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Introduction 

 

In the current trend for the field of robotic exploration, the 

heterogeneous robot teams have been acquiring great 

relevance because they offer significant advantages for 

exploration and navigation missions in unknown 

environments. Notably, the robot teams with aerial and 

ground platforms have superior efficiency due to their 

mixed abilities and shared sensor resources. Within this 

classification, the robot teams that use vertical take-off and 

landing (VTOL) aerial platforms and robust ground robots 

have significant benefits because they can see the same 

environment from different perspectives, extracting 

valuable information and adding great redundancy to the 

measurement process. This type of robot team is ideal for 

applications that require great precision and efficiency and 

to explore unknown and dangerous environments. 

However, the VTOL unmanned aerial vehicles (VTOL-

UAV) have limitations due to their high energy 

consumption and reduced payload capacity, restricting the 

exploration abilities of the complete robot team. When the 

VTOL and ground robot platforms are deployed together as 

a team, at some point in the mission, the aircraft needs to 

return to the base for landing and battery replenishment to 

continue with the exploration. This task restricts the team 

to explore the environment in-depth and to work for longer 

durations. 

As a solution to this problem, it is presented in this work 

an autonomous system for the docking of a VTOL-UAV 

with the mobile manipulator of the robot team. 

The proposed system contains a central measurement-

actuation unit that consists of a robot manipulator mounted 

in a mobile platform with a visual sensor configured as an 

eye-in-hand device. The extracted visual information is 

used to calculate the necessary arm movements to execute 

a stable UAV tracking to achieve air-ground robot contact. 

It is presented with a complete control scheme that merges 

predictive and optimization approaches to calculate precise 

commands for both robot platforms. The controller 

workspace is designed to include environmental and 

structural constraints for safe air-ground contact. The 

docking strategy allows the multi-robot team to economize 

and potentially recover aircraft energy and also enables the 

robust ground platform to protect and store the aircraft 

facilitating to continue the mission for a longer duration. 

The on-site autonomous docking can be initiated multiple 

times, allowing the team to explore larger areas and 

complete complex and long-term missions. The focus of 

the thesis is to create a robust system capable of performing 

a safe and repeatable docking task within complex 

environments, enhancing the robot team and its usability. 

The proposed method is presented with the 

corresponding theoretical development and complete 

hardware and control design. The validity of the system is 

tested with simulation and experiments in a real 

environment. The collected data for simulation and the real 

environment is represented in graphical form, and the 

results are presented with the proper discussion. In the end, 

some concluding remarks are presented along with 

recommendations for future research. 

 

Main Contribution  
 
This work proposes a system that can exploit the hardware 

and software resources of a heterogeneous robot team. A 

measurement and actuation platform that allows an 

autonomous linking process (docking) with the aerial robot 

is developed. A control strategy is implemented to 

transform the visual measurements into precise robot 

movements for the linking task. With this system, the air-

ground robot team can make a safe and efficient contact for 

temporary storage and energy refill and can overcome the 

limitations and enhance its ability to explore unknown 

areas for a longer time. 

The main focus is in achieving great robustness and 

safety in the linking process, so that the cooperation 

between robots becomes natural and the team acquires 

superior features to complete USAR missions. In this 

context, it is not possible to rely only on the controller of 

the VTOL-UAV due to its under-actuated character, as it 

has only 4 actuators to move in a six Degree of Freedom 

(DoF) space. Then, the use of the ground robot manipulator 

becomes essential because it adds redundancy to the control 

scheme while increasing the range of action allowing a 

contact task in a large workspace. It also facilitates the 

compensation of variations caused by air and ground 

external disturbances. Furthermore, the use of the 

manipulator allows to secure and handle the UAV chassis 

and store it in an appropriate position that does not interfere 

with the Unmanned Ground Vehicle (UGV) navigation. 

This work presents a completely autonomous system 

that manages the robot platforms from the UAV-UGV first 

rendezvous, UAV tracking task, to the final contact 

process.  



 

Air-Ground Robot Team 
 
It is possible to use several types of multi-robot systems to 

solve industrial, USAR, or even spacial missions. In this 

thesis, the use of an air - ground robot team composed by a 

VTOL-UAV and a mobile manipulator with centralized 

architecture is proposed. The main features of each of the 

robot platforms, and the general attributes that make 

possible the VTOL-UAV Docking system are described 

below.  

 

VTOL-UAV 
 
This platform is a lightweight multi-rotor aircraft with 

excellent stability and maneuverability. The robot comes 

with a visual sensor, barometer, sonar, gyroscope, inertial 

measurement unit (IMU), and battery level sensors. Four 

actuators with rotating propellers are placed in symmetrical 

arms. The controller is in charge of the velocity variations 

of each propeller to obtain the exact combinations to 

achieve linear and angular movements, more specifically, 

the altitude, yaw, roll and pitch variations. It is equipped 

with a docking adapter and a fiducial marker (front - 

bottom) to be detected with visual sensors from the ground 

for contact purposes. This robot platform has the ability to 

hover in a static place and to move with great agility. 

However, the UAV has six DoF; this number is larger than 

the number of independent control inputs, which means 

that it is an under-actuated platform. The under-actuation 

characteristic limits the UAV on the number of 

configurations that can be directly controlled. This means 

that the UAV is capable of a great variety of movements, 

but its control is difficult, and it cannot respond well to 

large external disturbances. This type of aircraft is not 

robust enough for applications that require great stability 

and reproducibility. 

 

Wheeled Mobile Manipulator 
 
It is a particular type of robot with a wheeled base and a 

robot manipulator attached to the top deck. The base has 

excellent robustness to carry a heavy payload and enough 

agility to move in ground terrain. However, it moves in a 

2-dimensional space and, unless it uses holonomic wheels, 

it can have restricted movements. 

Also, depending on the wheels-suspension set, it can 

overcome most debris on the ground, but it can have some 

troubles when dealing with large obstacles. In the robot 

team designed for this work, a mobile manipulator with a 

two-wheeled differential drive and caster wheel and an 

especially designed 6 DoF robot arm is used. The mobile 

manipulator is designed to bring manipulation to the 

environment and interact with the scene with more 

versatility. There are many possible tool configurations for 

the end effector of the robot manipulator, and it can be a 

gripper, a variety of actuators, or a set of sensors. For our 

purposes, the end effector holds a camera that provides 

visual information with an eye-in-hand configuration 

useful for a detailed exploration when a close view of an 

area is required. In our case, it is used as the main 

measurement unit for UAV detection. Additionally, the end 

effector is equipped with a docking device designed 

specifically for the system proposed in this thesis. This 

system is added to secure the UAV by locking its adapter 

and ensuring a safe UAV docking and storage. 

 

VTOL-UAV Autonomous Docking 
 

In this subsection, the docking task is described in detail. 

As shown in Fig. 1, the proposed docking operation is 

divided into four sub-tasks: 

▪ Initial encounter 

▪ Tracking 

▪ Contact 

▪ Storage 

The initial encounter is the process when the two robot 

platforms reach a meeting point; the end effector searches 

for the UAV with the camera pointed upwards. When the 

UAV marker enters the vision field, the UAV relative 

position is extracted, and the tracking task starts. 

The tracking task is initiated after the first encounter, 

which is when the UAV marker enters in the vision field of 

the end effector camera, and continues until the final 

docking when the aircraft is secured at the end effector. The 

Fig 1.  General flow for the VTOL-UAV docking operation. 



contact task is when the end effector of the arm approaches 

to the UAV until it locks the UAV with a docking device. 

Finally, after docking the aircraft, it is stored in a safe 

position withing the mobile manipulator. The complete 

VTOL-UAV docking process is shown in Fig. 1, and the 

different sub-tasks are described in detail below. 

 

UAV Stable Tracking 
 
For the docking process, only the information extracted 

with the camera is used. Both the UAV and the robot 

manipulator are being controlled simultaneously. The 

manipulator takes care to pair (align) its end effector tip 

with the UAV adapter, meanwhile the UAV tries to follow 

the movements of the mobile manipulator and hover in a 

reachable position. 

During the final approach and the actual contact, the 

position and orientation of the end effector relative to the 

aircraft need to be stable and constant. For this steady state, 

the control system design needs to take care of the 

following robot characteristics: 

 

▪ UAV lateral and longitudinal movements. 

▪ Self-prohibited positions. 

▪ UAV features.  

 

A control system that considers all the previous factors 

to perform an optimal tracking task is designed. It controls 

the UAV pose to locate in a reachable position within the 

manipulator workspace and uses a series of optimization, 

prediction, and reactive algorithms to build a Motion 

Engine that calculates proper trajectory points for the end 

effector. The UAV pose in manipulator frame is used to 

feed the manipulator Motion Engine (that controls the end 

effector motion), and at the same time is used for UAV pose 

control with its respective transformations. 

The UAV pose is being controlled within manipulator 

coordinates, for that it is selected a fixed UAV pose in the 

same framework as reference for the UAV control loop. 

This control in manipulator framework allows the UAV to 

be in a constant pose with respect to the mobile 

manipulator. 

 

Contact (End Effector Approach) 
 
As indicated previously in Fig. 1, the Contact Phase starts 

with the authorization of the human operator and is 

executed simultaneously with the Tracking Phase. This 

process supervises the end effector motion for a slow 

vertical approach towards the UAV. The UAV should be 

hovering above the mobile manipulator at a reachable 

distance considering the maximum extension of the robotic 

arm, and it is waiting for the end effector approach. 

Because this phase is activated while the Tracking Phase is 

in execution, the UAV motion is tracked even if the 

complete team is in movement.  

 

 
 

Once the end effector is located at a smaller distance 

from the UAV, the docking device starts securing sequence 

to attract and anchor the aircraft.  

Once the aircraft is properly docked, the Contact Phase 

is finalized, and the UAV is placed in storage position. In 

storage state, the UAV stays in a safe position that does not 

interfere with the exploration of the ground platform. 

For the docking process, it is required a set of adaptors 

in the tip of the manipulator and UAV. The set of adaptors 

is called docking device and it is detailed below. 

 

Docking Device 
 
The docking device is a set of two complementary parts 

designed to lock the aircraft safely to the end effector. As 

shown in Fig. 2, Part A is attached to the tip of the end 

effector and contains an electromagnet and a set of levers.  

These two components are designed for attraction of the 

UAV and safe locking, respectively. The set of levers are 

actuated by the torque of a micro-servomotor that is 

previously transformed using geared arrangement. The 

levers are designed to hold the weight of the UAV chassis 

in any position and orientation. The Part B is a lightweight 

adapter attached at the front-bottom of the UAV without 

interfering with its sensors. When Part B is aligned and with 

a distance less than 7mm with the Part A, the electromagnet 

is activated to force an initial contact. At this point, 

although the end effector is holding the UAV chassis, the 

UAV motors are still active, as the electromagnetic force is 

not enough to fix the aircraft especially if roll and pitch 

movements arise. To ensure that the aircraft is secured, the 

micro servomotor is activated to move the gears and the 

levers to finally hold the external ring of Part B tightly. 

After the mechanical locking is achieved, the UAV motors 

can be turned off, and the robot manipulator is in complete 

control of the aircraft chassis.  

Fig 2.  Docking device 

 



 

Simulation and Experiments 
 
The design process started in a simulated environment, the 

robot platforms were represented, and the controllers were 

implemented. After several iterations of testing and 

improvements, the controllers were ready for 

implementation in real robots.  

The simulations were implemented in the Robot 

Operating System (ROS, Kinetic Kame) and Gazebo 

simulator (v7.0.0) on a Linux distribution (Ubuntu 

16.04.06 Xenial Xerus). The environment was installed in 

a desktop computer with 16 GB of RAM and a CPU with a 

clock speed of 3.6 GHz that reaches a maximum 4.2 GHz. 

Once the controllers were improved, the robot 

platforms were prepared for experiments in real scenario. 

The UGV used in the experiment is based on the 

Pioneer 3-DX robotic platform by Adept MobileRobots. It 

implements differential drive motion with 10 KG payload 

capacity and 7 hours of runtime. It is equipped with a 2D 

range LiDAR (Sick LMS111-10100) and an RGB-D 

camera (RealSense D435) facing the front of the platform. 

To complete the configuration for the mobile 

manipulator, a 6 DoF robot arm was designed from scratch 

with high precision Dynamixel motors (Pro and MX series) 

as rotational actuators for each joint. The first links of the 

robot arm were designed with extended longitude; this 

conception provides a broader vertical range which is 

essential for the end effector approach in Contact Phase. 

The Docking Device prototype is attached at the 6th 

joint of the manipulator (see Fig. 3). It is fabricated with 3D 

printed parts of Acrylonitrile Butadiene Styrene (ABS) 

material and assembled along with a standard micro 

servomotor (positional rotation), geared arrange, three 

levers, and a small size electromagnet (12V - 250N). Also, 

the end effector camera (PS Eye 640×480 pixels at 60 Hz) 

is mounted in the arrangement of the 6th joint with an offset 

of OC = [0.045,0.01,0.03] m.  

The UAV is based on a commercial quadrotor, Bebop 

2, by Parrot. It has an autonomy of 20 minutes (battery of 

2700 mAh). Equipped with a stabilized camera for detailed 

exploration and with a set of sensors for its stabilization 

system (IMU, barometer, accelerometer, gyroscope, 

vertical camera for optical flow, and ultrasound sensor). 

 

 
As shown in Fig. 4, the Part B of the Docking Device 

was installed in the UAV front bottom without interfering 

with its sensors, it was also 3D printed with ABS material 

and it contained metallic material in the center. The UAV 

fiducial marker was also installed at the bottom of the 

UAV, designed as a bundle arrange of fiducial markers. It 

was decided to use this type of arrange, because it allows 

to combine markers with different sizes for detection in 

medium distances (large markers) and small distances 

(smaller markers). 

 

Experiments in Real Scenario 

The robot team was deployed at the university architecture 

building entrance. The building contains rooms, long 

corridors, and an empty hall with some obstacles. A target 

is located in the depth of the building. The robot platforms 

start exploration separately, and similar to the simulation 

case, the goal of the robot team is to find a target in the less 

time possible. It is assumed that the operator only knows 

roughly the possible location of the target in the building. 

However, it is not known if there is an available path to 

reach it. It is also assumed that the building has particular 

risk or hazardous elements. Therefore, the human operator 

was required to supervise the robot platforms from a remote 

location. There are several camera streaming available for 

the operator for monitoring purposes. The aerial and 

ground robots were moving autonomously along a series of 

set-points given continuously by the operator, and if 

necessary, it was possible to take total control of the 

movements of both the platforms to preserve the safety of 

the complete team. 

During the experiment, the robots followed a trajectory 

in direction to the given set-point. The human operator 

selected each set-point continuously depending on the 

direction of the target and the zones to explore. In the case 

of the UAV, the human operator often needed to take 

control because it was necessary to pass over frames, avoid 

walls, direct the camera to the point of interest, and correct 

trajectories due to bad odometry. Similar attention was 

required for the UGV movements, especially for turning 

points, complicated obstacles, and path corrections. 

 

Fig 3.  End effector and docking device. 

 

Fig 4.  Bottom view of the UAV. 

 



 

Fig 5.  Paths and photographs of robot platforms during experiment in real scenario.

The paths of the robots during the experiment are drawn 

in Fig. 5, in the same figure, the points of interest are 

indicated with their corresponding picture in the 

experiment in real scenario. 

The readers of this abstract are encouraged to read the 

complete thesis and the publications in international 

journals ad conferences where more details and results of 

the research are summarized along with media resources 

and technical data.  
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Conclusion 

The thesis developed the novel idea of VTOL-UAV 

autonomous docking with a mobile manipulator for air-

ground multi-robot systems. The presented approach 

capacitates the robot team with a mechanism to detect and 

precisely measure the UAV movements for tracking and 

approximation and to safely link the aircraft chassis to the 

arm end effector for temporary storage. 

The system allowed the air-ground robot team to 

cooperate and interact thoroughly, increasing effectiveness 

and benefiting all platforms. During the USAR mission, the 

aerial robot can be deployed at the right moment to provide 

information from its useful point of view to the ground 

platform for better exploration. When the UAV needs 

protection or to save (and potentially resupply) energy, the 

UGV can store and transport the aircraft along unsafe areas. 

The autonomous VTOL-UAV docking process with a 

mobile manipulator was explained in two main steps: the 

stable UAV motion tracking and the contact process. Also, 

the conditions for the first detection were detailed, along 

with the benefits of implementing temporary storage for 

this kind of robot teams. 

The controller that governs the aircraft and the robot 

arm was also described, along with the reactive, predictive, 

and optimization methods included to enhance its behavior 

for the task. The controller uses mainly visual information 

from a monocular camera and integrates the robotic and 

environmental constraints in the control loop for a robust 

UAV tracking and posterior approach. Additionally, the 

physical contact between robots was analyzed, and a 

solution for the robust design of a docking device that 

facilitated the final contact and safe storage was presented. 

In case of emergency or failure, safety tasks were included 

to protect the robots and possibly the human agents in the 

field, also for recovery and continuance of the process. 

With the inclusion of the robot arm for the docking 

process, it was added enough redundancy and range to 

prevent failure due to environmental variations and UAV 

limitations. Therefore, providing a repeatable UAV 

docking process that increased the advantages of the air-

ground robot team for USAR missions. The system was 

tested with simulations and real scenario, proving that the 

docking process can be executed safely several times 

during the mission. The system allowed to bring 

heterogeneous exploration in the depth of the building and 

to finish long term missions with the complete 

heterogeneous team. 


