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Insects that can perform flapping-wing flight, climb on a wall, and switch smoothly between the 2
locomotion regimes provide us with excellent biomimetic models. However, very few biomimetic robots can
perform complex locomotion tasks that combine the 2 abilities of climbing and flying. Here, we describe
an aerial-wall amphibious robot that is self-contained for flying and climbing, and that can seamlessly
move between the air and wall. It adopts a flapping/rotor hybrid power layout, which realizes not only
efficient and controllable flight in the air but also attachment to, and climbing on, the vertical wall through
a synergistic combination of the aerodynamic negative pressure adsorption of the rotor power and a
climbing mechanism with bionic adhesion performance. On the basis of the attachment mechanism of
insect foot pads, the prepared biomimetic adhesive materials of the robot can be applied to various types
of wall surfaces to achieve stable climbing. The longitudinal axis layout design of the rotor dynamics and
control strategy realize a unique cross-domain movement during the flying—climbing transition, which
has important implications in understanding the takeoff and landing of insects. Moreover, it enables the
robot to cross the air-wall boundary in 0.4 s (landing), and cross the wall-air boundary in 0.7 s (taking
off). The aerial-wall amphibious robot expands the working space of traditional flying and climbing robots,
which can pave the way for future robots that can perform autonomous visual monitoring, human search
and rescue, and tracking tasks in complex air-wall environments.
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Introduction

After hundreds of millions of years of evolution, insects in
nature not only possess amazing flying skills [1-4] but also can
climb and adhere to surfaces made of various materials [5-7].
The complex flapping movement of insects during flight is the
key to generating high lift and maintaining efficient and agile
flight. On the one hand, unsteady high lift is obtained from the
flow characteristics generated by flapping insects [8-10]. On
the other hand, insects can easily complete actions with mul-
tiple degrees of freedom such as roll, pitch, yaw, and hover by
adjusting their posture, and they can control their flight stabil-
ity even in harsh environments or when burdened with heavy
loads [1,2,11,12]. The crawling ability of insects on the surface
of materials with different roughness is closely related to the
soles of their feet. On rough surfaces, insects use claws at the
ends of their toes (or anterior tarsi) to attach themselves [7].
By contrast, on relatively smooth surfaces, insects use smooth
pads or setae pads [13]. Research on the synergistic adhesion
behavior of the hooks and setae has revealed that the adhesion
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force generated by a structure consisting of both the hook and
setae is larger than the sum of the 2 structures alone, which
reflects their synergistic effect. This synergy greatly expands
the range of surfaces to which insects can attach [14]. Inspired
by the locomotion of insects that take off, flap their wings, and
land on a vertical wall to climb it, we implemented these move-
ments on an aerial-wall amphibious robot.

Various wall-climbing robots and their limitations

In past decades, various forms of wall-climbing robots have been
studied and developed, and their main motion modes can be
divided into (a) clawed wall-climbing robots for rough walls that
use foot claws [15-17] or wheel claws [18], and (b) adhesive-pad
wall-climbing robots for smooth walls that use climbing adhe-
sion [19,20]. In particular, the adhesive-pad robot has the ability
to perform flexible and stable climbing and jumping movements
on a variety of surfaces with different roughness like insects
because of its adhesive force, which is similar to that of an insect
foot pad. Some advanced adhesive-pad wall-climbing robots can
even perform difficult tasks, such as searching inside pipelines
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in extreme environments, inspecting the exterior of oil tanks,
or cleaning glass surfaces [18,21]. These robots are able to climb
on the external surfaces of buildings made of materials such as
plaster and bricks using tiny spines similar to those of insects
[15]. Smooth vertical surfaces such as windows and interior
walls are climbed using suction [22,23], magnetic force [21], and
pressure sensitive adhesives (PSAs) such as tape [18]. Some
adhesive materials such as PSAs have high adhesion on smooth
surfaces, but are prone to fouling and require relatively high
forces to adhere and peel. All of these solutions are successful,
but their uses are limited. The ultimate goal of wall-climbing
robots is to achieve insect-like maneuverability and stability in
secret reconnaissance and disaster search and rescue on chal-
lenging surfaces or complex indoor environments.

The safe movement of wall-climbing robots is hindered by
unfavorable wall conditions and various external conditions
such as the weather. This limits their practical use to wall-
friendly indoor environments. This limitation often means they
are a highly engineered system, as can be seen in the case of
some window-cleaning robots. In addition, the application of
wall-climbing robots is limited to movements occurring on low
walls because it is challenging for them to access a higher
position.

Various aerial robots and their limitations

These difficulties can be overcome by aerial robots, which can
carry loads and fly away from any area. Fixed-wing [24,25] and
rotor-wing vehicles [26-28] have been extensively studied. In
addition, biomimetic flapping-wing flight, which has emerged
in recent years, can realize the back-and-forth pronation, supi-
nation, and a flapping movement similar to insect wings or
hummingbird wings through an appropriate driving mecha-
nism combined with flexible membranes. A flapping wing can
also generate enough thrust when there is no forward flight
speed to realize hovering flight like insects or hummingbirds
[4,29-32]. However, these robots also have their limitations,
which include high energy consumption, short flight and oper-
ation time, and limited load capacity. In addition, it is more
difficult for aerial robots to physically interact with the envi-
ronment or other robots than it is for wall robots because they
need to remain stable in the air, which makes it difficult for
them to interact with external physical quantities through aerial
maneuvering.

Advantages and research status of

amphibious robots

Robots with the ability to move in various mediums have
advantages over robots that move only in a single medium. Such
robots have multiple locomotion modes and move through
challenging environments by appropriately switching among
these modes. For example, when inspecting the distal surface
of buildings, dams, and other large structures, the robot can fly
to the surface and stay there to deal with the harsh environment
and weather. After the conditions improve or the task has been
completed, the robot can detach from the wall and return to
the air. However, the realization of such cross-medium robots
has, in practice, been a challenge.

Initial studies focused on the development of land-aquatic
amphibious robots [33,34], but recently, aerial-aquatic amphibi-
ous robots have been developed [35]. Plenty of robots have
demonstrated the ability to move between air and land. A hexapod
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robot with flapping wings was used to explore the origin of bird
flight, but it still cannot fly [36]. In recent years, LEO (a multi-
modal locomotion robot called LEONARDO, which is an acro-
nym of LEgs ONboARD drOne) has bridged the gap between the
2 locomotion modes of flying and walking using the synchronous
control of rotors and one pair of multiple articular legs, demon-
strating adaptability on complex terrain [37].

The design of an aerial-wall amphibious robot is more closely
related to the insects” habits than the design of an air-land
amphibious robot, which is an impressive accomplishment. In
the aftermath of an earthquake or other disaster, walls tend to
be relatively unobstructed, whereas the horizontal ground may
be littered with debris. Staying a few meters above the ground
provides a relatively safe position away from ground traffic,
allowing the aircraft to take oft without expending a lot of energy.
In addition, landing on a vertical wall tends to be a fast process,
and hence disturbances such as the wind have less impact than
they do on hovering or flying slowly. Because of the demand of
special applications, expanding the capability of an aircraft to
climb on a wall has also become an important direction and
popular topic in the research of bionic robots in recent years.
For example, when an aircraft flies toward a wall, a pitch maneu-
ver is triggered. The claws on the aircraft are attached to the pit
on the surface, and the success rate of this type of vertical landing
on a building wall is approximately 80% [38]. In [39], a vehicle
was developed that could climb a prepared surface and then
detach from the surface and enter a glide trajectory. A quadrotor
equipped with a climbing mechanism realizes the ability to go
from flying to landing on the wall, climbing the wall, and then
taking off from the wall and returning to flight [40]. Thus far, no
robot has been developed that can fly in the air and climb on
vertical walls using insects as biomimetic objects, and no similar
concept of robotic insect has been proposed.

Significance and advantages of this research
Cross-domain movement between a wall and the air is a com-
mon form of movement for flying creatures such as insects,
bats, and birds. Insects in particular fly to feed, avoid predators,
or move to a more comfortable position. Even so, their climbing
performance is also outstanding among animals. They not only
can move quickly on the ground, a ceiling, or a vertical wall
but also can attach themselves to branches.

Aerial-wall amphibious robots aim to bridge the gap between
2 completely different areas of aerial motion and wall-climbing
motion that are not usually intertwined in existing robotic sys-
tems. Aerial-wall amphibious robots can focus on the multifunc-
tional tasks that need to be accomplished in places that are difficult
for wall-climbing robots to reach. In contrast to wall-climbing
robots, aerial-wall amphibious robots can use the transition
between climbing and flying modes to overcome any obstacle and
can use flight mode to easily reach higher positions. In addition,
while an aerial robot can hover over the target, its wall-climbing
motion can also be used to approach the target for closer inspec-
tion. By taking advantage of its unique layout design and control
strategy, the aerial-wall robot has successfully demonstrated its
ability to land, climb, and take off from a variety of complex ver-
tical walls (Fig. 1). This series of steps is very common in nature,
for instance, when a fly arrives at a location after flying some dis-
tance, lands on a wall, climbs to a place where it feels comfortable,
and then flies to the next place.

Compared with other schemes, the aerial-wall robot has the
following advantages: (a) The aerial-wall robot integrates the
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Fig.1.The robot landing, climbing, and taking off on a variety of vertical walls. (A) Glass door surface. (B) Wooden door surface. (C) Marble wall surface. (D) Tree surface. (E) Soft
spray cloth surface. (F) Lime wall surface. (G) Painted iron sheet surface. The white dotted lines indicate the path of the robot taking off from the ground and flying toward the
wall. The cyan dotted lines represent the path of the robot taking off from the wall and moving away or flying toward the ground, and the red dotted lines with arrows indicate

the path of the robot climbing on the vertical wall.

advantages of flapping-wing and rotor-wing power through the
layout of the flapping/rotor hybrid power. It has advantages in
dynamic efficiency, attitude control, structural dimension, wall
climbing, aerodynamic characteristics, bionic appearance, and
other aspects. (b) The aerial-wall robot can realize any smooth
transition between flying and climbing mode through a unique
transition scheme. (c) Using the negative pressure of the rotor
to enhance the adhesion climbing mechanism, the aerial-wall
robot can achieve stable adhesion and fast climbing on the wall,
and has strong adaptability to a variety of roughness on a ver-
tical wall. The aerial-wall amphibious robot truly combines
wall climbing with air flying movement, extending the move-
ment environment, working space, and mission duration of
traditional aircraft.

Results

Flapping/rotor hybrid power layout

The aerial-wall robot adopts a hybrid layout with flapping
wings and rotors, as shown in Fig. 2. The 2 flapping-wing power
groups are symmetrical on the horizontal axis, and the 2 rotor
power groups are respectively located at the head and tail of
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the longitudinal axis of the fuselage. The 4 groups of power are
arranged in a "+" shape. The head rotor power group adopts
the design of vector power, which can be driven by a vector
servo to perform the deflection.

This hybrid power arrangement of flapping wings and rotors
can provide stable attitude control for the aerial-wall robot.
The pitch moment is generated by the differential rotation of
the head and tail rotor power group, which controls the pitch
and longitudinal motion of the robot. The differential flapping
of the left and right flapping wings generates roll moment,
which controls the roll and lateral motion of the robot. The
vector deflection servo drives the head rotor power group to
deflect and generate the yaw deflection moment, which pro-
vides the yaw motion control for the robot.

Compared with the conventional flapping-wing aircraft, the
design scheme of hybrid flapping/rotor power layout has many
advantages: (a) In terms of power efficiency, the small rotor
improves the ultimate thrust, while the flapping wing improves
ultimate efficiency, and the efficiency of the combined flapping
and rotor power is 0.031 N/W, as shown in Fig. SI1. (b) With
respect to attitude control, compared with wing root or vector
control, longitudinally distributed rotors can provide larger and
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Fig.2.Details of the components and tracking marker positions of the robot. The insect-inspired free-flying robotic platform is controlled through its 2 pairs of independently
flapping wings and rotors. (A and B) Description of the robot's components. (C to E) Wing actuation and aerodynamic forces and torques during pitch control (C), roll control
(D), and yaw control (E). Red arrows show the thrust and torques after control actuation. (F to H) Details of the robot design: (F) the climbing mechanism for wall climbing
control, (G) the flapping mechanism (of the right wing pair) used for roll torque control, and (H) the rotor adjustment mechanism for yaw torque control. (I) High-speed camera
frames capturing the robot during getting closer (i), landing (ii), climbing (iii), taking off (iv), and leaving away from the vertical surfaces (v), from Movie S1.

more direct pitch and yaw moments over a larger range of pitch
angle, and the designed fuselage structure is more concise and
reliable. (c) In terms of structure size, compared with a "+" 4
flapping-wing aircraft, the longitudinal distribution of small
rotors reduces the length along the longitudinal axis, which
avoids interference between the longitudinal flapping wing and
the wall, and is more conducive to the longitudinal flip action
of the robot after it touches the wall. (d) In terms of wall climb-
ing, a flapping wing relies on the flapping mechanism to gen-
erate aerodynamic force, but rotors do not produce strong
vibrations, which can provide more stable negative pressure for
the climbing mechanism and resisting the overturning moment
caused by gravity. The third and fourth advantages are detailed
in the next section.

The flapping-wing power group also brings important advan-
tages to the robot in terms of aerodynamics and bionics. For
example, when the robot flies forward at high speed, lift force is
generated by the airfoil of the flapping wing similar to a fixed
wing under an incoming flow, which can effectively improve flight
efficiency. The flapping-wing power group has a vivid bionic
appearance and flapping morphology, and when coordinated
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with a small transparent rotor, gives the robot a stronger visual
charm and makes it less visible.

Flying—climbing—flying transition scheme

The climbing power group of the aerial-wall robot is located
on the dorsal side of the fuselage with the adhesion surface
facing upwards, which is more simple and direct for the
flying-climbing-flying transition, as shown in Fig. 2A. To
prepare for the flying—climbing transition, the robot reduces
the flying speed and slowly approaches the wall. When the
adhesion pad at the front of the climbing power group con-
tacts the wall, the flight control maintains the Stabilize mode,
which keeps the pitch and roll attitude self-calibrated, and
the desired pitch angle gradually decreases. The robot rotates
around the contact point at the front of the climbing mech-
anism, and the tail gradually rises. Once the flight control
determines that the actual pitch angle is tilted downward at
the critical angle —60°, the Stabilize mode is automatically
converted to the Acro mode, in the remote control (RC) stick
is used to control the angular velocity of the robot in each
axis. In addition, the flapping-wing power group is automatically
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closed. After the pitch angle exceeds the critical angle, the
expected pitch moment gradually decreases until the adhe-
sive pad of the climbing power group fully touches the wall.
The tail battery leans against the wall, and the flying-climbing
transition phase is finished, as shown in Fig. 2I(i) to (iii).

In the latter part of the flying—climbing transition and during
the climbing stage, the flapping-wing power group is kept
closed. The rotor power direction is toward the wall, and the
rotor thrust is increased or decreased synchronously to adjust
the negative pressure and asynchronously to adjust the anti-
overturning moment. The servo deflection can change the pres-
sure of the belts on both sides to control the climbing direction.
In the climbing stage, the robot is closely attached to the wall
relatively stably, and continues to operate in Acro mode. The
main function of the thrust of the rotor power group in the head
of the robot is to provide pressure for the adhesion pad of the
climbing power group to enhance the adsorption and friction
during climbing. The main function of the thrust of the rotor
power group in the tail is to resist the overall overturning
moment of the robot and press the tail stably on the wall, as
shown in Fig. 21(iii).

In preparation for the climbing—flying transition, the thrust
of the robot’s head rotor power group is kept almost constant
to keep the front of the climbing power group in persistent
contact with the wall. The power of the tail rotor is gradually
decreased, and the robot will be affected by the overturning
moment. As a result, the tail will naturally detach from the wall
and fall. When the flight control determines that the actual
pitch angle is restored to the critical angle of —60°, the flapping-
wing power group is automatically activated and Stabilize mode
is automatically actuated. In the subsequent process of leaving
the wall, the pitch angle and angular velocity of the robot
should be accurately controlled. As gravity acts on the mass of
the robot, the falling speed and pitch angular velocity of the
robot will gradually increase. If the robot is left to accelerate
naturally, it will lose control and fall rapidly. Therefore, it is
necessary to enhance the power of the tail rotor in advance and
coordinate the head rotor to reduce the falling speed and pitch
angular velocity to almost zero before the robot reaches the
horizontal attitude so that the robot enters a stable and con-
trollable hovering flight. At this moment, the climbing-flying
transition ends and the robot re-enters the flight phase, as
shown in Fig. 2I(iii) to (v).

Negative pressure of the rotor to enhance adhesion
during climbing

In a gecko, the ventral face of the toes have a dense covering of
micro-nano structure setae, each of which generates a weak van
der Waals force by contacting the surface using a nano-scale
spatula structure. These forces merge into a macroscopic adhe-
sion force, giving the gecko excellent wall adhesion climbing
performance [41,42]. At present, biomimetic adhesion materi-
als that are based on the van der Waals force mechanism and
that imitate the setae of the gecko’s micro-nano structure can
achieve relatively stable adhesion on smooth walls [43]. To
develop an aerial-wall robot that can attach to and climb a
variety of vertical walls stably, after a comprehensive compari-
son of various adsorption mechanisms, we adopted a bionic
adhesive material in the climbing mechanism. We developed
adhesive materials (Text S1, Fig. S2) that can adhere to and
detach from various surfaces, and selected a belt-type climbing
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mechanism that can maximize the adhesive area and improve
its adhesion on vertical walls, as shown in Fig. S2D. The rear
wheel of the climbing mechanism is the driving wheel, and the
whole climbing mechanism weighs 22.5 g. Figure 3C to G pre-
sents the kinematics and dynamics models of the aerial-wall
robot in the climbing stage.

The design and manufacture of the belt-type climbing mod-
ule of the aerial-wall amphibious robot give it a low moment of
inertia so that it can be attached to the wall and climb flexibly.
The adhesive pad attached to the outer surface of the belt pro-
vides the adsorption and friction forces when the robot climbs
on the wall. If the adhesive performance of the pad is high, it
can bear the weight of the whole robot and attach the robot to
the wall stably, but the motor cannot produce sufficient torque
to drive the belt of the rear wheel to peel it from the wall (Fig.
3G). Eventually, this will increase the climbing load, and then
the robot will become trapped on the wall. Therefore, the adhe-
sive pad needs to have both good adhesion and detachment
performance. It is used in combination with the negative pres-
sure provided by the rotor to enhance the adhesion. The negative
pressure provided by the rotor during wall climbing substantially
increases the normal pressure and tangential friction of the con-
tact part and prevents sliding during climbing. Further analysis
of the dynamics of climbing is presented in the Supplementary
Text.

Structure design and electronic hardware
To reduce the visibility of the robot, the direction of the rotor
motor shaft is designed to face down. The base of the flapping
mechanism is fixed to the frame and does not generate vector
deflection like the rotor (Fig. 2A). The flapping-wing mecha-
nism is decelerated by 2 stages of the gear set, and the rotating
motion is converted into linear motion by a crank linkage
mechanism so that the rocker arm drives the flapping wing to
reciprocate and generate periodic lift. The geometry and man-
ufacturing process of the wings of the flapping-wing mecha-
nism are described in Ref. [44]. The rigid leading edge and root
rods ensure the stability of the flexible wing, enabling the shape
and camber of the wing to change passively, similar to the wings
of insects during flapping [45,46]. For the complete dynamics
and aerodynamics of flapping wings, we refer readers to Ref.
[4]. The amplitude of the flapping wing system is determined
by the mechanical characteristics of the flapping mechanism,
which is fixed at 90°. The flapping frequency is determined by
the rotation speed of the motor. The flapping frequency is about
15 Hz when the robot flies in normal speed. The upper limit of
the flapping frequency is determined by the strength of the
mechanical structure, and we also set a safety limit in the flight
control procedures, which is about 20 Hz. The frequency of the
flapping wing mechanism on both sides is independently mod-
ulated by the flight controller to generate the roll torque (Fig. 2D).
The overall weight of the aerial-wall robot is 135.38 g. The
electronics architecture of the robot is shown in Fig. 4A, and
the electronic hardware of the robot is listed in Table S1. The
lithium battery is directly connected to a 4-in-1 brushless ESC
to power the onboard electronics of the aerial-wall robot. The
integrated design of the 4-in-1 brushless ESC greatly simplifies
the electronic circuit and reduces the volume and weight occu-
pancy ratio of the electronic equipment. The 4-in-1 ESC sup-
plies power to 4 brushless motors and controls the rotation
speed. It also provides a stable 5-V working voltage for the flight
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Fig. 3. Kinematic and dynamic models of the robot. (A) Flight dynamical model. F,, F;, F,, and F, are the thrust forces generated by the head rotor, tail rotor, left flapping wing,
and right flapping wing, respectively. (B) Flight moment arms. d,, d,, I;, and I, are the geometric distances of the 2 rotors and 2 pairs of flapping wings to the nominal CoM.
(C and D) The safety attachment model of the robot on the vertical wall. (C) Model of the flipping action around the contact points between the rear belt and the wall. Here,
Fuii=1{(a), (b), (c)} is the support force of the vertical wall on the contact surface of the robot. F;, i = {(1), (2)}, denotes the negative pressure produced by the head and tail
rotors. F, is the adhesion of the wall to the belt. (D) Integral slipping model. f,, i = {(1), (2)}, denotes the friction on the belts and battery. Fy is the total support force of the
wall on the robot, and F, is the total negative pressure from the rotors. (E) Kinematic model of the robot during climbing. The body frame x,Cy, is fixed to the robot with the
origin at the nominal CoM. V¢ is the velocity of the robot when climbing upward. (F) Mechanical model of the robot during climbing. F, is the frictional force of the robot's belt
on the wall. F;, i ={(L), (R)}, is the driving force of the robot. F; is the peeling force of the belt. (G) Process of peeling the adhesive belt from the wall surface. 9 is the peeling
angle, r is the radius of the wheel, and t is the thickness of the belt. The establishment and description of the kinematic and dynamic equations of the robot when flying and
climbing are given in the Supplementary Text.
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Fig.4.Control architecture of the robot. (A) Main electronics and mechanical components of the robot. (B) Control circuit of the robot. The flying—climbing transition control

switches the controllers based on the sensor measurements. 6, @, ¥ g, wg“mb, wZ'y, and M, are the desired pitch angle, roll angle, yaw angular rate, climbing throttle, flying
throttle, and moment to be tracked, respectively. n; denotes the input signals to the motors, « is the servo deflection angle, w is the attitude angular rate, and ® contains a

sequence of attitude angles.

controller. The flight controller outputs the control signals
processed by flight control operation to each actuator. The con-
trol signals of the 4 brushless motors are directly input to the
4-in-1 ESC through a 6-pin line. The robot is also equipped with
an AC900 receiver to send the control commands of the remote
controller to the flight controller via a single-wire PPM signal.

The flight control board is the core of the whole control sys-
tem and the key to the continuous and stable flight of the robot.
Its main function is to process the signals of various sensors and
output the control signals using the computed feedback of the
navigation and attitude control system. The stability of the robot
attitude is ensured by actuators such as the motor and servo.
The flight control board needs to receive signals from the telem-
eter and receiver as well as output PWM signals (Fig. 4B). A
Kakute F7 mini V2 (4 g in weight) was selected as the flight
control board of the aerial-wall robot. The onboard STM32F745
processor serves as the main control chip. An onboard MPU6000
inertial measurement unit (IMU) and a BMP280 barometer are
used for attitude and altitude measurements, respectively. The
details of the control algorithm in the flight controller are
described in the Supplementary Text.

Hybrid power performance of aerial-wall robots

In a flying—climbing amphibious robot, it is very important to
have sufficient air and wall control power. Specifically, the hybrid
power of the flapping wings and rotor wings of the aerial-wall
robot must be able to provide sufficient torque on all 3 axes for
attitude control during flight and stability during wall climbing.
The control also needs to ensure that the thrust and torque are
coupled together to achieve the desired thrust range. In addition,
rotor power is important for negative pressure adsorption dur-
ing climbing. If the constraint of friction force or normal force
is not satisfied during the wall climbing, the robot may slide or
overturn. To verify that the design parameters of the aerial-wall
robot that we selected will provide sufficient control capabilities,
we carried out a flapping/rotor hybrid power performance
experiment using the robot and evaluated its control capabilities
when given control input signals.
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Figure 5 shows the relationship between the net vertical
thrust (or attitude moment) of the aerial-wall robot and the con-
trol input signal under the conditions of no wind and no angle
of attack. The achievable moments of the robot under different
conditions are also shown. Figure 5B shows the thrust values of
the aerial-wall robot when executing different power commands
under varying throttle input signals. Figure 5B(i) shows that in
the rotor power system, the net vertical thrust of the 2 rotors
reaches the total weight of the robot at 50% throttle command.
Moreover, the thrust force is approximately linear with respect
to the throttle command and exceeds 250 g at 90% throttle com-
mand. The thrust can increase load carrying capacity and avoid
the problem of insufficient lift of the robot. Figure 5B(ii) shows
that at 50% throttle command, the net vertical thrust of the 2
pairs of flapping wings driven by 2 motors is approximately 25 g
until it reaches half of the total weight of the robot at 90% throttle
command. The robot does not need to control the roll over a large
angle; in fact, roll should be avoided during wall climbing because
it will cause the robot to flip over on the wall, thus interfering
with the climbing. Therefore, the thrust generated by the flapping
wings is sufficient. Moreover, the thrust generated by the flapping
wings and throttle command is approximately linear. Figure 5B(iii)
shows that the net vertical thrust of the flapping/rotor hybrid
power when actuated maintains an approximately linear relation-
ship with respect to the throttle command, indicating that the
brushless motor and the load characteristics of the flapping/rotor
hybrid are well matched when the robot is working. Besides, the
robot can fly at 60% throttle command. At that moment, its thrust
force is 163.8 g, and the thrust-weight ratio is greater than 1. The
thrust of flapping wing is 28.4 g, and the proportion of thrust
produced by the flapping wing is 17.3%. The power limit is
reached at 90% throttle command. At that moment, the overall
thrust is 295.2 g, and the thrust of the flapping wing is 48.6 g;
thus, its thrust proportion is 16.5%. The power allocation of the
rotors and flapping wings is appropriate, and their combination
does not weaken the performance of each component. In addi-
tion, the flapping wings have higher dynamic efficiency com-
pared with the rotor power: The efficiency of the flapping wing
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Fig.5.Thrust and attitude torque measurements of the flapping/rotor hybrid power of the aerial-wall robot under various input throttle and roll/pitch/yaw command.
(A) Experimental setup for the measurement. The robot was fixed to the sensor. (B) Thrust versus throttle command when only the rotor wings are actuated (i), when only the
flapping wings are actuated (ii), and when the combined rotor/flapping wings are actuated (iii). All relationships follow a linear trend (black dashed line) with respective R?
values of 0.993, 0.993, and 0.989 for measurements respectively carried out with 2 rotors, with the flapping mechanism pair, and with the combined rotor/flapping wings,
each driven by the ESC. (C) Torque measurements. (i) Roll torque and the corresponding thrust versus roll command. (ii) Pitch torque and the corresponding thrust versus
pitch command. (iii) Yaw torque and the corresponding thrust versus yaw command. The solid lines are the average of 5 measurements, and the shaded area around the mean
indicates the standard deviations. The gray shaded areas represent the linear region of the average thrust and torque under some interval commands. (D) Measurements of
the roll, pitch, and yaw torques performed at 40% throttle command. (i) Roll torque and the corresponding thrust measurements against the roll command for various values
of pitch command, color coded according to the legend. (i) Pitch torque and the corresponding thrust measurements against the pitch command for various values of roll
command, color coded according to the legend. (iii) Yaw, roll, pitch torques, and the corresponding thrust measurements against yaw command, color coded according to the
legend. The solid lines are the average of 5 measurements, and the shaded area around the mean indicates the standard deviations. The round pie buttons of different colors

present the working state of the flapping wing and rotor.

and rotor power is 0.045 N/W and 0.028 N/W, respectively
(Fig. S1).

Figure 5C shows the corresponding thrust and torque relative
to the independent attitude command in Fig. 5D achieved by
the aerial-wall robot. Figure 5C(i) reveals the influence of single
roll signal on the thrust and roll moment of the robot without
a pitch and yaw control signal. Under a roll command of —50%
to 50% (the shaded part in Fig. 5C(i)), the generated roll moment
curve has a steeper slope and is linearly related to the roll com-
mand. By contrast, the roll moment curve in the non-shaded
area is gentle, and there are turning points between the 2 areas.
Furthermore, the thrust generated by the robot under the roll
command displays a similar phenomenon. A roll command of
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—50% to 50% does not affect the thrust, but outside of this range,
the roll command will produce an additional thrust on the
robot. The reason for this phenomenon is that in the range of
—50% to 50%, a decrease in the flapping frequency on one side
of the horizontal axis corresponds to an increase in the flapping
frequency on the other side, which is correspondingly related.
However, when the control range is exceeded, the flapping fre-
quency of the flapping wing on one side will be low to idle fre-
quency, while the flapping frequency on the other side continues
to increase, which will lead to a gradual decrease in the differ-
ence and then a gentle roll moment. Identically, for roll command
signals in the range of —50% to 50%, the thrust increases and
decreases in the original opposing directions maintain an equal
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relationship, and hence the difference remains constant. Outside
of this range, although the increase in thrust on one side stops,
the thrust on the other side continues to decrease, and the net
thrust increases. This is related to the values set for the control
parameters.

Similarly, under the single pitch moment control signal, the
linear correlation between the pitch moment and pitch com-
mand is for —25% to 25% pitch command, and the control
signal in this region has no effect on the net thrust (Fig. 5C(ii),
shaded area). Outside this range, the pitch torque becomes
gentle and the thrust increases linearly, mainly because the
rotor thrust accounts for the main part of the thrust in the
hybrid power. Because the effective moment calculated in this
case is with respect to the center of mass (CoM) of the robot
rather than the wall contact point, the maximum flying—climb-
ing transition moment is larger because of the shortening of
the moment arm.

Figure 5C(iii) shows the yaw moment due to the vector
thrust of the rotor. Over the whole range of the individual yaw
moment control signal, the yaw moment and command exhibit
obvious linear correlation. Even though the tilt angle of the
rotor changes, the vertical part still accounts for the majority
of the net thrust during flight. We take advantage of this when
allocating control power between the 2 rotors. Therefore, the
net vertical thrust is also not affected by the yaw control signal,
indicating the rationality of controlling the heading.

Figure 5D(i) to (iii) shows the roll, pitch, and yaw moment
control signals during the experiment, respectively. Figure 5D(i)
and (ii) shows the compound pitch and roll commands executed
with 40% throttle command and 0% yaw command. Under each
specified pitch command (—=70%, —35%, 0%, 35%, and 70%),
the roll moment control signal is continuously changed to
obtain the torque and thrust under the corresponding com-
mand (Fig. 5D(i)). Figure 5C(i) is one of the cases in Fig. 5D(i)
at 0% pitch command. The roll torque and thrust obtained by
any specified pitch signal follow the same variation rule as in
Fig. 5C(i) (linear region and nonlinear region; non-influence
region and influence region). Moreover, under the composite
control signal, different pitch control signals have no effect on
the generated roll torque. Instead, they only influence the gen-
erated net thrust, which is the same reason that the rotors dom-
inate the main part of the vertical thrust. From a 3-dimensional
(3D) perspective, the thrust curves generated by different pitch
control signals under the composite control signals are also
parabolas that open upward.

Figure 5D(ii) shows the pitch torque and thrust obtained by
continuously changed pitch command at each specified roll
command (—70%, —35%, 0%, 35%, and 70%). Figure 5C(ii) is
one of the cases in Fig. 5D(ii) at 0% roll command. The pitching
torque and thrust obtained by any specified control roll signal
follow the same rule shown in Fig. 5C(ii). Moreover, the differ-
ent roll commands under the composite signal have almost no
influence on the pitch thrust generated, just as for the net
thrust. In addition to the range of —25% to 25% pitch com-
mand, the roll command of +70% has a thrust increase of less
than 0.1 g, which is related to the small contribution of the
flapping wings to the thrust in the hybrid power. Only when
the roll command is high enough does the net thrust increase
slightly.

Figure 5D(iii) shows the relationship between the input of
yaw command and the output of the thrust or triaxial thrust
under constant pitch and roll commands and 40% throttle
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command. The change in the yaw command does not affect the
net thrust and pitch thrust, and is linearly related to the yaw
thrust. The influence of the yaw command on the roll torque
of the robot needs to be explained. The roll torque of the robot
is also linearly correlated with the yaw command. Although
the correlation is smaller than it is for the yaw torque, there are
still changes. The rocker arm of the servo drives the rotor to
tilt around the longitudinal axis of the fuselage when the
designed vector rotor (Fig. 2H) is executing yaw command as
the robot’s position is fixed. The arm of the force generated by
the rotor and the fixed position is long, which increases the roll
torque measured by the sensor. However, during actual flight,
the servo shaft is very close to the center of gravity of the fuse-
lage, and hence it does not produce this roll torque in the exper-
iment. This indicates that in addition to yaw torque, the vector
servo will produce a low level of pitch and roll torque due to
coupling, which can be ignored when compared with the thrust
moment. Moreover, the stability compensation of the flight
control can guarantee that it does not affect other attitudes, and
this was verified in the takeoff and landing experiments in free
flight.

The generated roll and pitch torques can thus be decoupled
almost completely during actual flight, maintaining an approx-
imately linear function of the command (Fig. 5C and D). Thrust
was kept within +5% of the nominal case value with a zero
attitude command in all measurements. The 3-axis torque input
and output of the flapping/rotor hybrid power control were
proven to be independent and non-interfering. The torque
value meets the control demand and the control distribution
logic is reasonable, providing a reliable flight platform basis for
the evaluation of the flying-climbing transition mechanism.

Flying—climbing transition performance of

aerial-wall robots

In this experiment, we demonstrated the ability of the aerial-
wall robot to transition between flying in the air and climbing
on the wall (Fig. 6 and Movie S2). We conducted the experi-
ment in an indoor laboratory, and the whole experiment was
manually controlled. The position, velocity, and acceleration
of the aerial-wall robot in 1 of the 7 repetitive experiments are
shown (Fig. 6C to E). The aerial-wall robot was controlled so
that it transitioned from flying to climbing by distributing the
thrust of the 2 rotors until the entire robot’s dorsal side was in
contact with the wall (= 2.0 s). At this point, an upward veloc-
ity began and the robot climbed up the wall. The robot was then
controlled to transition from climbing to flying by changing
the thrust difference of both rotors again. The results of this
experiment demonstrate that the robot can perform controlled
maneuvers and smooth transitions between flying, landing,
climbing, and takeoff.

Figure 6B illustrates the CoM trajectory of the aerial-wall
robot during the whole flying-climbing transition. It moves
from the air to the wall and back to the air. The displacement
in the X, Y, and Z directions of the trajectory of the robot from
finishing the flying—climbing transition to finishing the whole
climbing stage (the gray shaded part in Fig. 6) is shown in Fig.
6C(1) (x: 0.13 cm, y: 0.06 cm, z: 12.36 cm). In contrast to the
displacement generated in the Z-axis, the robot climbs straight
up without any lateral deviation on the wall, that is, no deflec-
tion in the X- or Y-axis directions. The attachment-climbing
phase takes approximately 2.4 s (gray shaded part, t = 2.0 s to
t=4.45). During the flying—climbing transition, the maximum
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roll, yaw, and pitch angles of the robot are 19.9°,16.1°, and 93.4°
(Fig. 6C(ii)), respectively, and the robot can be quickly adjusted
to a stable climbing position as soon as it lands.

We show that the aerial-wall robot can perform continuous
transitions, not just from flying to climbing or from climbing
to flying (Fig. 6A and Movie S2). The whole process involves
taking off from the ground outside the field of view to hover
(50 cm above the ground) and flying forward to a short distance
from the wall. Then, the pitch maneuver is triggered, complet-
ing the transition from the air to the wall. After that, the robot
climbs a short distance (approximately 15 cm), where the climb-
ing speed on the vertical wall is 6 cm/s. Afterwards, it transi-
tions from the wall to the air, and finally rises into the air.

In the approach phase (Fig. 6A(i)), the aerial-wall robot
moves toward the wall at a non-uniform speed, and it over-
comes its gravity through the thrust generated by the flapping/
rotor hybrid power. In the contact phase, vy (perpendicular to
the wall direction) decreases to zero (Fig. 6D(i)). The adhesive
pad hits the acrylic sheet under the action of the robot’s pre-
pressure to form a seal. The horizontal velocity of the robot
immediately drops to zero. Before the contact point has time
to slide in the vertical direction, the pitch attitude angle of the
robot immediately changes, causing it to tilt counterclockwise
around the contact fulcrum of the head, which is controlled by
the 2 rotors in the head and tail. When the robot finishes tilting,
the effective contact part of the whole belt contacts the wall for the
first time, and eventually sticks to the wall in a "headstand"
posture with its head down and tail up. On the Y-axis, visible
oscillations occur when the climbing mechanism hits the wall
due to the overall elasticity of the adhesive structure (Fig. 6E(i)).
To attach to the wall, the robot needs to provide a horizontal
preload to allow the fuselage front end to attach to the wall as
a fulcrum. The results indicate that the robot is able to provide
sufficient force to preload the adhesive pad (Fig. 6E(i)).

We demonstrate that the robot can perform continuous and
complete air—-wall-air transitions in 6.1 s. In terms of the tran-
sition time, we measured the air-wall process using high-speed
images as 0.40 +0.03 s (N = 7). Moreover, the wall-air transition
took 0.70 + 0.09 s (N = 7). The wall-air transition time is nearly
twice as long as that of the air-wall transition time because the
rotor power is sufficient during the air-wall transition, and the
strong negative pressure provides the robot with a large pitch
attitude, which can be clearly seen from the pitch angle accel-
eration of the robot during the air-wall transition in Fig. 6E(ii).
By contrast, when the robot performs the wall-air transition,
we substantially reduce the power of the tail rotor and appro-
priately increase the power of the head rotor to avoid excessive
energy consumption. As a result, the robot smoothly completes
the pitch transition due to the overturning moment around the
rear wheel of the climbing mechanism, which is caused by fric-
tion with the wall and its own gravity. One important factor for
realizing a rapid air-wall transition time is to increase the con-
trol distribution ratio of the longitudinal rotor and shorten the
rapid change period of the rotor rotating velocity. This enables
the robot to have high pitch angle acceleration and generate
enough torque to attach the robot to the wall. In addition, the
robot is balanced to climb only using the negative pressure of
the rotor (the flapping wings are turned off before climbing),
which is similar to the way a fly folds its wings and moves only
using its legs when climbing on a wall.

To avoid interference between the flapping wing and the
wall during the flying-climbing transition as well as the adverse
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effects caused by its high-frequency vibration during climbing,
we automatically activate the flapping-wing off program at a
fixed pitch angle, which is based on the measurements of the
robot’s attitude by the onboard sensor. The change in pitch
angle in Fig. 6C(ii) reflects these results in the process of the
air-wall transition. When t = 1.8 s, the flapping wing closes
and the roll angle of the robot approaches zero. When t =5.6s,
the flapping wing starts and the roll angle changes but imme-
diately returns to its previous value.

We also demonstrated that the aerial-wall robot can land,
climb, and take off continuously on a variety of complex vertical
surfaces (Fig. 1 and Movie S3). A series of vertical surfaces,
including glass, marble, wooden door, elastic cloth, painted iron
sheet, and bark, were considered, and the robot was found to
be capable of performing a stable flying—climbing transition and
climbing on the surfaces after attachment. Table S2 is the statis-
tics of success of the aerial-wall robot flying and climbing on
different surfaces. The aerial-wall robot has a higher success
rate of transition on the surfaces of acrylic sheet, glass, and mar-
ble, followed by a lower success rate on the surfaces of wooden
door and painted iron sheet, while the surfaces of soft spray
cloth, lime wall, and tree surfaces came with the lowest success
rate. It is indicated that the adhesive material is more suitable
for the hard smooth wall, while the soft spray cloth is too elastic
to contact well. Lime wall and tree surface always contain a lot
of dust, which is easily adsorbed on the surface of the adhesive
pad, resulting in a decrease in the number of available adhesion.
The wall-climbing experiments mainly focused on vertical walls
ata certain height, and the surfaces were relatively flat. The robot
allows a wider range of wall locomotion by the stabilizing ability
of the rotors. Moreover, the aerial-wall robot can still avoid
uneven walls by taking off with the current design. The rotor
power of the robot results in increased flight speed. We also
measured the maximum outdoor flight speed of the robot,
which is 6.8 m/s. More information about the performance of
the aerial-wall robot has been demonstrated in Table S3.

Discussion

In this article, we described an aerial-wall flying-climbing
amphibious robot that uses insects as the bio-mimetic design
objects. The robot is small in size and has good invisibility and
high visual charm. It can fly and climb stably on walls with a
variety of roughnesses, and can convert smoothly between fly-
ing and climbing.

Advantages with other similar

flying—climbing robots

In recent years, other robots similar to aerial-wall robots that
can both fly and attach or climb have been proposed in the
literature. For example, the robot in Ref. [47], which is based
on a quadrotor to generate thrust, can both fly and attach to a
wall and it uses wheels to move along the wall. Another robot
uses a quadrotor as a carrier, and a clamping mechanism with
a new type of dry adhesive is added to the front to enable it to
stay on and take off from a smooth vertical wall [48]. On the
basis of the quadrotor, the climbing robot in Ref. [40] uses a
passive technique to perch on the outdoor surface, climb, and
then take off again, thus extending the effective mission dura-
tion of the micro-aerial vehicle. It could be the smallest aerial-
wall attachment robot proposed to date [49]. It improves the
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landing accuracy on a magnetic wall surface using an iterative
learning control algorithm. The land-air-wall cross-domain
robot in [50] uses Gecko behavior as a bionic basis. It can fly
in the sky, run on the ground, and attach to different kinds of
walls. However, it can only statically adsorb on the wall, and a
certain gap between its appearance and that of a gecko remains.

The designs of the previous robots seem to share a concept
of aerial-wall motion similar to that of aerial-wall amphibious
robots. However, they only use rotors for flight maneuvers with-
out considering the bionic concept. The proposed aerial-wall
robot has demonstrated that the flapping/rotor hybrid power
system realizes not only flight maneuver but also an air-wall
transition directly by distribution of the rotor control. The
aerial-wall robot is highly bionic. In addition to its insect-like
appearance, it improves the success rate of attachment by decel-
erating actions before landing. It maintains good stability (roll
and yaw angles are less than 3°) during wall-air transitions,
even in extreme cases when the pitch angle is close to vertical.
In addition, under the synergistic action of adhesive pad and
rotor negative pressure, this aerial-wall biomimetic robot can
resist large external normal and tangential forces so that the
robot can achieve stable adhesion and dynamic climbing on
vertical surfaces with various roughness. This extends the work-
ing time and expands the monitoring scope, which is impossible
for traditional flying robots that use only flapping-wing power
or only rotor-wing power [4,32,35,37,40,50,51]. Therefore, we
believe that the aerial-wall robot truly combines wall climbing
with air flying, extending the movement environment, working
space, and mission duration of traditional aircraft.

Limits and future improvements
Some aspects of the aerial-wall robots still have several limita-
tions. The robots can only climb up vertically along a straight
line and lack control of the climbing direction when climbing
on the wall. In addition, the balancing ability of the aerial-wall
robot during climbing comes at the expense of the continuous
operation of the rotors, which results in higher energy consump-
tion than a robot that depends on only a climbing mechanism.
We thus plan to improve the performance of the robot during
landing, climbing, and takeoff by studying a series of effective
structural and behavioral characteristics of insects. Microscopic
hooks and claws will be added in the injection mold of the adhe-
sive pad to truly achieve the synergistic interaction between the
hooks and adhesive pads of insects, which will help them adapt
to complicated environments. It is necessary to improve the
robot's control over the climbing direction, including turning
or climbing down along the wall. In addition, we plan to com-
plement the navigation, sensing, autonomous control, and
long-distance communication of the aerial-wall prototype in
the future, and envision robots that can use machine learning
methods to optimize the power allocation during flying-climbing
transitions or autonomously detect, identify, and track specific
targets.

Potential applications

The aerial-wall robot has a comprehensive set of functions and
a wide range of applications. It will be suitable for multiple types
of scenarios such as indoors, outdoors, and narrow alleys. It can
fly through a narrow space and arrive indoors for flying or
wall-climbing inspection. The scope of application is more exten-
sive than manual work for visual monitoring, environmental

Liet al. 2023 | https://doi.org/10.34133/research.0144

detection, and personnel search and rescue. The application of
multi-point inspection, repair, or replacement tasks in inacces-
sible situations is of great significance. Another important appli-
cation for an aerial-wall robot is making documentaries about
outdoor wildlife. The robot can take advantage of its bionic
appearance to perch on a tree trunk (Movie S3), approach rare
species without disturbing them, and record valuable and difhi-
cult-to-obtain scenes. The flying—climbing transition behavior of
the aerial-wall robot is very similar to the takeoff and landing
behavior of insects [52-54], which can be the inspiration for using
the reverse exploration of an insect robot to reveal the potential
behavior mechanism of insects.

Materials and Methods

Adhesive pad of climbing mechanism

PDMS was selected as the raw material of adhesive pad in the
preparation of the adhesive surface layer (Fig. S2). First, it is
necessary to clean the aluminum alloy mold. The water is first
followed by alcohol to clean the whole surface of the mold. The
alcohol is poured out after soaking and washing the mold, and
the remaining alcohol is volatilized. The ratio of PDMS liquid
to curing agent is 20:1 (total weight is 42 g and the thickness of
the finished product is 1.3 mm). The PDMS solution must be
stirred in a measuring cup for 3 to 5 min to distribute the curing
agent. Then, the measuring cup is placed into a vacuum pump
at a negative pressure of 0.8 for 30 min until the bubbles in the
solution are removed. It must then be poured on the custom
aluminum alloy mold. The upper mold is physically aligned
with the lower mold by alignment keys and holes. The platform
inside the vacuum drying oven is adjusted to the correct level,
and the mold poured with the mixed solution is placed in the
vacuum drying oven. The negative pressure is 2.5 for 10 min.
Then, the temperature is increased to 80 °C, and the high tem-
perature and low pressure are maintained for 2 h. Finally, it is
cooled naturally to room temperature. The upper mold is man-
ually peeled off after the initial cure, and the generated adhesive
material is removed from the lower mold. The width, length,
and thickness of the generated finished adhesive material are
10 mm, 129 mm, and 1.3 mm, respectively, as shown in Fig.
S2D. We apply silicone rubber adhesive to the inner side of the
adhesive belt and cover the outer side of the synchronous belt
to hold it in place. The adhesive pad moves with the synchro-
nous belt to provide adhesion during wall climbing.

Thrust and torque experiments of the

hybrid power system

We use Nanol7 Titanium 6 DOF Force/Torque sensors (ATI
Industrial Applications, Inc., Calibration SI-8-0.05) to evaluate
the robot’s performance under static and hovering (still air)
conditions (force resolution is about 1 mN and torque resolu-
tion is about 0.005/0.007 Nmm; Fig. 5A). The whole device was
placed on the vibration damping platform (ZPT-F-M), and
there was a certain distance between the robot and the platform
to ensure that the robot was not affected by the ground effect
when it flaps. The sampling frequency of the sensor was set as
1 kHz. More details of thrust and torque measurements can be
found in text S13.

Flying—climbing transition experiments

These experiments were conducted in the Pigeon Flight Training
Room of the Nanjing University of Aeronautics and Astronautics,
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which provides sufficient space for these experiments (L X
W xH=3.7mX2.8m X 2.6 m). Four high-speed cameras
(OptiTrack Prime 17W, 1,664 X 1,088 pixels) are installed in the
room. The location and attitude of the robot equipped with
reflective markers (Figs. S4 and S5) were recorded by construct-
ing a motion capture system. In all experiments, batteries were
added to power the robots. The flying—climbing transition test
recorded the whole process of landing, climbing, and takeoff on
an acrylic sheet (L X W X T = 1.8 m X 0.86 m X 8 mm) ata
frame rate of 360 frames per second (fps) and a shutter speed
0f 2,000 fps. More details can be found in text S14.

Data processing and analysis

To avoid time differences in data recording, cross-correlation was
used to determine the time differences between kinematics
recordings and onboard datasets. In addition, all flight experi-
ment results are based on the motion tracking data unless other-
wise stated in the analysis of this paper. Each marker was tracked
by the image analysis software DLTdv6 (R2019a; MathWorks,
Inc.). Tracking quality is monitored by the labeling error param-
eters of OptiTrack Motive 1.10.3 software (NaturalPoint, Inc.). A
single frame with an average labeling error greater than 10 mm
is considered an outlier. More details of data processing and anal-
ysis can be found in text S16.
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