact. The dotted-line frame represents a single 
lamellar compartment composed of two rows of adjacent lamellae 
and the surrounding fleshy disc lip. In an entire adhesive disc, there 
are 24 rows of disc lamellae that form 25 lamellar compartments 
that form independent seals with the surface. Thus, the remora’s 
disc has a unique feature: adhesion redundancy.

To investigate the morphological features that facilitate the 
partial adhesion of the disc, we used micro–computed tomography 
(micro-CT) to scan the head of a remora specimen. This approach 
enables the digital reconstruction of both the specimen’s bony and 
soft tissues. From the cross-sectional micro-CT image (Fig. 2D), we 
observed that the remora disc includes lamellae soft tissue (orange), 
lamellae bony structures (white), connective tissue (yellow), a disc 
lip (earthy yellow), muscles for actuating the lamellae (green), and 
blood vessels (red). Our previous studies of remora models indicated 
that the soft lip functions as the seal (36, 40) and rotatable lamellae 
covered with soft tissue and sharp spinules enhanced friction (36). 
Here, we observed several morphological features that may contribute 
to disc adhesion: the connective tissue between the disc lip and 
lamellae, the passive compliance of the lamellae, and the compliant 
muscles and vessels below the adhesive disc structure.

The main morphological features of the disc that form indepen-
dent lamellar compartments are the soft tissue connected to the 

Fig. 1. A depiction of the mission profile and design of an aerial-aquatic hitchhiking robot. The robot’s ability to 
transition across water and air and attach robustly to a wide variety of surfaces allows it to perform long-term missions 
(such as monitoring) in natural environments. All image elements from the third party are approved with licenses.
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lamellae and the soft lip, and the flexible lamellae can be passively 
rotated and have a tilted angle on top. These two features facilitate 
redundant adhesion. Using a light microscope and tissue section 
staining, we observed connective tissue (thickness of around 500 m, 
fig. S3) that joins the lamellae soft tissue with the fleshy disc lip. 
Figure 2E shows this connective tissue from a recently euthanized 
remora manipulated with tweezers (movie S3). To date, little atten-
tion has been paid to the connective tissue of the remora disc, but 
this morphological feature is essential for forming the redundant 
seal of the disc. We also constructed a 3D model of the bony 

structure of a single lamella (Fig. 2F) and noticed an angle between 
the lamella’s top surface relative to a flat surface ( = 18.36° ± 3.08°, 
N  =  12 trials, error bars represent ±1 SD). The soft muscles and 
vessels underneath the adhesive disc enable oblique lamellae () to 
rotate passively (see movie S3), which causes adaptive engagement 
with the environmental surface during adhesion. In addition, we 
found that the biological adhesive disc is flexible and can bend to 
attach to curved surfaces (fig. S2, B and C). In the following section, 
we will investigate the effects of these morphological features on the 
adhesion of lamellar compartments through a biomimetic robotic 
prototype.

Biomimetic disc with redundant, hydrostatically 
enhanced adhesion
On the basis of the morphological features of the natural remora 
disc, we designed and fabricated a biologically inspired prototype 
that has independent lamellar compartments for a redundant seal 
(Fig. 3A, figs. S4 to S7, and movie S4). The prototype (87 mm long 
and 46 mm wide; 36.2 g weight) allows a systematic investigation 
of the remora’s self-adaptive, redundant, and hydrostatically en-
hanced adhesive mechanism by testing isolated morphological 
features. The biomimetic disc consisted of four functional layers: a 
thin ultrasoft layer to connect lamellae to the disc lip, a multimaterial 
3D-printed main disc, a thin fluidic actuated microchannel network 
layer for rotating the lamellae (fig. S5A), and a soft fluidic actuator 
strengthened by fibers for bending the disc (fig. S5B). A soft layer 
(elasticity modulus of 55 kPa) connects the lamellae and disc lip, 
mimicking the biological connective tissue and enabling redundant 
adhesion. This soft layer also allows the biomimetic disc to form a 
robust seal on a wide range of surface asperities. Inspired by the 
remora’s lamellae muscles and large cranial veins, we implemented 
a flexible hydrostatic chamber network that performs the functions 
of both the lamellae muscle and cranial vein (which induces hydro-
static force). The flexible hydrostatic chamber network enables 
erecting and depressing each row of lamellae with stainless steel 
spinules (movie S4). In addition, fibers reinforcing the soft actuator 
enable the disc prototype to bend when pressurized hydraulically 
(fig. S9A and movie S4).

Contact surface measurements show that the biomimetic disc 
can form independent lamellar compartments and achieve redun-
dant adhesion just like its biological counterpart. Figure 3B shows 
that the biomimetic redundant disc formed nine lamellar compart-
ments when attaching to smooth, transparent glass. Even after 
externally imposed leakages broke three seals, the disc remains stably 
attached using the rest of its sealed compartments. In contrast, the 
disc prototype without redundancy immediately detached after 
sustaining only one leak (Fig. 3C and movie S5). The morphological 
features and functional performance of the current biomimetic disc 
versus those of the previous bioinspired remora disc (36) are 
compared in table S2.

To elucidate the working principle of the adhesive device, shown 
in Fig. 3 (D to F), we divide the adhesive process of the device into 
three stages: precontact; self-adaptive, redundant adhesion; and 
frictional enhancement by hydrostatic pressure. During initial 
adhesion (stage 1; Fig. 3D), the disc contacts the environmental 
surface (P1I = P2I = P0). Next (stage 2; Fig. 3E), the external preload 
presses the disc onto the surface, causing an engagement with the 
substrate. Because of the oblique lamellae () and the soft nature 
of the flexible hydrostatic chamber, the biomimetic lamellae can 

Fig. 2. Morphological features of the remora’s adhesive structures. (A) Remoras 
can remain attached in the air: A remora stays firmly attached to the side of a 
dolphin as it leaps through the air in an attempt to dislodge parasites. (B) Remoras 
can attach to a porous surface on the side of an aquarium (scale bar, 1 cm; movie 
S1). (C) FTIR image (dorsal view) of an anesthetized remora attaching to transparent 
glass in the air. The green fluorescent area indicates where the disc is in contact 
with the glass substrate; the dark black area indicates the disc’s lamellar compartments, 
which are not in contact with the surface (scale bar, 1 cm; movie S2). (D) Cross-sectional 
view of the micro-CT scan of a remora head and disc pad laying on its dorsal side 
(scale bar, 2 mm). (E) The thin layer of connective tissue, which seamlessly joins 
the lamellae and the peripheral disc lip, shown with a light microscope (scale bar, 
4 mm; movie S3). (F) 3D-reconstructed model of a single lamella’s bony structure 
from the lateral view. The oblique angle between the lamella’s ventral process and 
the attachment surface () and the angle between the lamella’s top surface and the 
attachment surface () are shown. The angles ( and ) are averages from all the 
lamellae of a remora (scale bar, 2 mm).
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passively rotate during contact. Meanwhile, the lamellae’s ventral 
process presses on the flexible hydrostatic chamber, causing fluid to 
flow toward the external actuator chamber. The composite lamellae, 
covered with soft material on top and attached to the disc lip via 
connective tissue, form a tight seal with the substrate. When the 
preload imposed on the disc is removed, the stored elastic energy of 
the disc’s soft material allows the lamellae to rotate back toward 
their original angle, forming a pressure differential between the 

compartments and the external envi-
ronment that achieves a stable adhesion 
(P1II < P0, P2II < P0).

During the enhanced frictional stage 
of adhesion (stage 3; Fig. 3F), the exter-
nal soft actuator chamber is compressed 
or squeezed, causing fluid to flow back 
to the lamellae chamber. The hydro-
static expansion of the lamellae cham-
ber further rotates the lamellae (in a 
counterclockwise direction), causing the 
spinules and soft material of the lamellae 
to engage with the environmental sur-
face (P1III < P1II, P2III < P2II). This en-
gagement further enhances adhesion, 
particularly frictional force. In text S1 
and fig. S8, we analyzed the relationship 
between the internal pressure of the 
lamellar compartment (Pk) and the disc’s 
adhesive force (Fa). In the enhanced 
adhesion stage, the decrease of internal 
pressure of the lamellar compartment 
(Pk) caused the increase in the disc’s 
adhesive force (Fa).

The suction disc’s flexible lamellae 
can be passively rotated and have a tilted 
angle on top. We provide a geometric 
model of the oblique lamellae while 
contacting the substrate (see fig. S9B 
and text S2). We experimentally show 
that the passively rotatable lamellae with 
an angled top improve the adaptability 
of the redundant adhesion (fig. S9, C 
and D). The modulus of the disc’s soft 
layer on top also played a role in facili-
tating the redundant adhesion (fig. S9E 
and text S3). The internal pressure of one 
single lamellar compartment showed that 
erecting the lamellae through external 
actuation can strengthen the independent 
compartment’s adhesion and enhance 
the frictional force without breaking the 
compartment’s seal (fig. S9F).

Adhesion performance 
of the biomimetic redundant disc 
in air and water
We found that biomimetic redundant 
adhesive discs formed redundant adhe-
sion with different rows of lamellae 
(Fig. 4A). We show that contact surfaces 

of four adhesive discs with two, four, six, and eight rows of lamel-
lae formed three, five, seven, and nine lamellar compartments, re-
spectively, with a preload force (20 N). Figure 4B shows that the 
frictional stress of the biomimetic disc increases with the number 
of lamellar compartments. The frictional stress of the disc with 
eight lamellae increased by 73.4% (in the air) and 22.0% (under-
water) compared with the disc with two lamellae. The frictional stress 
of the disc with eight lamellae increased by 1.3% (in the air) and 

Fig. 3. The implementation and working principle of the redundant biomimetic adhesive disc. (A) CAD model 
of the biomimetic remora disc prototype (disc length, 87 mm; width, 46 mm). Cross-sectional images of the biomimetic 
prototype show the lamellae, connective structure, disc lip, flexible base, and soft actuator. The disc consists of four 
functional layers: a thin ultrasoft layer to connect the lamellae and disc lip, a multimaterial 3D-printed main disc, a 
thin fluidic actuated microchannel network layer for rotating the lamellae, and a soft fluidic actuator strengthened by 
fibers for bending the disc. Different colors indicate materials with different mechanical stiffnesses. (B and C) Contact 
surfaces of the redundant and nonredundant biomimetic adhesive discs (FTIR images). The green color indicates the 
contact area of the discs on a smooth, transparent substrate. Scale bar, 10 mm. (B) Left: The redundant disc formed 
nine lamellar compartments during attachment. Right: After breaking the seal from three positions, the redundant 
disc remains attached using the rest of its compartmentalized chambers. (C) Left: The nonredundant disc formed one 
single chamber throughout the disc lip. Right: The nonredundant disc immediately detached after creating one leakage 
point (movie S4). The three stages of the disc adhesion process are summarized in (D) to (F). (D) Precontact (stage 1). 
(E) Self-adaptive, redundant adhesion (stage 2). (F) Frictional enhancement by hydrostatic force (stage 3). The internal 
pressures of the two compartment chambers are denoted P1 and P2, respectively. P0 represents the fluid pressure of 
the environment.
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0.9% (underwater) compared with the 
disc with six lamellae. The increase in 
frictional stress became less obvious with 
additional lamellae rows (P > 0.05).

We compared the frictional force of 
the fully functional biomimetic disc 
with hydrostatic enhancement (orange 
line); disc control without lamellae 
compliance (yellow line, tilted and 
non-compliant); disc control without 
lamellae compartments (blue line); and 
biomimetic disc with lamellae compart-
ments and compliance, but without 
hydrostatic enhancement (gray line), on 
an experimental surface (Ra  =  50 m: 
grain size of sandpaper) both in air and 
under water (Fig.  4,  C  and  D). The 
results of the maximum static frictional 
stress are shown in Fig.  4E. The fric-
tional stresses of the biomimetic proto-
type are 44% (air, dashed gray line) and 
15% (under water, solid gray line) 
greater than that of the control (without 
lamellae compartments, compartments 
were connected by small holes, blue). 
The self-adaptive lamellae induced 
notably greater frictional stress (61% in 
air and 30% in water, gray) than the 
non–self-adaptive lamellae (where the 
lamellae were constrained in their rota-
tional axis, yellow). We also noted that 
the soft hydrostatic chamber raised the 
lamellae, enhancing the frictional stress 
(orange) up to 42.9 ± 2.1 kPa (134.9 ± 
6.6 N, under water) and 32.3 ± 1.8 kPa 
(101.4 ± 5.6 N, air), corresponding to 
increments of 41 and 56% compared 
with the disc without hydrostatic en-
hancement (gray).

To show the redundant adhesive per-
formance induced by the lamellar com-
partments of the biomimetic disc, we 
tested the pull-off force of the disc with 
only a few lamellar compartments (the 
middle three lamellae) on surfaces of 
different roughnesses (Fig.  4F). The 
pull-off forces generated by the three 
lamellar compartments ranged from 
17.4  ±  2.5  N on a smooth surface to 
6.3 ± 1.2 N on a rough surface in air and 
from 63.9 ± 1.9 N to 23.0 ± 2.8 N under 
water. The lamellar compartments 
had the maximum adhesion stress of 
13.8 ± 1.9 kPa (air) and 50.8 ± 1.5 kPa 
(under water) on the smooth surface. 
The maximum surface roughness these 
three lamellar compartments could at-
tach to was 50 m (in air) and 269 m 
(under water).

Fig. 4. The adhesive performance of the biomimetic disc both in air and under water. (A) Contact surface 
measurements of adhesive discs with two, four, six, and eight rows of lamellae (FTIR images). The green color indi-
cates the contact area of the discs on a smooth, transparent substrate. Scale bar, 10 mm. (B) The frictional stress of 
disc prototypes on a rough surface (surface roughness: 50 m) in air and under water (N = 5). (C) The static frictional 
force results (along the horizontal shear direction) of the disc prototypes in air. The following four scenarios were 
compared: the fully functional biomimetic disc with hydrostatic enhancement, disc control without lamellar compliance, 
disc control without lamellae compartments, and disc with lamellae compartments and compliance but without 
hydrostatic enhancement. (D) The static frictional force results (along the horizontal shear direction) of the disc 
prototypes under water. (E) Corresponding maximum static frictional stress on the rough surface (Ra = 50 m) in air 
and water (N = 5) (frictional stress = frictional force/disc area). (F) The maximum adhesion stress of the disc with only 
three lamellar compartments (the mid-portion of the disc) attached to surfaces of different roughnesses both in air 
and under water (N = 5) (adhesion stress = adhesion force/disc area). (G) The frictional stress of the disc prototypes 
(with and without lamellar compartments) on different rough surfaces in air and under water (N = 5). (H) Comparison 
of the adhesion time of the disc prototypes with and without lamellar compartments in air and under water (under 
preloads of 10 and 30 N, respectively) (N = 3). (I) The pull-off adhesion stress (along the vertical direction) of the disc 
on surfaces with different surface roughnesses (from 0 to 764 m) both in air and under water (N = 5). (J) The pull-off 
adhesion stress of the disc prototype on curved surfaces both in air and under water (N = 5). (K) The disc’s representative 
force-time profiles on a rough, curved surface (Ra = 50 m, u = 0.87) both in air and under water. (L) The biomimetic 
disc’s redundant adhesion enabled grasping various objects with different sizes, surface curvature, and weights. 
Scale bar, 2 cm. All error bars represent ±1 SD.
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The frictional stress generated by the biomimetic disc is notably 
greater than that of the control group (without lamellar compart-
ments) on different rough surfaces both in air and under water 
(Fig. 4G). The maximum frictional stresses of the biomimetic disc 
generated on the smooth surface were 24.3 ± 0.5 kPa in air and 
33.2 ± 0.6 kPa under water. The maximum increase of the frictional 
stress by the biomimetic disc is 44% (50 m, air) and 15% (50 m, 
under water) greater than that of the control. The biomimetic disc 
can achieve a frictional stress of 19.2 ± 0.4 kPa on a surface with 
high roughness (Ra = 764 m).

We further measured the adhesion time of the biomimetic disc 
and the control disc (without lamellar compartments) under differ-
ent vertical external loads on a rough surface (50 m) both in air 
and under water (Fig. 4H). The results show that the biomimetic 
prototype with lamellar compartments has a maximum adhesion 
time of 2944.4 ± 143.7 min (load of 10 N, under water), which is 
206% greater than that of the control disc. We also tested the disc 
under an external load of 30 N: The biomimetic disc remained 
robustly attached for 400.7  ±  55.6  min (under water) and 
94.8 ± 12.5 min (air), which are 150 and 458% greater than the times 
recorded for the control disc, respectively. Because the adhesion 
failure of the disc is mainly caused by suction leakage, the redun-
dant adhesion through lamellar compartments can maintain a seal 
even with partial leakage, thus notably increasing the adhesion time.

Adhesion force decreases as surface roughness increases (Fig. 4I). 
The biomimetic disc produced the maximum adhesion stress of 
39.6 ± 0.5 kPa (124.4 ± 1.6 N, air) and 69.6 ± 0.5 kPa (218.9 ± 1.7 N, 
under water) on the smooth surface. The maximum roughness of 
the rough surfaces that the disc could attach to is about 425 m 
(in air) and 764 m (under water), respectively.

We also show that the biomimetic disc can attach to curved 
surfaces of different radii (20, 35, 50, and 70 mm) (Fig. 4J). The 
maximum normalized curvature (u) that the biomimetic prototype 
can attach to is 2.18 (u = Rd /Rs, where Rd represents the length of 
the semimajor axis of the elliptic disc, and Rs represents the curva-
ture radius of the surface), and the adhesion stresses generated are 
5.2 ± 0.2 kPa (air) and 7.1 ± 0.4 kPa (under water), respectively. 
Figure 4K illustrates the pull-off process of the biomimetic disc on a 
typical curved (u = 0.87) and rough (50 m) surface for which the 
maximum pull-off force is 50.3 ± 3.7 N in air and 99.6 ± 4.0 N 
under water.

To demonstrate the biomimetic disc’s redundant, self-adaptive 
adhesion, we tested its performance on various objects of different 
sizes, shapes, weights, and surface morphologies (Fig. 4L and movie S6). 
The disc shows several distinct features while grasping these objects. 
For example, the disc can grasp a cell phone (mass of 174 g) and 
goggles (32 g) with only one-half and one-third of the disc’s surface 
area engaged, respectively. We also show that this device can grasp 
a roll of tape (134 g) and a conch shell (525 g).

The aerial-aquatic robot with self-folding propellers
We developed an untethered hybrid aerial-aquatic robot by inte-
grating a modified quadrotor robot equipped with the biomimetic 
disc as a hitchhiking device (40 cm by 40 cm by 14 cm, overall 
weight: 950 g), as shown in Fig. 5A. Figure S10A shows the frame of 
the robot’s control hardware. We designed and fabricated the disc 
with actuation components, including two hydraulic systems for 
the lamellae and bending the disc (fig. S10B) and a cable-driven sys-
tem for curling the disc lip for detachment (fig. S10C and movie S7). 

The control system consists of a flight control module, an electron-
ic governor, a pulse position modulation encoder, a low-frequency 
radio communication equipment, a remote control, and a battery 
(detailed signal transmission process in text S4). We used silicone 
rubber to waterproof the entire electrical system of the robot (figs. 
S11 and S12).

To shorten the air-water transition period as much as possible, 
we designed and implemented passive morphing propellers for the 
aerial-aquatic robot. We installed 5-inch (12.7-cm) aerial blades 
(Gemfan Hobby Co. Ltd., China) on a 3D-printed fixture to create pro-
pellers with a folding ratio of 2 (fig. S13, A and B). While rotating, the 
propellers can self-fold underwater and self-unfold in the air. The 
aerial- aquatic robot equipped with this propeller design can take off 
from underwater into the air within 0.35 s (Fig. 5B and movie S8). 
Figure 5 (C to E) shows high-speed images of the propeller passively 
shifting from a folded to an unfolded state during the water-to-air 
liftoff (movie S8). We also show that the propellers can passively 
fold during the air-to-water transition process (movie S8). The pro-
pellers’ blades can be passively folded underwater as the fluid force 
pushes the blades inward. As such, the propellers were in a folded 
state (d = 85 mm) underwater (Fig. 5C). When the propellers were 
exposed to the air, their rotational speed rapidly increased, leading to 
increased centrifugal forces that unfolded all the blades (D = 170 mm) 
(Fig. 5, D and E). The thrust forces of the self-folding propellers 
both underwater and in air at different rotational speeds are shown 
in Fig. 5 (F and G), respectively. The thrust forces of the other two 
types of propellers are provided in fig. S14.

We compared the transition performance of robots with three 
types of propellers: self-folding, commercial, and self-folding pro-
pellers fixed in an unfolded state, all with the same type of blades. 
Figure 5H shows the self-folding propellers’ rotational speed versus 
time during the robot’s transition from water to air; the speeds of 
the other two propellers are provided in fig. S15. The area between 
the two black dashed lines represents the transition process. Figure 5I 
compares the transition time of the robot equipped with the 
self-folding propellers, the commercial propellers, and the self-folding 
propellers fixed in the unfolded state. The results show that 35% 
motor throttle is required to achieve a water-to-air transition for the 
robots with the self-folding propeller. At this throttle, the transition 
took 0.69 ± 0.09 s. In contrast, the robot with fixed unfolded propel-
lers took 1.06 ± 0.11 s at 35% throttle. With commercial propellers, 
the minimal required throttle percentage for the transition was 
50%, and the transition process took 1.39 ± 0.16 s. In addition, the 
transitional time of the robot with self-folding propellers operating 
at 50% throttle was reduced by 61.1% compared with the commercial 
propeller. At 100% throttle, the robot with self-folding propellers 
only took 0.35 ± 0.01 s to complete the water-to-air transition. 
Across all throttle ranges, the robot’s average transition time with 
self-folding propellers was 19.1% shorter than that for the robot 
with commercial propellers and 27.3% shorter than that for the robot 
with fixed unfolded propellers. For more details about the measured 
forces and comparative transitions, see text S5 and fig. S16A.

Figure S16B illustrates the robot’s center of mass trajectories be-
cause it moved from water to air. The trajectory is approximately a 
straight line, and the displacements of the trajectory in the x and y 
directions are shown in fig. S16C (x: 6.91 cm and y: 9.09 cm), 17.3 
and 22.7% of the quadrotor’s length, respectively. The robot’s 
maximum roll and pitch angles are 2.1° and 2.4°, respectively, 
during the transitions (Fig. 5J), which could be quickly adjusted to 
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a stable flying position once airborne. Fur-
thermore, the robot smoothly transited a 
choppy water surface (movie S9 and 
text S6).

We also show that the robot can per-
form consecutive transitions (Fig. 5K). The 
entire process includes takeoff from the 
water (depth of ~30 cm), a water-to-air 
transition, flying out of the water for a short 
distance (~30 cm), then an air-to-water transition, and lastly div-
ing into the water. We showed that the robot could perform seven 
consecutive air-water transitions in 20.3 s, taking 2.9 s per transition 
on average (movie S10). Regarding transition time alone, we mea-
sured through high-speed images that the water-to-air process took 
0.43 ± 0.03 s (N = 7), while the air-to-water transition process took 
0.13 ± 0.06 s (N = 7). In addition, the robot could perform “figure 

eight” and “pentagram” trajectories while remotely controlled un-
derwater at a depth of 1.5 m (fig. S16, D and E, and movie S11), 
which demonstrates the maneuverability of the robot in an under-
water environment. The combination of the redundant adhesive 
disc and the aerial-aquatic quadrotor brought several advantages 
(see text S7, fig. S17, and movie S12), and the adhesive disc did not 
notably affect the transition time of the robot (fig. S17G).

Fig. 5. Aerial-aquatic hitchhiking robot with 
self-folding propellers and its air/water transition 
performance. This robot is self-contained; it can be 
remotely controlled for flying, swimming, and at-
taching to surfaces in air and water, and it transits 
across the two media. (A) Top view of the untethered 
robot and its main components. (B) Images of the 
robot taking off from water at various time instants in 
a laboratory water tank. (C to E) Self-folding propeller 
performance during the water-to-air transition. (C) 
The propeller remains folded underwater while rotat-
ing. (D) High-speed image of the propeller extending 
on its own at the water-air interface. (E) The propeller 
fully unfolds in the air. (F and G) Thrust force of the 
self-folded propeller at different rotational speeds 
under water (F) and in the air (G) (N = 5). The critical 
rotational speeds (and corresponding forces) are 
marked by dashed horizontal lines in (F) and (G). By 
exceeding the critical rotational speeds (actuated by 
the same throttle percentage of motor), the robot 
can move upward underwater [blue dashed line in 
(F)] or fly up in air [red dashed line in (G)]. (H) The 
propeller’s rotational speed (averaged across all four 
rotors) as a function of time during the transition 
from water to air. The area between the two black 
dashed lines represents the transition process, which 
started from when the robot’s propellers touched the 
water surface and ended when the robot was entirely 
out of the water. The black dot indicates when the 
self-folding propeller achieved the necessary rota-
tional speed to lift the robot up (8500 rpm). (I) Com-
parison of the transition time of the self-folding 
propeller, commercial propeller, and self-folding pro-
peller fixed in an unfolded state across different throttle 
percentages (N = 5). (J) The roll and pitch angles of 
the robot versus time during one typical water-to-air 
transition. (K) Three typical cycles of the robot continu-
ously transiting the air-water boundary (movie S10). 
All error bars represent ±1 SD.
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The results from fig. S16F show that the robot’s air-water transition 
(per cycle) consumed 1.9 times the power of hovering in the air. 
Notably, the robot’s hitchhiking state can reduce power consump-
tion up to 51.7 times (in air) and 19.2 times (under water) compared 
with a hovering state. The method of power measurements is 
provided in text S8.

The hitchhiking performance of aerial-aquatic robots
We systematically explored the robot’s ability to hitchhike onto 
moving objects in air and under water with a towing tank (fig. S18, 
A and B, and movie S13). We divided the hitchhiking of a moving 
object of the aerial-aquatic robot into three stages: approach, con-
tact, and attached following (Fig. 6, A to C). During the approach 
stage (Fig. 6A), a plate moved horizontally at va = 0.5 m/s, and the 
robot was steered to move vertically up toward the moving plate; its 
initial horizontal speed is zero (vq = 0). The robot overcame gravity 
and air/water resistance via the thrust force generated by the pro-
pellers. During the contact stage (vq < va) (Fig. 6B), the adhesive disc 
hit the plate and formed a seal under the preload force of the robot. 
The vertical speed of the robot immediately dropped to zero. In the 
horizontal direction, the robot slid on the surface, away from the 
direction of movement, with a distance of about 15.8 mm owing to 
the speed difference between the robot and the plate. Because of the 
frictional force generated by the disc, the robot stopped sliding until 
it reached the same speed as the host plate (Fig. 6C).

Figure 6 (D and E) shows the peak vertical forces during the 
robot’s hitchhiking process, measured as 78.6 ± 12.4 N in the air 
and 60.6 ± 9.5 N under water. To hitchhike, the robot needed to 
provide a vertical preload for the biomimetic disc to attach to the 
surface. Our results showed that the robot could provide sufficient 
force to preload the biomimetic disc (8 N required on a smooth 
surface and 10 N on a rough surface with Ra = 200 m). The peak shear 
forces during the hitchhiking process were measured at 18.4 ± 8.8 N 
in the air and 31.6 ± 4.3 N under water. The contact stage took 
about 0.07 s. During the attached-following stage (vq = va), the robot 
stably hitchhiked on the plate. The measured shear forces were 
0.375 ± 0.69 N in the air and 4.3 ± 0.73 N under water. We also 
recorded peak shear forces of the robotic hitchhiking to the moving 
plate at 0.1 m/s and 0.3 m/s (fig. S18C). We estimated that the 
maximum speed of the “host” that our robot can resist is 4.3 m/s 
(on a 50-m surface underwater); for more details, see text S9. In 
fig. S19, we demonstrate that the robot could hitchhike to the moving 
plate (0.5 m/s) with only one-half of its disc attached, demonstrating 
the disc’s attachment redundancy (movie S13).

We also demonstrated the robot’s hitchhiking ability in a fully 
submerged underwater environment (Fig. 6F and movie S13). At 
first (0 s), the robot is in standby mode attached to the wall of a 
swimming pool. When the target host (a larger underwater robot) 
appears, the robot quickly detaches and accelerates to hitchhike on 
the host (at 10 s). As it gradually approaches the bottom of the host, 
the robot uses its propellers to control its orientation and aligns its 
disc with the bottom surface of the host. The propellers provide a 
sufficient preload force for the robot to attach (at 20 s). Once the 
attachment is complete, the robot switches back to “standby mode” 
(stopping power to the propellers and hydraulic systems) and “travels” 
with the host with minimal power consumption (at 25 s).

We show that the robot can perform underwater attachment 
and detachment on challenging surfaces (movie S14). For example, 
Fig. 6G shows the robot’s redundant adhesion ability: It can attach 

to a narrow acrylic surface with only half its disc. The robot can also 
attach to a curved, rough underwater surface by prebending its disc 
to adapt to the target surface (Fig. 6H). The robot can even adhere 
to a damaged surface with a 10-mm-diameter hole in the middle 
(Fig.  6I). The robot can also adjust its orientation (90°) during 
swimming and attach it to the sidewall of a water tank. Beyond just 
attachment, the robot could also grip underwater objects through 
an air-water transition with a biomimetic disc mounted on its 
underside. Figure S20 shows the high-speed images of the robot 
entering the water, grasping a plastic container lid, and pulling the 
lid out of the water in 4.3 s (movie S15).

We also investigated the robot’s adhesion success rate and 
adhesion time on a treated surface with an external flow disturbance 
(a circulating tank flow speed of 0.5 m/s, plus an additional water jet 
of 3.13 m/s) flowing in the anterior-posterior direction toward the 
disc (fig. S21A, movie S16, and text S10). To mimic a slippery 
surface found in nature, we soaked a surface in a natural lake for 
2 months until various algae grew on the surface (fig. S21B). The 
underwater adhesion success rate of the robot was 90% in 22 trials 
(20 successes and 2 failures). The robot’s adhesion time was more 
than 8 hours under this challenging situation (movie S16). We also 
quantitatively measured that, under experimental conditions, the 
robot’s oscillations were around 0.74 ± 0.38 mm under a water flow 
speed of 0.5 m/s in this water tank.

Applications of the aerial-aquatic hitchhiking robot 
in the wild
Figure 7A shows the perching ability of the robot in an outdoor 
environment. The robot can fly and attach to a horizontal roof 
or the curved and inclined surfaces (with a 45° tilt) of a building 
(movie S17). The onboard camera installed on the side of the robot 
can record videos. For example, we tested the aerial-aquatic transi-
tion performance with a waterproof camera in a lake. The robot 
takes off from land (0 s), flies into the water (3.2 s), and captures 
underwater video with the camera. Then, the robot flies out of 
the water via a water-to-air transition and captures a broad view 
of the lake (Fig. 7B, fig. S22, and movie S18). We show that the 
robot can fly out of the water and attach to an unstructured, 
rough rock (Fig.  7C, fig. S23, and movie S18). We manually 
attached (i.e., initially attached by hand) the robot to a vertical rock 
surface in a stream and show that the robot can achieve stable 
adhesion even on a slippery and uneven surface (Fig. 7D, fig. S24, 
and movie S18).

We further tested the robot’s performance at natural air-water 
interfaces. Figure 8A shows that the robot can take off from the 
bottom of a flowing stream (time: 3 s) (movie S19). The onboard 
camera can record both underwater and aerial images. Figure 8B 
shows that the robot could robustly stick to a slippery rock in the 
flow stream (initially attached by hand). The onboard camera can 
record videos of the air/water interface with little oscillation, even 
under the impact of a stream flowing with a speed of ~1.5 m/s. 
Traditional unmanned aerial vehicle hovering results in oscillations 
within a small range of around 1 to 2 cm (24). In contrast, this 
robot’s hitchhiking position was much more stable with only very 
small oscillations even under flowing water conditions.

The image acquisition ability of the robot is also beneficial to 
oceanic environmental observation. Figure  8C shows the robot 
hitchhiking with a swimming host (a remotely operated vehicle 
moving at a speed of ~1 m/s) and obtaining seabed images at a 
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depth of 10 to 15 m (fig. S25) and 1 to 2 m 
(Fig.  8C) in an operational window of 
15 min, respectively (movie S20). Images of 
marine organisms, including scallops, sea-
weed, and hermit crabs, were captured by 
the robot’s onboard camera. The robot stays 
stably attached to the bottom of the vehicle 
during the entire hitchhiking process. Fig-
ure 8D shows that the robot can also fly 
up from the seafloor (water depth of about 
0.5 m, in a duration of 2 s), with the onboard 
camera effectively recording images of 
both seafloor and coastline (movie S20). 
The results also show that the robot can grip 
an experimental sampling plate with sea-
weed and take it out of the water via a bio-
mimetic disc on its lower surface (Fig. 8E). 
Through these outdoor experiments, we 
show that the robot can hitchhike, record 
video during air-water transitions, and per-
form cross-medium retrieval operations in both freshwater and 
saltwater environments.

DISCUSSION
In this article, we describe an aerial-aquatic hitchhiking robot that 
is self-contained and remotely controlled for flying, swimming, and 

attaching to surfaces in both air and water and that can seamlessly 
move between the two. We primarily overcame two challenges of 
implementing this robot by creating a robust and adaptable am-
phibious hitchhiking device that could make consecutive transits 
across the two domains.

The method of biological inspiration follows the Inspire-Abstract- 
Implement paradigm, whereby the adhesive method of the remora 

Fig. 6. Hitchhiking onto a moving object and adhe-
sive performance of the aerial-aquatic robot. (A to 
C) High-speed images of the robot hitchhiking onto a 
moving plate (smooth acrylic) under water. The plate 
moves from the left to the right at controlled speeds. 
The robot moves vertically upward until it attaches to 
the plate. The hitchhiking process was divided into 
three stages. A video of hitchhiking onto the moving 
surface is available in movie S13. (A) The approach stage, 
(B) the contact stage, and (C) the attached-following 
stage. Note that the high-speed camera was mounted 
on the moving carriage and has the same speed and 
direction as the plate. The plate’s vertical and shear 
forces were measured as the robot hitchhiked through 
the air (D) and under water (E) as the plate moved at a 
speed of 0.5 m/s (N = 3). Shaded error bars represent 
±1 SD. Curves were fitted by B-splines. (F) The robot 
demonstrating hitchhiking behavior in a laboratory 
pool (see movie S13). The inset images were taken 
underwater and showed the robot’s attachment and 
detachment to the host (a remotely operated vehicle). 
(G to I) Demonstrating the robot’s redundant adhesion 
ability. (G) The robot can attach to the narrow acrylic 
surface with only half of its disc. (H) The robot can also 
adhere to a curved, rough surface and a damaged surface 
with a 10 mm-diameter hole in the middle (I).
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is functionally identified, abstracted, and then implemented on the 
robotic prototype (45). We attribute the exceptional adhesive 
performance of the hitchhiking device to the fundamental princi-
ples we derived from the morphological features of the biological 
remora: redundant, self-adaptive, hydrostatically enhanced adhesion. 
On the basis of our experiments, we found that the redundant 
feature of the biomimetic disc (due to the lamellar compartments) 
could increase the frictional stress by 44% in air and 15% under 
water and adhesion time by up to 458% in air and 206% under 
water. The self-adaptive principle also increased the frictional stress 
to 61% in air and 30% under water. The hydrostatic enhancement 
increased the frictional stress up to 56% in air and 41% under water. 
Furthermore, the disc could attach to curved surfaces and challenging 
surfaces (narrow, damaged, lumpy, slippery surfaces) that are im-
possible for a traditional suction-cup attachment. We used a stacked 
manufacturing approach to incorporate three functional layers in 
one disc to realize these three adhesive principles (redundant, 
self-adaptive, hydrostatically enhanced adhesion). We believe that 
the current manufacturing method can be expanded to include 
more functional layers or replace existing layers to provide the 
device with additional functionalities to help it adapt to various 
environments.

This biomimetic disc achieves superior adhesive performance 
compared with previously described biomimetic discs in terms of 
adhesion stress, frictional stress, surface adhesive adaptability, and 
adhesion time. Here, we compare the current hitchhiking device 
with two other biomimetic adhesive devices, the 3D-printed 
remora-inspired suction cup (36) and the clingfish-inspired suction 
cup (46). The maximum adhesion stress of the 3D-printed remora- 
inspired disc is 58.7 ± 2.2 kPa (tested on a smooth underwater 
surface) (36) and 18.3 ± 0.4 kPa for the clingfish-inspired disc 
(tested on a rough underwater surface with Ra = 50 m) (46). In 
contrast, this disc’s maximum adhesion stress is 69.6 ± 0.5 kPa 
(tested on a smooth surface underwater). The maximum frictional 
stress of the previously described 3D-printed remora-inspired disc 
is 4.9 ± 0.1 kPa, although this disc prototype can generate a frictional 
stress up to 42.9 ± 2.1 kPa. Note that there is no frictional stress data 
reported for the clingfish-inspired disc. Regarding adhesive adapt-
ability, the maximum surface roughnesses the 3D-printed remora- 
inspired disc and clingfish-inspired disc can attach to are 200 and 
269 m, respectively. In contrast, this disc can attach to a surface 
with roughness up to Ra = 764 m with an adhesion stress of 
38.6 kPa. Another metric for surface adhesive adaptability is the 
maximum curvature. The 3D-printed remora disc cannot adhere to a 
curved surface because of its rigid base design (36), and the clingfish- 
inspired disc can attach to a surface with a curvature of u = 1.25. 
This disc can attach to a surface with a curvature of u = 2.18. In 
terms of adhesive time, the maximum adhesion time of the clingfish- 
inspired disc is 383 ± 38 min (wet surface with Ra = 10 m, l = 
3.63 kPa) (l = Fl/A, where Fl represents the external load acting 
on the sucker). The current disc has a longer adhesion time of 
up to 2944.4 ± 143.7 min. Thus, the biomimetic disc developed 
in this work can be regarded as a powerful tool for a hitchhik-
ing robot.

We also compare the water-air transition performance of this 
robot with that of previously reported robots (see table S1). The 
aerial-aquatic robot in this article has several superior qualities: It is 
untethered, executes rapid transitions (about 0.35 s), maintains 
excellent stability during transitions (the roll and pitch angles are 
less than 3°), and can execute consecutive transitions (e.g., seven 
times in 20.3 s). The three existing types of rotor-based aerial-aquatic 
robots that perform water-to-air transitions either have buoyancy 
devices (20, 22) or apply an additional rotor system (19) that reduce 
the transition speed from water to air.

Previous studies of rotor-based aerial-aquatic robots lack de-
tailed investigations of the air-water transition process (19–22). 
Several factors affect transition time, such as the robot’s shape, 
weight, power input of the motors, and more. One important factor 
for achieving a rapid transition time is shortening the period during 
which the rotational speed of the propellers rapidly changes at the 
air-water interface. This allows the robot to rapidly accelerate its 
propellers from a low rotational speed (underwater) to a high speed 
(in air) to generate enough force to lift the robot out of the water. 
We proposed a simple and replicable self-folding propeller design 
to achieve this. Holding the throttle of the motors constant (50%), 
the rotational speed of the self-folding propellers changed from 
1400 rpm (underwater) to 9600 rpm (in air) within 0.54 ± 0.08 s 
(fig. S15). In contrast, the commercial and fixed unfolded propellers 
took 1.39 ± 0.16 s and 0.81 ± 0.17 s, respectively, to achieve the 
speed-changing during the transition. The shortened period for 
the folding propeller design can be explained by two factors: Its 

Fig. 7. Field applications of the aerial-aquatic hitchhiking robot. (A) The robot 
seamlessly switches from flying to attachment on horizontal, curved, and oblique 
(45°) surfaces of buildings in the air, and can record videos with an onboard camera. 
(B) Demonstration of water monitoring in a lake (movie S18). (C) The robot flew out 
of the water and attached to a rough rock (also see movie S18). (D) The robot 
achieved stable manual attachment (initially attached by hand) on unstructured, 
challenging surfaces, such as this slippery, uneven rock in a natural stream.
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resistance underwater is comparatively less, leading to a higher 
initial rotational speed once it emerges from the water, and at the 
same motor throttle, the self-folding propeller’s ability to accelerate 
is comparatively greater because it has a smaller diameter when 
folded, leading to less drag force during the rotatory acceleration. 
Additional design optimization and fluid analysis of the self-folding 
propeller design may further enhance the robot’s transitional 
performance.

The aerial-aquatic biomimetic robot can also resist large external 
longitudinal and tangential forces, thus enabling the robot to rest on a 
stationary surface or “hitchhike” on a moving host to extend its working 
time and enlarge its monitoring area. The robot’s hitchhiking state 
saves power by a factor of 51.7 times (in air) and 19.2 times 
(under water) compared with remaining in a hovering state.

The limitations of the current robot can be summarized as 
follows: The biomimetic disc does not include the ability to sense 
the adhesion and detect its adhesive state. In addition, the current 
robot can work in water up to a depth of 2.2 m with communication. 
The small onboard underwater wireless communication module 
limits its work depth and overall working area. Furthermore, the 

navigation, perception, and autonomous 
control of the aerial-aquatic robot would 
complement this prototype in the fu-
ture. We also envision that the robot 
can use machine learning methods for 
autonomous biological detection, rec-
ognition, and tracking in the air-water 
interface.

MATERIALS AND METHODS
Morphological study 
of the biological remora disc
To observe the partial adhesion behavior 
of the live remora (E. naucrates), we 
used a glass rod to guide a live remora 
to attach to the porous sidewall (hole 
diameter of 20 mm). Then, we captured 
high-speed videos (FASTCAM Mini 
UX100, Photron Ltd., Tokyo, Japan) from 
the lateral view of the remora (movie S1).

We scanned a preserved remora 
head obtained from the Museum of 
Comparative Zoology at Harvard Uni-
versity (MCZ Ichthyology, #83209) 
using micro-CT (Skyscan 1173, Bruker 
micro-CT, Kontich, Belgium). Using the 
reverse modeling software Geomagic 
(Geomagic Studio, 3D Systems Inc., 
California, USA), we extracted a single 
lamella from the 3D-reconstructed bony 
lamella plate and measured the critical 
morphological angles. The remoras used 
in this study comply with the regula-
tions for the Administration of Affairs 
Concerning Experimental Animals issued 
by the Institutional Animal Care and 
Use Committee of Beijing.

Fabrication of the biomimetic remora disc
We fabricated the main disc using a multimaterial 3D printer Objet 
Connex C3 (Stratasys Ltd., Eden Prairie, MN, USA) (fig. S6B). The 
main disc’s components are 3D-printed with different materials. 
For example, the material of soft lip around the disc base edge and 
soft tissue of lamellae is TangoPlus FLX930 (Stratasys Ltd., Eden 
Prairie, MN, USA). The material of rigid lamellae is VeroWhitePlus 
RGD835 (Stratasys Ltd., Eden Prairie, MN, USA). The flexible base 
is fabricated by mixed materials of TangoPlus and VeroWhitePlus, 
RGB 8505 (Stratasys Ltd., Eden Prairie, MN, USA) (fig. S6, B to D). 
By molding and casting silicone rubber (Ecoflex 10, Smooth-On 
Inc., Easton, PA, USA), we fabricated the soft layer (with a thickness 
of 800 m) on top of the disc lip (fig. S6A). The spinules were fabri-
cated by laser-cutting a 200-m stainless steel plate. Then, the 
spinules were inserted into the lamellae (fig. S6D). The lamellae 
actuator with microchannels was printed by a multimaterial 3D 
printer using silicone materials (ACEO Silicone GP, Wacker 
Chemie AG, Germany) (fig. S6E). The bending actuator was fabricated 
by molding/casting silicone rubber (Mold Star 30, Smooth-On Inc., 
Easton Pa, USA) with fiber reinforcements (fig. S7). Last, different 

Fig. 8. Performance of the aerial-aquatic hitchhiking robot in the wild. (A) The robot taking off from a flowing 
freshwater stream (movie S19). The two image panels on the right show the aerial (top) and underwater (bottom) 
images from the onboard camera. (B) After being initially attached by hand, the robot is capable of robustly remaining 
attached to a slippery rock in a natural stream flowing with a speed of ~1.5 m/s (movie S19). The image panel on the 
right shows an onboard camera image with only small oscillation. (C) The robot attaching to the bottom of a 
swimming host (a remotely operated vehicle). Images of the seabed at the bottom include scallops, seaweed, a 
soldier crab, and more (movie S20). (D) The robot flew out of the seawater of an oceanic beach (movie S20). (E) With 
a biomimetic disc positioned underneath, the robot gripped a flat sample plate with seaweed and removed it from 
the water (movie S20).
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layers were bonded by silicone rubber adhesive (Sil-Poxy, Smooth-On 
Inc., Easton Pa, USA) (fig. S6F).

Adhesion experiments of the biomimetic discs
We measured the discs’ frictional and adhesive stresses on smooth 
(glass plate) and rough surfaces (sandpaper, 3M Inc.) using a 
multiple-axis force transducer (Mini 40 F/T sensor, ATI Technologies 
Inc., USA) mounted to a robotic arm (Motoman MH3F, Yaskawa Inc., 
Japan). The moving speed of the robotic arm was set as 1 mm/s. We 
tested the maximum adhesion time of the prototypes on a rough sur-
face (50 m) using a mechanical testing machine (Zwick z0.5, Zwick/
Roell Co., Ulm, Germany), under loads of 10 and 30 N. More details of 
stress and adhesion time measurements can be found in text S11.

Experiments of the aerial-aquatic robots
In a laboratory water tank (110 cm by 80 cm by 70 cm), we tested 
the transition performance of the robots with the three types of 
propellers (Fig. 5H and fig. S15). A high-speed camera (FASTCAM 
Mini UX100, Photron Ltd., Tokyo, Japan) recorded the transition 
processes on the tank’s side for calculating the transition time. The 
transition trajectories were recorded by the high-speed camera 
(sampling rate: 250 frames/s) and then reconstructed in MATLAB 
R2020a (MathWorks, MA, USA). The robot’s flight controller 
(Ominibus F4v3 Flight Controller, Airbot, Shenzhen, China) recorded 
the rotational speeds, the roll angle, and the pitch angle during the 
robot’s medium transition.

For the experimental setup of robot hitchhiking, we controlled 
the robot to move vertically up to attach a smooth acrylic board 
installed on a moving guide rail. The guide rail was programmed to 
move at controlled speeds (0.1, 0.3, and 0.5 m/s). The experiments 
were conducted in a water tank of 7.8 m in length, 1.2 m in width, 
and 1.1 m in height. A six-axis force sensor (Delta, ATI Industrial 
Inc., USA) and a high-speed camera were fixed above the acrylic 
board to collect force data and the high-speed videos.

Statistical analyses
We used one-way (Fig. 4, B and I) and two-way (Figs 4, E, G, and H, 
and 5I) analyses of variance (ANOVAs) to evaluate the significant 
difference in the experimental results. Error bars and error bands 
represent ±1 SD. The level of statistical significance was set at 
P  <  0.05. All statistical analyses were conducted in OriginPro 
version 2018 (OriginLab, USA).

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abm6695
Texts S1 to S11
Tables S1 and S2
Figs. S1 to S25
Movies S1 to S20
Data file S1
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