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Abstract— This paper proposes a novel hybrid approach for 

ground and aerial locomotion. Conceptual designs have been 

created for ground and aerial platforms and analyzed them 

separately. 3D models are optimized considering the practicality 

and ease of manufacturing. Mecanum wheels have been 

integrated with the ground platform to enable multidirectional 

locomotion. Thrust vector system has been added to quad rotor 

aerial platform to increase the forward propulsion. 

Mathematical models are generated and simulated to visualize 

the motion virtually and to derive torque requirement to select 

suitable actuator components. FEA (Finite Element Analysis) 

analysis proved the proposed platform can withstand the 

predefined load conditions (10kg) with a good safety factor of 

5.9. Combined platforms have been subjected to CFD 

(Computational Fluid Dynamics) analysis and it has been 

proved that platform lift force is significantly increased (by 

3.5N) compared to traditional quad rotor configuration due to 

the aerodynamic body. 
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I. INTRODUCTION  

Urban Search and Rescue (USAR)[1] robots are 
frequently deployed to disaster events in developed countries 
to assist and manage the situation. Searching for the victims is 
a time critical task in such scenarios, because they can be 
injured, out of oxygen or hungry. These events can have a 
hazardous nature too. So, urgent rescue task must be carried 
out to save lives.   

Most of Existing USAR robots are equipped with only 
single way of locomotion to attend to disaster areas, but they 
have some unique drawbacks to them. Due to these 
limitations, conventional robots are not effective in 
responding quickly to disaster situations. Hence hybrid robot 
with a ground locomotion and aerial locomotion platform 
[i.e.UGAV(Unmanned Ground and Aerial Vehicle)] can be 
feasible to overcome the above-mentioned drawbacks. It’s 
also mentioned in [2] that a robot with having both ground and 
aerial locomotion capabilities, makes rapid seeking of the 
location of survivors.  

However, Usage of these kind of hybrid robots is not 
limited for disaster exploration only. Their abilities can be 
used in medical applications, photography, Delivery purposes, 
security, and surveillance. In precision agriculture, for 
example, UAV(Unmanned Aerial Vehicles)s are used for a 
variety of farming needs[3] such as spraying fertilizer and 
insecticide, identifying weed infestations, and monitoring 

crop health. The precision of UAVs saves farmers both time 
and cost. Ground robots individually also have been used in 
agricultural and many other applications. These robots have 
proved their capability of moving through rough 
environments [4]. So, combined ground and aerial platform 
gives huge benefits. 

Considering the available approaches individually, as for 
the ground locomotion platforms, it can be categorized based 
on the locomotion pattern such as wheeled, tracked, legged 
and hybrid types [5]. Under hybrid types there are leg-wheel, 
leg-track, wheel-track [6] etc. Legged based mechanisms tend 
to have higher weight due to the extra parts so that wheels-
based platform is preferred for this application as ground 
locomotion part. Below wheeled type locomotion there are 
omnidirectional, Ackerman, skid drive with various number 
of wheels implementation. Among them omnidirectional 
drive is special with having multidirectional locomotion.  

Areal platform structure can be categorized based on the 
landing approach and the aerodynamic design according to the 
existing literature. Under aero dynamic design, there are fixed 
wing and multi-rotor aircrafts. Although the flight time is 
higher with fixed wing aircrafts compared to multirotor crafts, 
they have a requirement of long runaway for the takeoff and 
landing which is a huge drawback.  Multirotor crafts vary 
based on the number of rotors equipped as in [7]. Quadrotor 
approach is the often-used platform among them. In addition, 
there are HTHLs (Horizontal Takeoff, Horizontal Landing) 
and VTOLs (Vertical Takeoff and Landing) under landing 
approach.  VTOL aircrafts are combination of fixed wing and 
multirotor aircrafts which eliminates the issue with each 
platform. Ease of vertical takeoff and landing enabled 
hovering mode are the main benefits of them. There are 
different types of VTOLs as Lift fan, Tilt rotor, tail sitter etc. 
If the tilt rotors can be used, maneuverability can be 
optimized. From this it can save weight from unwanted motors 
while having multi-purpose motors to supply the required 
thrust as in[8].  

Ground and aerial vehicle approaches have also been 
introduced. But a very few research has been conducted under 
the mentioned category [9]. In addition to that, couple of 
commercially available hybrid robots are available for ground 
and aerial locomotion as panther robot in [10] and Pegasus 
robot. This lack of research leads to introduce novel 
conceptual designs for UGAV systems. Even though UGVs 
and UAVs are very normal things, combination of the hybrid 
setting is a very Novel concept. There are very few UGAVs 



available in actual service. Rather than that every other is still 
in experimental and hobby grade stages.   

II. PROPOSED UGAV SYSTEM 

Proposed solution is a hybrid ground and aerial vehicle 
platform which can overcome the limitation with each 
individual approaches. Following shows overall system of the 
UGAV with subsystems included. 

 

 And then each section is again separated to several 
sections based on the expected works to be done. Designs and 
analytical parts for both systems are carried out parallelly for 
each platform.  

 

 Ground platform is designed considering the wheel 
structure, suspension system and the main chassis design and 
relevant analytical parts. As for the aerial part, main structure, 
aerial body and the tilt rotor mechanism are the main 
components to be analyzed.  Proper concepts are proposed for 
each sections considering the existing literature and matching 
them with expected outcomes of this research.  

III. DESIGN AND ANALYSIS OF UGAV 

Design stage is mainly divided into two sections as aerial 
and ground unit. Designing procedure is parallelly progressed 
from the dependencies of both systems. Such as weight, center 
of gravity and overall dimensions. 

A. Ground Platform design and analysis 

Initial designs of ground unit included variable width and 
length parameters for the structure. Because center of gravity 
and stability of the overall design of important when the 
UGAV is travelling in rough terrains. From the extensive 
literature review, suitable Drive system, wheel design for the 
UGAV is selected. Requirements needed to be satisfied for the 
UGAV considering the application are light weight, omni 
directional travelling capabilities (follow complex 
trajectories) Simplicity in control etc. 

 

 

 

Considering the proposed system, this UGAV is intended 
to travel on unpredictable rough and smooth terrains. To move 
on such surfaces, proper suspension system should be 
established. Reasons for implementing a suspension system 
for this robot platform are to reduce impact shocks, maintain 
stability, improved consistent steering, reduced premature 
wheel wear, maintain dynamic wheel alignment etc. So, 
conceptual designs were made and optimized. 

 

 

 

 

 

All the initial designs exhibited several practicality 
weaknesses including wobbly joints, hinge issues and failing 
with higher loads. Latest version of the suspension unit 
exhibited moderated travel arm length, stable hinge and wheel 
and rigidity. Only drawback was the slight weight increment 
of the final unit compared to previous versions, but it was 
necessary to have such structure to ensure the strength of the 
suspension unit to bear the weight of the whole platform. 

 

 

 

 

 

 

Ground platform final design was implemented using all 
the finalized components in each section wheels, suspension 
etc. 4 wheeled design enabled greater stability of the platform 
to move on different terrains with no issues. 

 

 

 

 

 

 

Designed mecanum wheel model was then subjected to 
kinematic analysis to observe the omnidirectional motion 
analytically so that prepared mathematical models can be used 
to build the control system of the ground platform. For 
mathematical model it’s proposed to use symmetrical 
rectangular wheel configuration considering the practicality 
for the application and the design. Inverse kinematics have 
been performed under this section to find how the movement 
of mecanum wheel platform is happening in multiple 
directions. Equations are derived for the velocities of wheel 
and rollers using local coordinates. 

 

 

  

Fig. 1. Proposed UGAV System 
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Fig. 3. Mecanum wheel 3d model and exploded view 

Fig. 5. a) Suspension design V4 side view b) wheel mount assembly 

isometric view 

Fig. 6. Improved final design and dimensions 
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Fig. 7. Mecanum wheel coordinate system 

Fig. 2. Design flow of the UGAV 

Fig. 4. Suspension design V1, V2 and V3 
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By solving above equations, results are derived for the 
angular rotation of each wheel in terms of platform linear and 
angular velocities. Considering the standard geometric 
conditions of the wheel assembly, absolute angle of the roller 
w.r.t center axis is set to 45 degrees.  
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So, angular velocities can be set to have longitudinal or 

transverse or any other perfect linear movements without 
having additional angular rotations according to above results 
related to the proposed wheel configuration. Then derived 
kinematics are modeled inside Simulink environment to 
virtually simulate the behavior. Built MATLAB model was 
used to virtually simulate the ground platform 
multidirectional motion for forward, backward, side, yaw 
rotation movement inspiring the inverse kinematics. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

   Then the model had to be subjected to kinetic analysis to 
derive torque requirement of each driving actuators. These 
results would help to choose proper motors for the design 
when going for the fabrication stage. To analyze the 
dynamics of the mecanum wheel platform LaGrange 
equation is used. Which can be mentioned as follows, 

 

T – Kinetic Potential                                                              
qj - Value of the generalized 
coordinate 
Qi - value of the generalized force 
S – Number of degrees of freedom 

So, kinetic energy of the Platform can be derived by 

applying basic equations, 

                 K.E p = 
�� %(�# � � 	# �) �  ��  & ' �# �                    (5)                           

Kinetic energy of the Wheels can be derived as, 

K.E w = 
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So, total energy of the system can be displayed as, 

                             K.E = K.E p + K.E w                               (7) 

Then, 

K.E = 
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Above derived equation is used to find the torque 
requirement of the robot for motion on horizontal plane and 
inclined plane. 

 

 

 

 

 

Let the coefficient of dynamic friction = � 

Here, 

                                    0 1 2 � 3                                        (9) 

Where F is the perimetric force. And R is the radius of the 
wheel.  

Work done by the system can be get as, 4 1 (3�  �  5���)2∆�� � (3�  �  5���)2∆�� � (3�  �  5���)2∆�� � (3�  �  5���)2∆��                       (10)          

Simplified above calculation results in following form, 
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So, the torque results can be gained by, 

Fig. 8. Ground platform coordinate system 
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Fig. 9. MATLAB Simulation Model 

Figure 10: Force acting on the wheel (Horizontal plane) 
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Then equations are derived for inclined plane. Here � refers 
to inclined angle of the plane w.r.t horizontal plane.  
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Then torque results can be gained as in equation 12. 

So, using above derived equations maximum angle of slope 
can be calculated for preferred torque output. Above derived 
equations were used to calculate the actual torque 
requirement for the actuator. So, the relevant parameter 
values were collected related to the platform and used them 
to derive the motor torque requirement. Torque requirement 
is calculated for horizontal an inclined plane. 
 
static torque when the platform is not moving on the 
horizontal plane. (Static friction): 0.6558Nm 
 

dynamic torque when the platform is moving on   the 
horizontal plane. (Dynamic friction): 0.4686Nm 
 

To travel the max slope of 60 degree, 3.5Nm torque is 
required for a single motor. Therefore, for a motor with 
higher torque can easily navigate the slope if friction of the 
slope area is enough, and the Center of gravity is balanced. 
Then the suspension stiffness calculations are done to select 
proper suspension unit for the ground platform.  

From the design, angle in between the l3 link and the 
horizontal plane should be 45 degrees. Then when it’s under 
the load it shouldn’t go beyond 30 degrees. So, compression 
of spring is happening in between these conditions. 
Length of the spring can be derived as follows.  

        AB
� � ( 
� � 
� sin �)C � � B
� cos �C �   = l             (14)          

 
� , 
�, 
� are lengths of linkages so that they are fixed constant 

values. Only variable is �. So, variation of l from � = 45 to � = 30 can be used to derive the difference in length so that 
spring constant can be derived. 
maximum deviation of length of spring is 15.6846mm 
Considering the total payload of the platform as 100N 
Then per 1 unit it is 25N. So, for total load, stiffness of one  
spring unit can be derived as,  
K = 1.767 * 103 Nm-1 
Then the design was subjected to force analysis to check the 
stress performance of the proposed model. It will be further 
discussed in the result sections.  

B. Aerial Platform design and analysis 

 
Aerial unit of the UGAV is comprises of the main frame, 

tilt rotor mechanism and the aero body. In traditional quad 
copters, only the frame is essential. But in this project, tilt 
rotor system will be implemented on the design to test and 
compare the advantages and disadvantages of the overall 
system. Including the drag forces and controlling 
maneuverability. Since the design is airborne one, light-
weightiness is a main requirement. Impact resistance is 
another factor when consider about the durability of such 
system. This design was based on the all-previous designs 
and the materials that available for the project. Referencing 
the Carbon fiber composites, aluminum material and 3d 
printing technology. Main goal is to ensure the light 
weightiness of the design, rigidness, and the strength of the 
frame. 

Goal of the tilt rotor system is to achieve the forward 
propulsion without tilting the whole body of the UGAV. And 
improving the flight maneuverability of the drone. Main 
actuation method is using a high torque servo motor to provide 
the required tilt to the motor unit. Novelty of this 
implementation is that only rear 2 rotors equip the tilting 
action. Front 2 rotors remain same. Main goal is to reduce the 
drag and increase the forward propulsion of the robot. 

 

 

 

 

 

Then both ground and aerial platforms are assembled to 
have combined implementation. Aero body design was done 
to reduce the drag forces and increase the lift force of the 
platform. 

Fig. 12. Suspension arm geometry 

Fig. 13. Final aerial main chassis design 

Figure 14: Improved tilt rotor mechanism and exploded view 

Fig. 11. Inclined slope angle vs required torque 



 

 

 

 

IV. RESULTS AND DISCUSSION 

After the conceptual designs are generated, they were 
analyzed by generating mathematical models. Kinematics 
equations were generated to observe the omnidirectional 
motion of the ground platform. Dynamic analyses were done 
to derive motor torque requirement. It was resulted that 
requirement of 3.5Nm torque per each motor to move on an 
inclined plane of 60-degree angle. Suspension calculations 
were done to derive the stiffness values of the suspension 
units. It was resulted that it would need 1.767 * 103 Nm-1 of 
stiffness per one suspension unit of the ground platform. 

 Then those models were subjected to the FEA analysis to 
check how the models performed under the prescribed load 
conditions. 

Then the design models are optimized based on the results 
from the stress simulations to have optimized design. 
Considering the ground platform, maximum stress occurred 
at the platform was recorded as 4.5MPa at the wheel mount. 
Wheel mount material was selected as the 3d printing PLA 
material which has the yield strength of 62.63MPA. So, high 
F.O.S of 13 could be observed even at the maximum stress 
occurring region. So preferred ground platform with the 
defined materials can perform well under the desired load 
conditions according to the FEA analysis. 

 
 
 
 
 
 
 
 
 

 
Aerial platform is then subjected to FEA static analysis 

where two kinds of materials were proposed which are Al and 
Carbon fiber. External static loads were considered as 60N 
load on each motor mount (Motor thrust). Al chassis failed 
the test where structural failure occurred with having 
56.6MPa of maximum stress at the rod connecting joints 
which exceeds the yield strength of Al (45MPa) where 
Carbon fiber structure exhibited more light weight structure 
and higher F.O.S. of 5.9 under predefined static load 
conditions. So, Carbon fiber was chosen as the material for 
fabricating aerial platform. 

 
 
When it comes to devices with moving parts, vibrational 

analysis is important as static stress analysis. Since a 
quadcopter as high-speed rotating propellers, it critical to 
analyze the frame structure of the drone. Otherwise, these 
vibrations can lead to a structural failure of the drone. To 
overcome this, we need to ensure the structure is strong 
enough to handle the vibrations that occur in the system. As 
for the loading conditions, maximum motor thrusts(60N) 
were enabled to simulate the max thrust condition. 
  From the analysis 10 modal shapes were found which has 
the resonant frequency of the frame structure. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Occurred stresses due to the resonant frequencies were 

low compared to the strength of the material of aerial chassis 
which was Carbon fiber.  

 
 
 
 
 

 
 
 

 
 
Since these stresses are a low value, and the constructed 

material has high safe factor, it could be proved that the 
proposed structure is safe to operate in the assumed 
conditions. Then CFD (Computational Fluid Dynamics) 
simulations are done on aero body to check the acting drag 
forces and the lift forces generated. CFD simulations are 
carried out considering all the 4 rotors with static conditions. 
Rotor blades are placed with CW, CCW configurations for 
front and rear ends platforms. 

Fig. 16. Stress analysis (FEA) for ground platform  

Fig. 18. Carbon fibre aerial frame stress analysis on critical point 

Fig. 17. Aerial unit main structure with front motor mount positions 

Mode 10 Mode 1 Mode 3 

Fig. 19. Mode shapes of the air unit frame 

Fig. 20. Maximum Stress occurs in the frame 

Table 1: Mode shapes of the air unit frame 

Fig. 15. Aero body and final UGAV assembly 



 
 
 
 
 
 
 

 
Flow simulation is done with Solid works Flow 

simulation toolbox. Travelling speed of UGAV is selected as 

20GHI� for the above simulation results. From the simulation 
results drag force and lift force data is generated to the 
respective air speed of the vehicle. 

Approximately 22 N drag force is generated from the 
UGAV. For this final design of the aero body, 3.5 N lift force 
is also generated due to its shape. In practical usage these 
values will be different from the theoretical values, due 
assumed conditions and practical limitations in the device. 
When the rotors are tilted, RPM of the motors are controlled 
by the flight controller to maintain the stability of the 
platform. Material selections were done for the real model 
fabrication after finalizing all the virtual simulations. Then 
fabrication of prototype is done.  

After doing the simulations and considering the weight of 
the components to be used, chassis upper platform was 
decided to made CF tubes so that it enables higher strength. 
Ground platform and the aerial platforms are fabricated 
separately in order with the aid of joining them together in 
future. 3D printing was proposed as the fabrication 
methodology for supportive components due to the low cost, 
and high detailed fabrication. Mecanum wheels of the ground 
platform is planned fabricated using 3d printing (TPLA-main 
wheel, TPU - rollers) and the chassis is expected made of Al 
tubes Connected using 3d printed structures. Preferred 
omnidirectional motion could be achieved with the built 
prototype. Aerial platform is equipped with thrust vector 
mechanism with enabling the VTOL capability with quadrotor 
configuration and have the horizontal flight capabilities. Then 
the upper and lower platforms have been integrated. 

V. CONCLUSION 

An unmanned ground and aerial robot platform were 
designed for the disaster exploration purposes. Even with the 
current situation with Covid 19, such platforms are 
advantageous in many ways like inspection and broadcast, 
Delivery of Critical supplies, Temperature data acquisition 
etc. Main target of implementing this hybrid approach is to 
eliminate the issues with ground and aerial robots alone. 
Designed platform has a novel structure inspired from the 
literature related to ground and aerial robots and design 
optimizations have been done using FEA and CFD analysis. 
Aerial structure is inspired from quad – H frame and ground 
platform is equipped with mecanum wheels which gives 
enormous benefits compared to other available ground 
locomotion patterns as multidirectional locomotion. 
Mathematical modelling is done to derive the kinematics and 
kinetics of the ground platform to test the multi – direction 
locomotion theoretically and derive actuator torque for 
predefined load and environmental conditions so that 

required actual components can be selected according to 
those derivations. As an additional component thrust vector 
setup was embedded in the design to increase the speed of the 
platform and reduce the drag by having less tilt forward 
locomotion. It was proved by the flow analysis results. 

As for the future works, it is expected to fabricate the 
physical prototype for the proposed design. A suitable control 
system will be integrated to enable semi-autonomous action 
with a proper sensor feedback system. Safety/risk 
management approaches will also be considered and added to 
the final prototype model. 

VI. REFERENCE 

[1] G. Singhal, B. Bansod, and L. Mathew, “Unmanned 
Aerial Vehicle classification , Applications and 
challenges : A Review,” Preprint, no. November, 
2018, doi: 10.20944/preprints201811.0601.v1. 

[2]    K. Yoshida and S. Tadokoro, “Field and Service 
Robotics: Results of the 8th International 
Conference,” Springer Tracts Adv. Robot., vol. 92, 
pp. 33–47, 2014, doi: 10.1007/978-3-642-40686-7. 

[3] G. Hoffmann, D. G. Rajnarayan, S. L. Waslander, D. 
Dostal, J. S. Jang, and C. J. Tomlin, “The Stanford 
Testbed of Autonomous Rotorcraft for Multi Agent 
Control (STARMAC),” AIAA/IEEE Digit. Avion. 

Syst. Conf. - Proc., vol. 2, pp. 1–10, 2004, doi: 
10.1109/dasc.2004.1390847. 

[4] Guizzo, E. (2011). Fukushima robot operator writes 
tell-all blog. In IEEE Spectrum. Source: 
http://spectrum.ieee.org/automaton/robotics/industri
al-robots/fukushimarobot-operator-diaries. 

[5] L. Bruzzone and G. Quaglia, “Review article: 
Locomotion systems for ground mobile robots in 
unstructured environments,” Mech. Sci., vol. 3, no. 2, 
pp. 49–62, 2012, doi: 10.5194/ms-3-49-2012 

[6] Y. G. Kim, J. H. Kwak, and J. An, “Terrain-adaptive 
and user-friendly remote control of wheel-track 
hybrid mobile robot platform,” HRI 2011 - Proc. 6th 

ACM/IEEE Int. Conf. Human-Robot Interact., pp. 
165–166, 2011, doi: 10.1145/1957656.1957713 

[7] O. Liang, “TYPES OF MULTIROTOR,” 2016. 
https://oscarliang.com/types-of-multicopter/. 

[8] E. Paiva, M. Llano, J. Rodas, R. Gregor, J. 
Rodriguez-Pineiro, and M. Gomez-Redondo, 
“Design and implementation of a VTOL flight 
transition mechanism and development of a 
mathematical model for a tilt rotor UAV,” IEEE ICA-

ACCA 2018 - IEEE Int. Conf. Autom. Congr. Chil. 

Assoc. Autom. Control Towar. an Ind. 4.0 - Proc., pp. 
1–6, 2019, doi: 10.1109/ICA-ACCA.2018.8609836 

[9] T. Prajwal Shenoy, K. Praveen Shenoy, L. Khan, S. 
Aziz, S. Afran, and K. Kumar, “Design and 
development of a novel triphibian quadcopter,” Int. 

J. Eng. Technol., vol. 7, no. 2, pp. 1–4, 2018, doi: 
10.14419/ijet.v7i2.21.11822. 

[10] “AT Panther Air/Ground Robot.” 
https://www.advancedtacticsinc.com/panther-suas-
ground-robot-on-sale/ (accessed Apr. 30, 2020). 

 

Fig. 21. Flow simulation for UGAV, Cruise speed at 20ms-1 


