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Abstract  The objective of this work is to control a delivery robot equipped with a passive 
bogie that can successfully climb up steps of various sizes and move on uneven terrain in out-
door environments. The kinematic model of a six-wheel mobile robot is described in detail. Jaco-
bian matrices and inverse kinematics are obtained to get the velocity of each wheel based on the
desired velocity of the robot center of mass in conjunction with the terrain information obtained
by the onboard sensors according to the contact angle estimation between the wheel and 
ground. A slip control is implemented based on slip ratio to adjust the wheel velocity when the
slip is detected. Simulation and experimental results verify the effectiveness of the approach that
enables the robot autonomously climbing up on different steps and uneven terrain.  

 
1. Introduction   

Autonomous mobile robots are a rapidly developing field in robotics known for solving many 
of today's problems. Their development is facilitated by their capability to operate in unknown 
environments and navigate without human intervention or slight intervention [1-4]. Sensor and 
control algorithms allow the robot to multitask and perform in applications like space missions, 
where the motion and performance based on kinematic models are analyzed [5-7]. Transporta-
tion of objects is another important task for mobile robots. Certain solutions are required to 
create cooperative robots that can handle and transport payloads [8-10]. Furthermore, search 
and rescue applications require mobile robots to perceive and operate in difficult environments 
such as collapsed buildings [11-14]. Extant research has focused on overcoming obstacles, 
maintaining their stability, adapting to different terrains [15-18], and safe and secure navigation, 
like in a complex crowded environment predicting the future actions of humans by developing 
danger zones [19]. The most common mechanisms used in wheeled robots include rocker-
bogie, RCL-E, and CRAB [20, 21]. The robot proposed in this paper consists of a 6-wheel mo-
bile robot. Its design includes a single bogie where the front and middle wheels adhere, a rear 
wheel connected to the chassis, an additional motor connected to the chassis that utilizes posi-
tion control to stabilize the delivery package during motion. Many researchers examined kine-
matic and dynamic analysis based on applications wherein robot wheels are controlled by 
torque or angular velocity [22-24]. For robots controlled by the angular velocity of the wheels, 
the studies focus on the forward kinematics and inverse kinematics based on the desired veloc-
ity of the robot's CM [25, 26]. Moving the robot by adjusting arbitrary wheels velocity does not 
guarantee the robot can always reach its destination. Effects such as wheel slip or being stuck 
are very frequent; therefore, the robot loses its autonomy and requires assistance. Then creat-
ing a proper robot control to climb up or down steps, cross uneven terrain, slopes, and potholes   
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becomes a challenge. Therefore, it is necessary to know the 
terrain information calculated by the contact point between the 
wheel and the ground. Several methods, such as a low-cost 
method by using onboard sensors and an extended Kalman 
filter, neglect the noise produced by the sensors [27, 28]. There 
is also installing force and torque sensors at each wheel. How-
ever, these methods are expensive and mechanically complex 
[29, 30]. Cameras and lidar sensors are important methods. 
Although, it is necessary to install one mono-camera or lidar 
sensor in each wheel, which is converted into a complex hard-
ware implementation [31]; also, the light condition in the envi-
ronment affects the results. Another method is to estimate the 
contact angle from the tilt angles of the robot, although its ap-
plication is limited to stair climbing [32]. After obtaining informa-
tion on where the wheel is touching the ground, there are some 
effects or situations that affect the mobility of the robot, such as 
a slip or stuck of the wheel. Certain approaches involve analy-
sis of the mobile robot based on dynamics and the interaction 
between the wheel and the ground, requiring estimation of the 
friction force [33]. The most common method involves calculat-
ing the minimum required friction and optimizing the ideal 
torque values of the wheels to reduce the risk of slip [34]. That 
is only possible in autonomous robots controlled by torque. For 
robots controlled by the angular velocity of the wheels, other 
methods can be implemented using proper control techniques 
[35]. Based on the discussion above, the contributions of this 
study are as follows: 

- A mathematical model to control velocity on each wheel 
according to the desired velocity of the robot's CM, avoid-
ing slip between the wheel-ground. 

- Method for estimating contact angle in uneven terrain and 
special cases, when the robots are climbing up one step 
using onboard sensors such as IMU and encoders. 

- Simulation and results of the performance of the robot mo-
tion and contact angle estimation while climbing up one 
step and uneven terrain. 

In Sec. 2, we present the design of the proposed robot, and 
the kinematic analysis is detailed. Furthermore, the forward 
kinematics are determined using the Jacobian matrices of each 
wheel in conjunction with the contact angle estimation between 
the wheel-ground, and inverse kinematics are determined to 
obtain the angular velocities of each wheel according to the 
desired velocity of the robot's center of mass. In Sec. 3, the 
method to estimate the contact angles between the wheel and 
ground and slip control is presented. In Sec. 4, a description of 
the simulation of the robot in Gazebo using ROS and C++ and 
the validation through the experimental results. 

 
2. Robot design and kinematic analysis 
2.1 Robot design 

The general purpose of the wheeled robot is to perform out-
door tasks such as delivering packages. It is designed to adapt 
to different terrains, control its velocity, and avoid slipping, es-

sential for optimal performance. The design consists of the 
payload in the main body, which is always stable irrespective of 
the robot's pose. As shown in Fig. 1(a) the 3D model, designed 
by the Korea Electronics Technology Institute (KETI) [36, 37], 
denotes a 6-wheel robot with a bogie passive revolute joint that 
connects the front and middle wheels. Furthermore, the rear 
wheel is attached to the chassis, a suspension system is com-
posed of three cylinders that connect the chassis and the main 
body to maintain horizontal the delivery package's orientation 
with respect to the ground while climbing up or down. The pro-
totype presented in the study uses one motor instead of the 
three cylinders because the robot is on a smaller scale. The 
analysis of the robot is represented in a 2D schematic diagram 
as shown in Fig. 1(b), Link 1 is formed by 1l  the distance be-
tween the bogie joint and center of the front wheel, and 2l  the 
distance between the bogie joint and center of the middle 
wheel. Link 2 is an imaginary formed by 3l , the link between 
the center of the bogie and the rear wheel. Table 1 shows the 
dimensions of the small-scale robot used in the experiments 
and simulations. The IMU was installed in the center of the 
chassis to obtain the orientation, acceleration, and velocity of 
the robot, and an encoder was installed in each bogie to de-
termine its position and angular velocity. 

 
2.2 Kinematic constraints  

Based on the geometric configuration, the constraints be-
tween the links and wheels are shown in Fig. 1(b) and defined 
in Eq. (1) as follows: 

 
(a) CAD model 

 

 
(b) 2D schematic diagram 

 
Fig. 1. Robot design: (a) CAD model of DeepExpress mobile robot by 
KETI; (b) 2D schematic diagram of the robot mechanism. 
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(a) To maintain link 1 in a triangular shape and as a rigid 
body, irrespective of the robot's motion.  

(b) To avoid collision between the front and middle wheels, 
parameter 4l  must exceed the sum of 1r  and 2r . 

(c) The bogie connected to the chassis exhibits a turning ra-
dius when climbing obstacles up and down. This radius must 
be less than the length of parameter 3l  to avoid collisions 
between the middle and rear wheels. 

(d) The radius of the wheels ir  where { , , }1 2 3=i  must be 
lower than the parameters  il  where { , , , }1 2 3 4=i  to avoid 
collisions between wheels. 

 
2 1 4 2 4 1 1 4 2

4 1 2

3 3 2 2

 ; ;

.i i

l l l l l l l l l
l r r
l r l r
r l

+ ≥ + ≥ + ≥
+ ≥
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− ≥ +
<

⎪
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  (1) 

 
2.3 Forward kinematics  

A mobile robot with six wheels individually controlled by each 
motor is analyzed to determine the relationship between the 
angular velocity of the wheels and the velocity of the robot's 
CM considering the contact angle between the wheel-ground. 
As is known, wheeled robots move on different terrains with 
different geometric surfaces; it is assumed the terrain is rigid 
because the robots move in the city. Adjusting arbitrary velocity 
values on each wheel does not guarantee that the robot can 
overcome the obstacle due to external effects such as wheel 
slip. It means kinematic analysis plays a fundamental role in 
finding the angular velocity of each wheel according to the 
robot's desired velocity in conjunction with the contact angle 
between wheel-ground based on the robot’s pose, to create a 
proper control reducing the wheel slip. Links 1 and 2 are con-
sidered rigid bodies, which implies that the body does not de-
form, or the deformation is minimal, and thus it can be ne-
glected. Given the symmetry of the robot, the kinematic model 
is presented in 2D in Fig. 2(a). In the figure, 2α  denotes the 
angle between 2l  and x global axis, 3α  denotes the angle 
between 3l  and x global axis, the coordinate frame { }F  is 
the inertial reference frame, { }O  frame corresponding to the 

center of mass, in which the x-axis is parallel to 3l . Further-
more, { }R  frame corresponds to the bogie joint and rotates 
with respect to link 2 parallel to frame { }O , { }B  frame corre-
sponds to the bogie joint and rotates with respect to link 1, 
whose x-axis is parallel to 4l . Additionally, { }iA , where =i  
1, 2, 3, corresponds to the front, middle, and rear wheels, re-
spectively. This frame corresponds to the end of each link 
whose x-axis is parallel to the longitudinal axis of each link. In 
Fig. 2(b), the coordinate frames are as follows: { }iA , { }iW  
frame corresponds to the center of each wheel and rotates with 
respect to each wheel, { }iC  frame corresponds to the contact 
between the wheel and ground. This method uses Sheth-
Uicker notation to assign two more coordinates frame about 
the instantaneous coincident coordinate [25, 38] in frames 
{ }iC  and { },O  that are moving frame thus at every time has 
a new position and orientation but remain stationary with re-
spect { }F . The kinematic of the robot are represented using 
homogeneous transformation matrices, 4 4A x

B ∈T R , which is 
formed by a rotational matrix ( ).3 3x  The matrix which de-
notes the orientation of the x, y, z axes of coordinate frame 
{ }B  relative to { }A . Furthermore, a translation vector ( )3 1x  
denotes the displacement of origin { }B  with respect to origin 
{ }A  along the x, y, z, axis of { }.A  The coordinate frames 

3
, ,O R R

R B AT T T  are shown in Fig. 2(a), where the frames { }O  
and { }R  are aligned, d  represents the distance between 
both origin frames, and 30α  denotes the initial angle of 3α , 
i.e., the angle between { }B  and { }R  frames when the robot 
is on a flat surface. In matrix R

BT , where { }B  is rotated by 
3α  along the y-axis, { }R  and { }B  have the same origin. In 

matrix 
3

R
AT , { }R  and { }3A  frames are parallel. In matrices  

Table 1. Dimension of the small-scale robot (length (L), width (W), height
(H), meters (m)). 
 

Parameters  Values (m) 

Chassis (L x W x H) 0.22*0.12*0.06 

Delivery box (L x W x H) 0.22*0.12*0.05 
Wheel radius  0.045 

1l  0.075 

2l   0.075 

3l  0.18 

4l  0.12 

 
 

(a) Robot coordinate frames 
 

 
(b) Wheel coordinate frames 

 
Fig. 2. Coordinate frames for KETI robot design. 
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1

B
AT  and 

2

B
AT , { }1A  and { }2A  frames are parallel with re-

spect to { }B  frame and only exhibit translation. Fig. 2(b) 
shows { }iW  frames, { , , },1 2 3=i  which correspond to front, 
middle, and rear wheels, respectively. The frame corresponds 
to the center of each wheel and rotates with respect to the y-
axis. Additionally, { }iW  and { }iA  frames are in the same 
origin, and thus only rotation exists. Finally, i

i

W
CT  shows the 

relation between the wheel and contact angle { }iW  and { }iC  
frames respectively. Based on Ref. [25], which presented an 
analysis of the kinematic equation of wheeled mobile robots 
with the contact point between the wheel and ground. We ob-
tain the Jacobian matrix that relates the angular velocity of 
each wheel and desired velocity of the robot's CM Eq. (2) 
where p  denotes the desired robot velocity, where 

xo
V  and 

zo
V  denote linear velocities in the x and z axes, respectively, 
and ow  denotes the angular velocity along the y-axis and q  
denotes the angular velocity of each wheel iW  { , , },1 2 3=i  
correspond front, middle and rear wheel respectively. Eq. (3). 

 
= ip J q  (2) 

1

2

3

,
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

x

z

o

o

o

V w
V w
w w

p q  (3) 

 
To obtain each wheel’s Jacobian matrix, it is necessary to 

calculate the displacement between the origins of frames { }O  
and { },iA  which correspond to the transformation matrix 

i

O
AT  Eq. (4), the value of row and column (1, 4) and (3, 4) 

denote 
ix

O
Ad  and 

iz

O
Ad , respectively, as follows: 

 
 

i i

O O R P
A R P A= ⋅ ⋅T T T T  (4) 

 
The Jacobian matrices are as follows: 
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z

x
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r d
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where 1J , 2J  and 3J  denote the Jacobian matrix of the 
front, middle and rear wheel, respectively. 

 
2.4 Inverse kinematic  

Subsequently, the inverse of the Jacobian matrix is derived 

from Eq. (8) where q ( )3 1x  is the angular velocity of each 
wheel based on the desired velocity of the robot center of mass 
p ( ) , 13 1 −x J  denotes the inverse of Jacobian matrix ( ) ,3 3x  

which includes the Jacobian of each wheel Eqs. (5)-(7), thus 
we can obtain Eq. (8) as follows: 

 
1

1

2 1 2 3

3

−
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= ⎡ ⎤⎣ ⎦⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

x

z

o

o

o

w V
w V
w w

J J J  (8) 

 
However, it is crucial to check if the inverse is possible for al 

cases. Therefore, the Jacobian matrix needs to avoid these 
characteristics: 1) The Jacobian matrix not being a square 
matrix and 2) the robot being in singularity, which means the 
robot lost a DOF due to the Jacobian matrix losing its rank, the 
determinant of Jacobian becomes zero, and the inverse does 
not exist, which means the robot has lost a DOF. In the pro-
posed model, the robot configuration does not have these 
problems; therefore, it is possible to use the inverse of the 
Jacobian. Prior to calculating the Jacobian matrices, it is nec-
essary to obtain the contact angle between the wheel-ground. 
however, it is difficult to measure contact angles in the real 
world. Thus, the method used to estimate the contact angles is 
presented in the next section. 

 
3. Wheel-ground contact angle estimation  

Unlike other contact angle estimation methods based on ex-
ternal sensor [29-31] such as force and torque sensors and 
mono cameras, which require complex installation and power-
ful data acquisition, our method creates a strategy using on-
board sensors to estimate the contact angle between the 
wheel-ground based on rigid-body kinematic equations. In-
stead of arbitrarily adjusting the velocity values on each wheel, 
as if the robot were moving only on a flat surface, we can cre-
ate a proper robot control according to different geometric ter-
rains, such as steps, slopes, and uneven terrain, guaranteeing 
that the robot climbs successfully. Otherwise, the robot may fail 
in its attempt to climb due to the slip in between wheel-ground. 
Thus, the contact angle is defined as the angle between the 
gravity force and the vector from the wheel center and wheel-
ground contact point. Furthermore, it is the angle between the 
linear velocity of the wheel and plane tangent to the point of 
contact iγ  Fig. 2(b). The six wheels include independent ac-
tuators, and the following assumptions are made: 

1. The ground is rigid. 
2. The wheels contact the ground at a single point. 
3. There is no-slip between the wheel and ground. 
It is reasonable to assume that the terrain is rigid because 

the environment for delivery robots corresponds to a city. Con-
sequently, the contact between the wheel and ground is 
around one point as opposed to deformable terrains, such as in 
space or sand, where the wheels have many contact points. 
Furthermore, the implementation of the slip control fulfills the  
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third assumption in Sec. 3.1. Links 1 and 2 are considered as 
rigid bodies. The distance between the center of the rear wheel 
and bogie, 3l , is constant and this also holds for 1l , 2l , and 

4l . Additionally, bθ  denotes the bogie pitch, and 1v , 2v , and 
3v  denote the wheel center velocities and are parallel to the 

tangent plane at the point of the ground contact. Furthermore, 
2α  denotes the angle between 2l  and x  global axis, and 

1γ , 2γ , and 3γ  denote the contact angles in the front, middle, 
and rear wheels, respectively, as shown in Fig. 2(a). Eq. (9) 
indicates that the constraint 4l  does not change because link 
1 is a rigid body. Velocities 1v  and 2v  along the direction of 

4l  are equal in any motion of the mobile robot. Eq. (10) shows 
the rigid-body kinematic relation involving the wheel velocities 
and pitch rate, bθ . 

 
( ) ( )1 1 2 2cos cos− = −b bv vγ θ γ θ  (9) 

( ) ( )1 1 2 2 4sin sin− − − =b b bv v lγ θ γ θ θ   (10) 
 
We combine Eqs. (9) and (10) to obtain the contact angle of 

the front and middle wheels and is given as follows: 
 

2 2 2 2
1 4 1 2

1
4 1

sin
2

− ⎛ ⎞+ −= + ⎜ ⎟⎜ ⎟
⎝ ⎠

b
b

b

l v v
l v

θγ θ
θ

 (11) 

2 2 2 2
1 1 4 2

2
4 2

sin
2

− ⎛ ⎞− −= + ⎜ ⎟⎜ ⎟
⎝ ⎠

b
b

b

v l v
l v

θγ θ
θ

 (12) 

 
To calculate 3γ , the linear velocity of the bogie rotates with 

respect to the instantaneous center of rotation. In addition, 
1
,cr  

1
,br  and 

2c
r  are perpendicular to the velocity vectors 1v , bv , 

and 2v , respectively. The linear velocity of the bogie is given 
as follows: 

 
1b b bV r θ=    (13) 

 
 bθ  denotes the angular velocity of the bogie that is obtained 

with the encoder. The design parameter of 2l  is known, and it 
is necessary to calculate 

2c
r  in Eq. (14) to obtain 

1b
r in Eq. 

(15). 
 

2

1
4

1 2

sin90
sin

° − +=
−

b
cr l γ θ

γ γ
 (14) 

( )
2 2

2 2
1 2 2 2 302 cos 90= + − ° + − −b c c br r l r l γ θ α    (15) 

 
Links 1 and 2 are connected in the bogie joint, and the con-

straint, where the distance between the center of the rear 
wheel and bogie joint does not change, is provided in Eq. (16). 
Furthermore, 3γ  denotes the contact angle of the rear wheel 
and is given as follows: 

 

( )1
3 2 2

3

cos cos− ⎛ ⎞
= − +⎜ ⎟⎜ ⎟

⎝ ⎠
b

b

v
v

γ θ α α        (16) 

Eqs. (11) and (12) estimate the contact angles of the front 
and middle wheels, and Eqs. (13)-(16) are used to estimate the 
rear wheel. Fig. 3 shows the robot climbing up one step and 
the contact angle in each phase. Before using these equations, 
we can simulate and calculate the contact angle by the position 
of each wheel and the step to have the real contact angle, thus 
allowing us to observe and analyze the performance of the 
control with real information about the geometry of the terrain. 
Then we can compare the performance with the contact angle 
estimation with the proposed method; the results of simulation 
and experiment are shown in Sec. 4. When the first wheel 
started to climb, the angular velocity of the bogie  bθ  is coun-
terclockwise and negative as shown in phases 1, 2, and 3; The 
contact angles of the middle and rear wheels, 2γ  and 3γ , 
correspond to 0° and the front wheel is 90° during phase 1, 
then in phase 2 1γ  reduce from 90° to 1° and 0 ° in phase 3. 
In phases 4 and 5, when the middle wheel is climbing up, it 
means 2γ  is equal to 90° phase 4 and reduce until 0° in 
phase 5 and 6, the angular velocity of the bogie bθ  is positive 
in the clockwise direction, also the contact angles of the front 
and rear wheels on flat surfaces 1γ  and 3γ  correspond to 0°. 
Finally, the angular velocity of the bogie  bθ  corresponds to 
zero when the rear wheel is climbing up in phases 6, 7, and 8. 
The velocities of the front and middle wheels are similar in the 
flat surface 1 2v v= , and 1γ  and 2γ  then correspond to zero. 
The special cases in Eqs. (11), (12) and (16) cannot be used 
under the following conditions: the first case, if the denominator 
is zero, we cannot compute the contact angle, this physical 
mean when the robot is stationary, 1 2 3, ,v v v , and bθ  are zero. 
Eqs. (11)-(16) do not include a solution, and an infinite possible 
contact angle solution exists at each wheel. The second case 
occurs when the angular velocity of the bogie is zero or con- 

 
Fig. 3. Delivery robot during climbing up one step and contact angle in each 
phase. 
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stant, and 1 2v v≈  or 1 2 3v v v≈ ≈ . It occurs when each wheel 
touches a flat terrain. bθ  is zero in phases 1 and 8 and con-
stant in phases 3 and 6. This implies that 1γ  and 2γ  are zero, 
or in slope, the contact angles are θb . The third case occurs if 
the arcsine or arccosine in Eqs. (11), (12) and (16) go out of 
the function range between [-1 to 1], which means that the 
equation does not present a solution. Thus, it is recommended 
the value of the contact angle corresponds to the previous 
value assuming the terrain varies slowly with respect of each 
wheel. 

 
3.1 Slip control  

In Sec. 2, we have calculated the angular velocity of each 
wheel according to the desired velocity of the robot's center of 
mass and the geometry terrain from the contact angle informa-
tion Sec. 3. However, when the robot attempts to climb steps, 
the slip between the wheel-ground prevents the robot from 
climbing. This is where the slip control kicks in and actively 
reduces each wheel's angular velocity to achieve successful 
climbing without slipping. Fig. 4 shows the schematic of the 
robot control. The linear velocity of each wheel, orientation of 
the chassis determined by IMU, and position and velocity of the 
bogie are used to calculate the contact angle between the 
wheel-ground in conjunction with the desired robot's body ve-
locity. The Jacobian and its inverse are calculated to compute 
the velocity of each wheel q . Then the slip control signal (u) 
acts when the slip ratio (S) exceeds threshold (β) and reduces 
each wheel's angular velocity uq  to avoid the slip. The slip 
ratio S Eq. (17) is computed with the robot body velocity in-
stead of the linear velocity of the wheel in Ref. [19], which only 
can obtain the precise value in simulation. Then S is given as 
follows: 

 
−= w

w

r vS
r

θ
θ

 (17) 

 
where r  denotes the radius of the wheel, wθ  denotes the 
angular velocity of the wheel, and v  denotes the linear veloc-
ity of the CM of the robot. Theoretically speaking, S = 0 means 
no-slip. In our application, we use a threshold β  to judge the 
wheel slip condition. β  can be determined from S by obser-
vation when slipping begins in real experiments Eq. (18). 

0; Deceleration
            0; No-Slip
   0 ; Acceleration

           ; Slip

− < <⎧
⎪ =⎪
⎨ < <⎪
⎪ >⎩

S
S
S
S

β

β
β

  (18) 

 
The linear velocity of the robot's CM can be estimated by in-

tegrating the acceleration obtained from the IMU or using a 
tracking camera such as Intel RealSense t265. The radius of 
the wheel is a known parameter, and the angular velocity of the 
wheels can be obtained from the actuators. Based on the slip 
ratio, we use a PID control to obtain the control law. If the slip 
ratio S  exceeds β , the PID controller immediately adjusts the 
velocity to avoid the slippage between the wheel and the ground.  

 
4. Simulation and experiment 

The small-scale mobile robot includes six motors, which con-
trol the velocity of the wheels (with a radius of 0.045 m), a mo-
tor in the chassis to maintain the stability of the delivery pack-
age, optical encoders installed in each bogie, and an IMU sen-
sor in the center of the chassis. The mobile robot moves 
through the following geometry terrains as shown in Fig. 5(a) 
and (b) 0.06 m high step, (c) and (d) 0.075 m high step, (e) and 
(f) 0.11 m high step and (g) and (h) uneven terrain with a slope.  

 
Fig. 4. Overall control schematic of the mobile robot. 

 

 
Fig. 5. Simulation and experiment while climbing one step: (a)-(b) 6 cm 
height step; (c)-(d) 7.5 cm height step; (e)-(f) 11 cm height step; (g)-(h)
uneven terrain with a slope. 
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The results of the climbing robot can be seen in the video link 
attached below (https://youtu.be/wnI1EbdJMZE). The uneven 
terrain is different for the wheels on the left and right sides of 
the robot. The two environments are simulated in Gazebo us-
ing ROS. A frequency of 50 Hz was used during simulations 
and experiments. The IMU in the chassis iα  gets 3α  the 
angle between 3l  and x global axis. Given by the sum of 30α  
the initial angle of 3α  and the inclination angle of the chassis 
iα  during robot’s motion. The angle also allows the stabiliza-

tion of the delivery package by the position-controlled motor. 
Furthermore, 2α  the angle between 2l  and x global axis, is 
the sum of 20α  the initial angle of 2α  and the variation of the 
angle of the bogie obtained by the encoder. Fig. 6(a) shows the 
angle of 2α  and 3α , and (c) shows the angular velocity of the 
bogie in the simulation. Figs. 6(b) and (d) show the results of 
the experiment when the robot climbs up 0.075 height step.  

To guarantee the performance of autonomous robots, it is 
necessary to get information on the terrain and establish an 
appropriate robot control according to where the contact be-
tween the wheel-ground is. The results of contact angle esti-
mation when the robot was climbing up different height steps 
(6 cm, 7.5 cm, and 11 cm) were shown in Fig. 7. In the simula-
tion, the contact angle was calculated using the position of the 
step and wheels. In the experiment, results were obtained by 
Eqs. (11), (12) and (16), as described in Sec. 4. 1γ , 2γ  and 

3γ  are the contact angle of the front, middle, and rear wheels 
respectively. Figs. 8(a), (c) and (e) show the velocity of the 
robot's CM while climbing one step of 6 cm, 7.5 cm, and 11 cm 
height, respectively. That can be estimated by integrating the 
acceleration of the IMU or using tracking sensors, such as the 
t265 camera. The figure also shows the decreasing velocity of 
the robot's center of mass when each wheel begins climbing 
up. Figs. 8(b), (d) and (f) show the linear velocity of each wheel 
on the left side of the robot climbing the step of 6 cm, 7.5 cm, 
and 11 cm height, respectively. 

The slip ratio was calculated from Eq. (17) to create a proper 
control of the robot as shown in Fig. 9, slip ratio S and slip con-
trol u  of the front and middle wheel during climbing up the 
steps (6 cm, 7.5 cm, and 11 cm). It is verified from the figures 

that when the slip ratio exceeds the boundary value of beta 
(0.6), the controller actively reduces each wheel's angular ve-
locity to avoid the slip, thus achieves successful climbing with-
out slipping. Due to the importance of the geometry terrain to 
control the robot properly, the contact angle method was also 
validated on uneven terrain. It was designed and printed in 3d 
as shown in the Fig. 10(a) left side and (b) ride sight of the 
uneven terrain, the contact angle estimation on uneven terrain 
(c) the left side and (d) right side.  

The results on the two sides differ because of the geometry 
differences in the terrain. The robot begins to climb a slope at 
16°, which is observed in the time range from 2 to 5 s. The 

 
Fig. 6. Simulation during robot climbing up 7.5 cm high step: (a) 2α and 

3α  angles; (c) angular velocity of the bogie. Results (b) and (d) during the 
experiments. 

 
 
Fig. 7. Simulation of contact angle estimation through climbing up one step 
of (a) 6 cm; (c) 7.5 cm; (e) 11 cm of height. Results (b), (d) and (f) during 
experiment. 

 
 

 
Fig. 8. Robot velocity of the center of mass and linear velocity of each 
wheel when the robot climbed up one step of 6 cm, 7.5 cm, and 11 cm 
height (blue, red, and cyan colors represent the front, middle, and rear 
wheels respectively). 
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uneven terrain presents slopes between 14° and -14°. When 
the front wheel goes up, the middle wheel goes down, the con-
tact angle of the front wheel is positive, and the middle wheel is 
negative and vice versa based on the uneven terrain. The con-
tact angle corresponds to 0° when the wheels touch a flat sur-
face. Fig. 11 shows (a) the velocity of the robot's center of 
mass, (b) the linear velocity of each wheel, (c) and (d) the slip 
ratio and slip control when robot climbing up uneven terrain, as 
seen in seconds 8 and 10. The front and middle wheels slip, 
and the controller acts immediately to prevent slippage. Show-
ing its effectiveness on uneven terrain. 

 
5. Conclusions 

In the study, the mobile robot successfully climbs and moves 
over an uneven terrain and avoids slipping. The results of the 
estimation of the contact angle successfully verify through 
simulation and experiments. This in turn will provide a good 
control of different robots that operate in a city. Kinematic 
analysis of the robot indicates that it is possible to establish the 
appropriate velocity for each wheel based on the desired veloc-
ity of the robot's CM. Additionally, the IMU in the chassis aids in 
maintaining the stability of the delivery package throughout its 
motion. 
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