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Simulation and Experimental Validation of an Autonomous Perching
and Takeoff Method for a Multirotor UAV on Vertical Surfaces using a
Suction Cup
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Abstract— This paper details the simulation and experimen-
tal validation of an autonomous perching and take-off method
for a multirotor unmanned aerial vehicle (UAV) using a suction
cup perching mechanism on vertical surfaces. The suction cup
interaction with different surface types is characterized with
experimental tests to accurately model the perching manoeuvre.
The resulting model is used to develop a realistic hardware-in-
the-loop (HIL) simulation of the perching and take-off manoeu-
vre of the UAV in Gazebo. A control method is developed to
automate the perching and take-off manoeuvre. The method is
tested in simulation and is experimentally validated with flight
tests. Comparisons between simulation and experimental data
demonstrate that the simulation is accurate and can be used to
continue the development of autonomous perching methods.

I. INTRODUCTION

The use of Unmanned Aerial Vehicles (UAVs) for in-
spection and maintenance has seen a great increase in the
past decade. Their manoeuvrability and ease of deployment
allows them to efficiently reach structures that would be
dangerous and time consuming for a technician to access.
UAVs are used to inspect buildings [1], dams [2], power
lines [3] and wind turbine blades [4]. Unfortunately, their
limited flight time is a major constraint for contact tasks and
surveillance applications. To extend their operational time,
UAVs can interact with structures by leaning or perching on
them as shown in [5]. Turning off the motors when perched
significantly reduces the energy consumption of the UAV but
interacting with a structure is a complex flight operation.

Manual perching manoeuvres require a highly skilled
pilot and pose a greater risk of crashing the aircraft. The
complexity of the manoeuvre is also highly dependant on
external parameters such as visibility from the ground,
weather, clearance around the target, wind interaction with
the structure, etc. Automating perching manoeuvres is an
attractive solution to ensure safe, robust and repeatable
perching.

Perching UAVs using suction cups have been presented by
[6], [7] and [8]. These developments relied on experimental
tests to develop the perching mechanisms. An autonomous
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perching procedure for a UAV with a suction cup was
presented in [9] where the control strategy was developed
with experimental flight tests. Due to the inherent risk of
crashing aerial vehicles, developing a control strategy with
flight tests can be a costly and time consuming approach.

Many open-source simulators can be used to develop
autonomous solutions for UAVs like Gazebo [10], Air-
sim [11], OpenUAV [12] and XTDrone [13]. However, these
simulators mostly focus on flight and sensor simulation
for the development of guidance, navigation, and control
capabilities. Perching is a niche UAV application and custom
plugins need to be developed in order to test perching
mechanisms in a simulator.

In this research, a perching UAV using a suction cup
is presented and modeled in Gazebo. The suction cup is
characterized with experimental tests and a custom perching
plugin for Gazebo is developed. The simulation is used to
develop an autonomous perching method with hardware-
in-the-loop (HIL). It is validated with flight tests and the
experimental data is compared with the simulation.

The paper is organized as follows. The UAV design
and model are presented in Section II followed by the
customization of the simulation environment in Section III.
An autonomous perching method is presented in Section IV
and finally a comparison between the experimental tests and
the simulation is presented in Section V.

II. UAV DESIGN AND MODEL

A. Dynamic Model

The inertial frame W = {wy, wa, w3} is of type north-
east-down (NED). The UAV body-fixed frame is defined by
B = {by, ba, b3} and its origin is located at the centre of
mass of the UAV. The orientation of the body frame relative
to the inertial frame is defined by three rotations : roll ¢,
pitch 6 and yaw . The equations of motion of the UAV are
given by:

m%x =RWF 1)
I +wx (Iw) =M (2)

where:

« X the position of the body frame in the inertial frame,
o w the angular velocity of the body frame,

« RW the rotation matrix from the body frame to the
inertial frame
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o F and M the total force and moment vectors acting
on the body frame,
o I and m the inertia matrix and the mass of the UAV

B. UAV Design

The UAV is a custom-built quadrotor with a diagonal
wheelbase of 58 cm and a total mass of 3.2 kg including the
companion computer, the additional sensors and the perching
mechanism. It uses 3508 380KV brushless motors with 1255
carbon fiber propellers and a 6S 4000 mAh battery.

The perching mechanism is shown in Fig. 1. It is com-
posed of a 3D printed epoxy coated suction cup with a spring
sliding mechanism, two carbon fiber tubes fixed to the UAV
and two carbon fiber legs. The legs limit the pitch when
perched. The purpose of the slider is to extend the contact
duration between the suction cup and the surface at the time
of impact. The vacuum pump is located at the back of the
UAV to balance the aircraft. The joint between the cup and
the sliding mechanism has two degrees of freedom.

The suction cup is equipped with a pressure sensor and the
perching mechanism has a force sensor integrated. The UAV
is equipped with two Benewake TFmini Plus single-point
LiDARs, one on each front arm pointing forwards parallel
to b1.

Rigid disk Pneumatic tube\

Springs

Foam ring

Fig. 1. Perching device used for the experiments.

To create the UAV model in Gazebo, the aircraft is
modeled in Solidworks with the perching mechanism. The
CAD model is converted into a URDF file (Universal Robot
Description Format) using the SW2URDF plugin in Solid-
Works. The URDF is imported in Gazebo and converted into
a SDF that keeps the visuals, links and joints of the CAD
model.

C. Rotor model

The gazebo motor and propeller model is used to model
the powertrain of the UAV. It is a simple propeller model
that has been modified to better model multirotors. It uses
a non-standard notation and it is further explained in [14].
The motor constant k,,,,; and the moment constant k,,,,,, are
defined as :

_ CropD*
kmot - 471_2 (3)
Coo
kmom =——D 4
Cro “4)

where:

e Cpo and Cg are the static thrust and torque coeffi-

cients,

e D is the propeller diameter,

e and p is the air density.
Parameters Crg and Cgo can be found using the UIUC
airfoil database!. The parameters used in the simulation are
shown in Table 1.

TABLE I
GAZEBO MOTOR MODEL PARAMETERS

Iris UAV (default parameters)  Perching UAV

Emot (kg * m) 5.84 x 10~ 2.5 x 1075
Emom (m) 6.00 x 102 1.9 x 10—2
A1 (kg) 1.75 x 10~4 8x 104

D. Suction cup model

To model the behavior of the suction cup during perching,
the pressure inside the cup has been measured as a function
of time when pressed on different surface types. The pressure
can be approximated by the following equations:

Sealing : P(t) = Pyac + (Patm — Puac)e /™ (5)
Unsealing : P(t) = Pagm — (Patm — Puac)e /™ (6)

where P(t) is the instantaneous pressure in the suction cup.
P,qc 1s the minimal pressure achievable in steady state, Py,
is the atmospheric pressure and 7; (¢ = 1,2) are the time
constants. The equation parameters are listed in Table II.
Fig. 2 shows the sealing pressure profiles in dashed lines and
the measurements by surface type. The decrease of pressure
in the suction cup is the slowest on a porous concrete wall
compared to a painted cinder block and a wind turbine blade.
Similarly, the vacuum level reached on concrete is the lowest
of all the surfaces tested because of the higher porosity of
the material and the greater surface roughness.
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= 930 9y x Painted cinder block
a 850 1 g —-- Wind turbine blade
= 1 - X
A 750 ] +\ X Q x... __x.. x x x x x
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Time (s)

Fig. 2. Measured pressure inside the suction cup when pressed on various
surfaces as a function of time.

On rough and porous surfaces, the suction cup needs to
be pressed with enough force against the surface to create a

Thttps://m-selig.ae.illinois.edu/
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TABLE I
SUCTION CUP PRESSURE MODEL PARAMETERS FROM EXPERIMENTS ON
VARIOUS SURFACES.

Porous concrete  Cinder block ~ Wind turbine blade =~ Metallic surface
Pyac (hPa) 650 275 265 275
71 (8) 0.33 £ 0.03 0.35 £ 0.03 0.25 £ 0.03 0.25 £ 0.03
72 (8) 0.40 £ 0.03 75+ 05 8.0+ 05 16 £ 1

tight seal until the vacuum inside the cup is strong enough
for it to stay engaged. To accomplish that, the UAV needs
to hit the surface with moderate velocity perpendicular to
it. Fig. 3 shows the probability of a successful perching on
a vertical porous concrete wall as a function of the impact
speed obtained from 253 experiments conducted with the
UAV and a 5 m long pendulum. A perching attempt is
considered successful when the suction cup attaches to the
surface.

According to Fig. 3, the best results are obtained at an
impact speed between 1 and 1.2 m.s~!. At speeds below
0.4 m.s~!, the impact does not apply enough force on the
suction cup. At speeds over 1.2 m.s~!, the manoeuvre is
deemed too dangerous for the UAV. Some of the randomness
in the success rate can be attributed to the variable surface
roughness of the concrete surface and slight misalignment
between the suction cup and the surface on impact.

Probability of success

0.4 0.5 0.6 0.7 0.8 0.9
Impact speed (m/s)

Fig. 3. Probability of a successful attachment of the perching device relative
to the impact speed.

E. Control Architecture

The UAV is controlled by a Pixhawk autopilot with the
PX4 flight stack and a Raspberry Pi companion computer
running Ubuntu 20.04. It is flown in offboard control mode
and controlled from a ROS script. An OptiTrack motion
capture system is used to simulate a GPS signal indoors. The
motion capture software Motive is running on the ground
control station and streams the position and orientation of
the UAV to the Raspberry Pi companion computer via
WiFi. The motion capture data is then remapped and fed
to the Extended Kalman Filter (EKF) state estimator of the
autopilot.

Motion capture

cameras -

B

Flight Raspberry Pi |
controller $ROS
hUART
\"MAVLink Yy~ /mavros
/perching VRPN streaming
/vrpn_client

} (Additonnal sensorg
: dditionnal sensors, 12CJ UART

Fig. 4. Control architecture of the UAV showing the interaction between the
companion computer, the autopilot and the Ground Control Station (GCS).

III. CUSTOMIZATION OF THE SIMULATION
ENVIRONMENT

A. Software Architecture

The simulation environment is developed in the open-
source Gazebo 11 robotics simulator on Ubuntu 20.04 using
ROS and PX4 HIL. Fig. 5 shows the software architecture
of the simulation environment. Gazebo handles the dynamic
simulation of the aircraft, the sensors and the physical
interactions between the UAV and the environment. ROS
packages handle the perching automation and the perching
plugin.
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S U bU n tU <— Mavlink communication
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Sensor
.. Plugins R \

________________

Autonomous
perching method

/Sensor topics /Pressure

E Environment | Gripper State Perching

------------ ! Plugin
Attached/Detached

Fig. 5. Software architecture of the simulation environment.

B. Perching Mechanism Plugin

To simulate the perching mechanism, a ROS package and
a Gazebo plugin are developed. The ROS package contains
nodes that run the suction cup model and the logic control
of the Gazebo plugin. The plugin is based on the Gazebo
ROS link attacher plugin and it allows the creation of a joint
between two links. It is called under certain conditions to
attach or detach the suction cup on the surface.

A joint is created when the impact force is above the
sealing threshold and the suction cup has been in direct
contact with the surface for the time required for the pressure
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detected by force
sensor AND suction
cup close to
wall

Pressure model
Pump = ON

I I Reset pressure I
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| Delete joint I

Force
exceed limit OR
Pump = OFF

Fig. 6. Overview of the perching mechanism plugin algorithm.

to drop below the attachment threshold. An overview of the
perching plugin algorithm is shown in Fig. 6.

IV. AUTONOMOUS PERCHING SEQUENCE

The perching sequence uses the two front facing LiDARs
to measure the angle o between the vertical surface and the
UAV and the distance between the UAV and the surface. The
angle « is given by :
where d; and d5 is the distance measured by the left and right
LiDAR respectively and [ is the fixed distance separating
them along by. This setup is considerably simpler than using
a depth camera and runs at a much higher rate but it gives less
information about the perching surface. The pilot needs to
look at the targeted surface before initiating the autonomous
perching sequence to verify that it is flat and large enough
to allow for the UAV to perch.

As illustrated in the lefthand side of Fig. 7, the UAV is
first guided to a preliminary position at a fixed distance dp,.
from the surface and it positions itself perpendicular to the
surface.

When the the UAV is perpendicular to the surface (within
2 deg.), it begins to fly towards the surface at the preset ideal
constant speed, vgo.x. Once an impact has been detected by
the force sensor, the UAV then holds its position for 0.5 s
and waits for the pressure to drop. If the pressure sensor
indicates a drop of pressure below the safe threshold of Pjg,q
= 880 hPa, the UAV considers the perching manoeuvre to
be successful and it starts to decrease its thrust gradually. If
pressure inside the suction cup does not drop low enough
after the 0.5 s period, the UAV goes back to the position it
was before the perching attempt and will retry the perching
sequence.

The takeoff sequence follows the procedure shown in the
right of Fig. 7. Starting from its current attitude, the UAV

o = arctan

—

Position at d,, distance
and perpendicular to wall
Pump = ON

<>

Arm vehicle

20< q <2°
dist>0.9*d,,,
dist <1.1*d,,,

Decrease 0 and
increase thrust

<>

Pump = OFF
Hold neutral attitude

Move forward at
Vaoer UNtil impact

| Maintain neutral attitude |

for 0.5 s
Reduce thrust Move away from wall
until perched Exit offboard mode

Fig. 7. Overview of the autonomous perching method. Preliminary
positioning and perching sequence (left), takeoff and detachment sequence
(right).

Fig. 8. Schematic of the pre-perching setup.

lowers its pitch to 0 deg. Once horizontal and stabilized, the
pump is turned off and the UAV is commanded to hold its
attitude. Finally, when the pressure sensor indicates that the
pressure is over the safe threshold, the UAV detaches from
the wall, moves back to the pre-perching location and waits
for further instructions.

V. EXPERIMENTS

Autonomous perching and takeoff on vertical surfaces has
been achieved in simulation and in experimental tests as
shown in Figs. 9 and 10. Fig. 9 shows video frames from
an automated experimental and simulated perching sequence.
Fig. 10 shows video frames from an automated experimental
and simulated takeoff sequence.

A. Perching on a Flat Concrete Wall

Before launching the manoeuvre to perch on the concrete
wall, the UAV is first positioned perpendicular to the wall at
a distance of 1.5 meters as discussed in Section IV.
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Fig. 9. Autonomous perching on a porous concrete wall: experimental
(top), simulation (bottom).

Fig. 10. Autonomous takeoff from a porous concrete wall: experimental
(top), simulation (bottom).

Fig. 11 shows data from a complete perching procedure:
the UAV accelerates to reach the desired impact speed (at
0.5 s for the simulation and at 2 s for the experiment).
Then, a negative force spike is observed a few seconds later
telling the controller that the vehicle has hit the wall. The
final approach (between the downward pitch and the impact)
is shorter in the experiment because the vehicle started the
final perching approach closer to the wall. Once a successful
attachment is achieved, defined by a drop of pressure below
the safe threshold of Pj,,q = 880 hPa, the UAV increases
its pitch in order to land on the wall. Simultaneously, force
applied on the suction cup increases as lift drops. The thrust
slowly decreases until pitch stabilizes, indicating that the
UAV is perched and the motors can be shut down.

Data from the autonomous takeoff and detachment pro-
cedure is similarly shown in Fig. 12. At the beginning of
the sequence, the pressure is below the safe threshold. The
UAV turns on its motors and increases its throttle. The
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Fig. 11. Pressure, pitch angle, and force data from an autonomous perching
from a concrete wall.
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Fig. 12.  Pressure, pitch angle and force data from an autonomous takeoff
and detachment from a concrete wall.

pitch progressively decreases which reduces the force applied
on the perching mechanism. When the UAV is horizontal,
the vacuum pump is turned off and the pitch is kept at
zero until the pressure is high enough for detachment. The
airflow leaking through the concrete allows the pressure to
build up fairly quickly, in about one second. Finally, the
UAV detaches from the surface and moves back to the pre-
perching location. It can be noticed in Fig. 12 that while
waiting for the pressure to go back to atmospheric value,
the pitch of the real vehicle oscillates while in simulation it
remains stable.
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Fig. 13. Pressure, pitch angle and force data from an autonomous perching
from a metallic surface.

B. Perching on a Flat Metallic Surface

Fig. 13 and 14 show the same manoeuvres as discussed
in the previous section but on a metallic surface instead of
a porous concrete wall. For the perching manoeuvre, the
main difference observed in Fig. 13 compared with previous
results is that since the metallic surface is smooth, the seal
is better and the pressure in the suction cup drops as low as
275 hPa. Additionally, pressure fluctuations from the pump
are no longer visible during experiments as the pump can
turn off and the vacuum is maintained.
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Fig. 14. Pressure, pitch angles and force data from an autonomous takeoff
and detachment from a metallic surface.

However, as shown in Fig. 14, the detachment sequence
goes quite differently compared with the concrete wall. Since

the pressure level increases very slowly, the UAV has to
remain stationary for much longer. Consequently, the pitch
oscillations already observed in Fig. 12 last longer and their
amplitudes grow larger, exceeding 5 deg. after 16 s. The
detachment sequence is interrupted to avoid any incident.
Similarly to the previous flight, the simulation does not
predict these pitch oscillations and it is most likely because
there are aerodynamic effects that are not well captured in the
model. Tuning the controller for this scenario could alleviate
the issue but it would be preferable to add a pneumatic
solenoid valve to break the vacuum instantly. The detachment
sequence would be quicker and much more predictable.

C. Failed Perching
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Fig. 15. Pitch angle and force data from a failed perching attempt.

Fig. 15 illustrates a failed perching attempt on a concrete
surface. Similarly to Figs. 11 and 13, a peak of force
immediately followed by a downward pitch indicates that
the UAV has hit the surface. However, contrary to Fig. 11
and 13, the pressure in the suction cup does not drop as
expected because the suction cup does not achieve a proper
seal. After 0.5 s, the UAV detects the failed attempt, moves
back to the pre-perching position and will try a new perching
attempt.

VI. CONCLUSION

This work has presented an autonomous perching and
take-off method for a multi-rotor UAV using a suction cup
perching mechanism and LiDARs. The experimental results
validated the method developed in simulation and show
that the perching sequence was accurately modeled. The
simulation model could be used to explore new perching
mechanisms and develop vision-based perching methods.
Future work should focus on improving the aerodynamic
model to better simulate the interaction between the UAV
and the landing surface.
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