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Abstract: One of the weaknesses of multi-rotor unmanned aerial vehicles (UAVs) or vertical take-off and 

landing aircraft is that they need a flat surface to make a safe landing. In order to reduce the impact of this 

weakness, it is inevitable to add systems that will give the UAV some additional capabilities related to landing 

capability. In this study, a four-arm adaptive landing gear is designed and kinematically analyzed for a multi-

rotor UAV. The adaptability feature is achieved by positioning the arm ends relative to the uneven ground by 

automatically changing the angles of the revolute joints so that the vehicle can land safely on uneven ground. 
The joint angles of the adaptive landing gear, which consists of four robotic arms, each with two joints, are 

changed by the controller depending on the distance information received from the ultrasonic distance sensor. 

This distance information is evaluated in the controller according to the determined algorithm and the required 

angle values of the joints are determined. Within the scope of this study, a scaled adaptive landing gear was 

designed for an eight-rotor UAV whose mathematical model was also obtained. According to proposed landing 

gear, which consists of four arms with two limbs, each with a length of 200 mm, the maximum angle of 

inclination of the uneven ground on which the UAV can land safely is calculated as 44.5°. In addition, the 

motion trajectory of the end point of the arm, which is the part of the arm that will contact the ground, was 

obtained with the simulation performed. 
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Çok Rotorlu İHA için Önerilen Uyarlanabilir İniş Takımının Tasarımı 

ve Kinematik Analizi  
 
Öz: Çok rotorlu insansız hava araçlarının (İHA) veya dikey olarak kalkış ve iniş yapabilen hava araçlarının en 

zayıf yönlerinden biri güvenli bir iniş gerçekleştirebilmeleri için düz bir zemine ihtiyaç duymalarıdır. Bu 

zayıflığın etkisini azaltmak için İHA'ya iniş kabiliyeti ile ilgili bazı ek beceriler kazandıracak sistemlerin 

eklenmesi kaçınılmazdır. Bu çalışmada, çok rotorlu bir İHA için dört kollu adaptif iniş takımı tasarlanmış ve 

kinematik analizi yapılmıştır. Uyarlanabilirlik özelliği, aracın engebeli zemine güvenli bir şekilde inebilmesi 

için, dönel olan eklemlerin açıları otomatik olarak değiştirilerek kol uçları engebeli zemine göre 

konumlanmasıyla elde edilir. Her biri iki eklemli olan dört robotik koldan oluşan adaptif iniş takımının eklem 

açıları, ultrasonik mesafe sensöründen alınan mesafe bilgisine bağlı olarak kontrolcü tarafından değiştirilir. Bu 

mesafe bilgisi, belirlenen algoritmaya göre kontrolörde değerlendirilerek eklemlerin gerekli açı değerleri 

belirlenir. Bu çalışma kapsamında, matematiksel modeli de elde dilen sekiz rotorlu İHA'ya uygun olarak 

ölçeklendirilmiş adaptif iniş takımı tasarlanmıştır. Her birinin uzunluğu 200 mm olan ikişer uzuvlu dört koldan 

oluşan bu iniş takımına göre İHA'nın güvenli bir şekilde inebileceği engebeli zeminin maksimum eğim açısı 

44.5° olarak hesaplanmıştır. Bunun yanında, gerçekleştirilen simülasyonla kol uç noktasının, ki bu kolun zemine 

temas edecek kısmı, hareket yörüngesi elde edilmiştir. 

 
Anahtar Kelimeler: Güvenli iniş, Uyarlamalı iniş takımı, İHA, Mesafe sensörü, Kinematik analiz 
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1. Introduction 
 

Unmanned aerial vehicles (UAVs) are the most popular aircraft of the new millennium, which can 

be used for both military and civilian purposes. As the usage areas of these vehicles increase, their 

equipment also diversifies and vice versa. Examples of these are UAVs with cameras or various 

sensors, UAVs carrying pesticides for agricultural purposes[1–3], and even UAVs equipped to 

serve search and rescue activities and/or emergency medical aid. Although not limited to these 

examples, studies on UAVs are both increasing and diversifying day by day. Thus, it has led to an 

increase in both the number and variety of studies on them. For example, UAVs with integrated 

robot arms and grippers to pick up and move an object have also taken their place among the 

popular study topics of the recent past [4–10]. In addition to all these, it can be seen that both 

software and hardware studies are used to increase the mission performance of UAVs, although not 

to fulfill an external task. Studies that offer different solutions about the landing gear, which is one 

of them and significantly affects the landing performance of the UAV, has become an important 

research topic since the recent past. In fact, it would not be wrong to say that the landing gear of 

UAVs is the key equipment for these vehicles to land safely on uneven surfaces. Therefore, it can 

be said that recently, there has been an increase in studies on dynamic and adaptive landing gear of 

UAVs. 
 

UAVs with dexterous landing gear or robotic manipulators are some of these study topics. In 

particular, landing is one of the most critical tasks of almost all aircraft [11]. Manned or unmanned 

fixed-wing aircraft require larger flat areas for landing, while rotary-wing aircraft do not. 
 

Although rotary wing aircraft are more dexterous in landing and take-off capability, too much slope 

in the landing area can cause these vehicles to rollover. When some studies to overcome this 

problem are reviewed, Sarkisov et al. [12] worked on a landing gear consisting of four legs, each 

with two degrees of freedom. In their experimental work, they showed that the drone can land 

safely on uneven surfaces. In their study, which is not based on distance measurement, they stated 

that an optical torque sensor is integrated into the knee joint of each leg so that the UAV can adapt 

to rough terrain more quickly. Luo et al. [13] worked on a model in which a quadrotor drone had a 

four-piece landing gear attached to the vehicle for smoother landing. They claimed that they 

obtained satisfactory results from these landing gear controlled based on artificial neural networks 

[14,15]. Nadan et. al. [16] analyzed the landing gear, which was inspired by the anatomy of birds. 

As a result of the experiments, they came to the conclusion that the hexacopter can land and take off 

over objects of different shapes. Tang et al. [17] worked on an adaptive landing gear system, which 

is mechanically simpler but uses a control structure based on a depth camera, IMU and optical flow 

sensor. They stated that they experimentally demonstrated the applicability of the proposed system. 
 

In this study, an adaptive landing gear design and kinematic analysis were performed. Unlike 

previous similar studies, adaptive landing gear control based on instant measurement of the distance 

to the ground has been proposed. In addition, the design and modeling of an eight-rotor UAV, in 

which the designed adaptive landing gear can be integrated, has been made.  
 

In the next part of the study, a solid model of an eight-rotor UAV was created and its mathematical 

model was obtained. In the following, studies on adaptive landing gear design and kinematic 

analysis are presented in accordance with this UAV. Finally, the control algorithm and simulation 

results are presented.  
 

2. Materials and Methods 

2.1. Octorotor UAV System 

 

Multi-rotor UAV systems are systems that can control both linear and angular movements by 
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controlling the angular speeds (  ) of each rotor-propeller pair. Each rotor-propeller pair creates a 

thrust at certain angular speeds as seen in Equation 1, depending on the characteristics of the rotor 

and propellers. The proportionality constant (  ) used to calculate this force (  ), which is 

proportional to the square of the angular velocities of this pair, is determined experimentally. 
 

        
  (1) 

  

The total thrust (  ) obtained for the eight-rotor UAV in this study, for n=8, is given in Equation 2. 

      

 

   

 (2) 

The angular position relationship between the UAV body and the earth is used to obtain the 

dynamics of the UAV. Figure 1 shows the body fixed coordinate system [B] and the earth fixed 

coordinate systems [E].  

The angular relationship between these two coordinate systems can be represented by Equation 3.  
 

                                                                  
 

                                                                                        (3) 

Here,   ,    and    are the Euler angles that describe the rotation in the roll pitch and yaw axes, 

respectively. Considering the obtained rotation matrix   
 

 , the net force acting on the body of the 

vehicle is obtained as seen in Equation 4.  

 

In this equation, the drag force (  ) is usually assumed to be zero in order to reduce the complexity 

of the controller. The net force (  ) acting on the drone consists of the thrust forces (  ), 
gravitational forces ( ) and disturbing forces including drag forces.  

 

                                                    
 

                                                                  (4)                  

So, the translational acceleration of the drone is obtained from Equation 5. 

Figure 1. Eight rotor UAV model. 
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                                                                             (5) 

In the equation,      is the translation velocity in the body frame and           
  is the angular 

velocity vector of the vehicle according to the body frame, respectively. The    value is taken from 

the Inertial Measurement Unit (IMU). These forces acting on the vehicle can create a moment effect 

on the vehicle. These moments are the moments in the   and   axes, respectively, expressed as roll-

pitch, due to the force difference produced by the propellers. The moment that causes rotation in the 

  axis, on the other hand, is the reaction moment expressed as yaw, which is dependent on the 

mechanical properties of the rotors and propellers and occurs in the opposite direction of rotation of 

the rotors. This torque is also proportional to the square of the angular velocity of the rotors, and 

this ratio is expressed with a torque constant. This constant, like the force constant, is calculated 

experimentally. The relationship between the torque, the angular velocity of the rotor and the torque 

constant is shown by the equation given below. 

        
  (6) 

Since the moment effect of the lifting forces produced by the propellers is related to the geometry of 

the vehicle, the placement of the propellers according to the coordinate axis on the vehicle body 

should be known. The relationship between these moments, the forces causing the moments and the 

angular velocities of the motors causing the forces is established with the matrix   given in 

Equations 7-9.  

 
 
 
 
  
  
  
   
 
 
 
      

  
 

 
  

 
  (7) 

  
                

 
  

 

 
  

 
    

   

 
 
 
 
  
  
  
   
 
 
 

 

 
   (8) 

Here,   
  is the pseudo inverse of the Z matrix. 

 

In this matrix, the angle   is the angle between the axis of each arm to which the rotors are attached 

and the roll or pitch axes, which is 22.5 degrees for the eight-rotor UAV model. In order to write 

this matrix more simply, the abbreviation         was made. Another moment is the gyroscopic 

moment, which is the moment caused by a change in the rotation axes of the rotors, depending on 

the mechanical properties of the propeller and rotors. Since the effect of gyroscopic moments in the 

z-axis is negligible, they are often ignored.  

 

                       

 

   

 (10) 

  

 
 
 
 

                
                                                    

                                                    

                     
 
 
 

 (9) 
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       (11) 

In Equations 10 and 11, the effect of the gyroscopic effect on the   and   axes, that is, the roll and 

pitch moments are given. In these equations,     is the inertia of the rotor in the axis of rotation, and 

  and   are the pitch and roll angular velocities, respectively, with respect to the body coordinate 

system. 

 

The total moment (  ) acting on the vehicle is obtained by summing the roll-pitch-yaw moments 

due to the lifting force produced by the propellers and the moments (   ) due to the gyroscopic 

effect, as given in Equation 12.   ,   , and      are the pitch, roll, and yaw moments, 

respectively. 

     

  
  
   

   
  

  

 

  
 

(12) 

In summary, the simplified nonlinear model of the octorotor UAV is given below. 

                  

     

(13) 

                     

                                                                       

            

             

              

 

where x, y, and z denote the position of the vehicle,  ,  , and   are the roll, pitch and yaw angles, 

respectively,    represents the inertia matrix in the j-axis, and g is the gravitational acceleration. 

Correspondingly,   , where i takes values x, y, z,  ,   or  , denotes the unknown disturbances. 

2.2. Adaptive Landing Gear System 

The landing gear system consists of four arms. Each arms have two limbs and thus has two degrees 

of freedom and has a simple mechanical structure. In Fig. 2, it is aimed to define the kinematic 

structure with an arm of the landing gear. 

 

The kinematic equations of the robot arm are obtained as follows, considering the structure of the 

commonly known two-joint planar manipulator. Equation 14 can find the position of the edge point 

        of the arm by considering the limb lengths and joint angles. Which are referred to as 

forward kinematic equations. If it is necessary to find joint angles corresponding to the desired 

position of this endpoint, then inverse kinematics operation is required. This is obtained as in 

Equation 15. 

 

                          
                          

(14) 

      
      

      
     

     
          

                                                
(15) 

 

It has been emphasized before that the safe landing of the UAV is a very important issue. For this 
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reason, the adaptive landing gear must act sensitively with respect to the ground when the drone 

will land on different textured ground. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2. One robot arm structure for adaptive landing gear. 

 

The UAV can either land on a flat ground or land on a sloping ground by keeping its body straight, 

or it can land on a sloping ground with a certain angle of inclination of its body. The visuals that 

exemplify these situations are given in Figure 3. The kinematic equations of the adaptive landing 

gear were obtained by considering an image showing the UAV landing on a sloping ground. 

 

In Figure 4, the case of the UAV landing on a ground with   inclination angle with   hull 

inclination angle is illustrated. For a safer landing, the part of the arm that contacts the ground, the 

second limb, is assumed to always have an orientation perpendicular to the ground. Thus, the 

kinematic equations of the landing gear are obtained by considering only the first joint angle. In the 

figure and equations,    and    are the perpendicular distances between the axis of gravity (CoG) 

where the center of mass of the vehicle is located and the contact points of the opposite arms with 

the ground. In the same order,    and    are the perpendicular distances between the ground contact 

point of the opposite arms and the vehicle's center of mass (CoM). 

Figure 3. Position of the landing gear on level ground (a) and on sloping ground (b). 

(b) (a) 
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These values are used to calculate the slope angle of the sloping ground as seen in Equation 16.  

The angle that the vehicle body makes with the horizontal axis, γ, is measured in the inertial 

measurement unit (IMU). The maximum angle ( ) of inclination of the inclined surface on which 

the vehicle can land is given in Equation 16. 

        (16) 

  

By keeping the vehicle body flat, in which case the γ angle value is zero, the position limits that the 

landing gear can take for the vehicle to land on a ground can be determined by considering the 

image as seen in Figure 5.  

Here, α is the angle made by the first member of one arm of the landing gear in the opposite 

Figure 5. Display of position limits on the landing gear. 

Figure 4. Schematic view of the landing gear for kinematic analysis. 
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direction to the horizontal axis. The limit of this angle is determined in such a way that the first limb 

does not touch the arms to which the propellers of the vehicle are attached. 

 

    
 

 
                  

    
 

 
                  

        
 

 
                           (17) 

    
 

 
                     

    
 

 
                     

         
           

                         (18) 

              

        
 

 
                            

        
 

 
                           (19) 

        
 

 
                              

 

In addition, in relation to the physical characteristics of the landing gear, the boundaries of the 

vertical distances between the ground contact points of the second limbs of the opposing arms and 

the vehicle's center of gravity are determined. In this context, the values        and        are 

calculated.  

 

Limit values can be found by considering the values in Table 1 where the physical characteristics of 

the vehicle are given. 

Table 1. Physical dimensions of the landing gear. 

Parameters Descriptions Unit Value 

   First limb length [mm] 200 

   Second limb length [mm] 200 

  Perpendicular distance between the axis of rotation of the first joints [mm] 100 

   The distance of the sensor to the end point of the second limb [mm] 100 

     Maximum angle value of the first joint in the opposite direction [°] 10 

 

Using the difference between these values,      , and similarly,     , which is the vertical 

distance value between the contact points of the second limbs of the opposite arms with the ground, 

the maximum value of the inclination angle of the ground on which the vehicle can land is 

calculated using Equations 19 and 20. This angle is calculated assuming the vehicle body is parallel 

to the horizontal. Which requires that the angle γ in Figure 4 be zero. In this case, if the vehicle 

body leans by an angle of γ, the tilt angle  , at which the vehicle can stop without tipping over, 

must be less than 90 degrees. When Figure 5 is examined, it can be seen that 

                        .  

                     

                    
(20) 
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According to the values given in the table, the angle of inclination of the sloping ground on which 

the UAV can land can be calculated as follows.  

 

For α=     and  =0;       = 400 mm,       =131.6 mm,       = 50 mm,       =223.2 mm 

 

Thus,      = 268.4 mm and     =273.2 mm. By using these limit values,  =44.5°, which is the 

maximum slope angle of the ground; Which is the limit value when the UAV body is desired to be 

parallel to the horizontal axis ( =0). According to these physical values of the adaptive landing 

gear, it shows that the UAV can safely land on uneven ground with a sloping angle of 44.5°. 

 

3. Control Principle and Simulation of the Adaptive Landing Gear System 

 

The control of the proposed adaptive landing gear is based on four ultrasonic distance sensors on 

the robot arms. The distance information received from the sensors is converted into real distance 

data according to the location of the sensor, which is given as   . Since the robot arm with the least 

of these real distances will be the closest to the ground, this arm will be the reference for the other 

arms.  
    (for i:1 to 4), which is the difference between this reference value and the actual distance values 

measured from other sensors, will be the basic data for the control of the servo motors in the arms. 

According to this data, the robot arm joint angles are changed so that the end point of all four limbs 

of the landing gear is the same distance from the ground. This process continues until the actual 

distance data calculated by measuring from four different sensors becomes zero. When the zero 

value is reached, the landing is completed. 
 

 

Figure 6. Flow chart of the adaptive landing gear controller. 
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If the distance data measured from the sensors is outside the determined distance limit, it will mean 

that the UAV is not yet in the landing process, so the servo motors on the landing gear will remain 

in the starting position. The flow chart describing this process is given in Figure 6. 

 

The block diagram of the simulation study of the proposed system is given in Figure 7. In case of 

experimental work, it will be sufficient to transfer this control system to the hardware. As can be 

seen from the block diagram, the distance data received from four ultrasonic sensors are processed 

to produce Pulse Width Modulated (PWM) signals for servo motors. 

 

In a sample simulation study, the variation of the joint angles with respect to time and the positions 

of the robot arm endpoints according to these angles are obtained and are given in Figure 8. 

In the same simulation study, the motion trajectories of the robot arm endpoints were obtained in 

three dimensions as seen in Figure 9. Representationally, after landing, the inclination angles of the 

UAV are shown by geometrically correlating the arm endpoints. 

Figure 8. Changes in the positions of the endpoints of the four arms (a) and their 

corresponding joint angle changes (b). 

(a) 

(b) 

Figure 7. Matlab Simulink diagram of adaptive landing gear system control. 
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Figure 9. Trajectory of motion of the endpoints of the four arms and their inclination in both 

directions. 

 

4. Conclusions 

An adaptive landing gear design and kinematic analysis were performed for an Octorotor UAV. 

Ultrasonic distance sensors were used to position the designed landing gear according to the uneven 

ground. Thus, provided that the physical dimensions of the landing gear are limited, the 

instantaneous surface slope of the UAV at the time of landing is calculated according to the slope of 

the inclined surface. A flowchart has been created for the control of adaptive landing gear. For this 

landing gear, which can be designed for UAVs with different physical structures, the maximum 

angle of inclination of the ground on which the vehicle can land safely was calculated as 44.5 

degrees. This value is directly related to the length of the limbs of the arms (   and   ) and the 

distance between the junctions of these arms ( ). In the landing gear designed within the scope of 

this study, these values were determined as   =200mm,   =200 mm and  =100 mm. 

 

In addition to the conclusion that this proposed landing gear is applicable by simulation and 

calculations, it can be said that more realistic results can be obtained with experimental studies. 
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