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Abstract: Robotics is a field that represents an important milestone in
modern technology. In this robotic field, new designs and solutions emerge
daily and the service provided is immense. Among them, mobile robots are
regarded as exceptional inventions. The ability to recognize and avoid
obstacles is built into many mobile robots. However, the development of
mobile robots that can recognize and navigate obstacles has received very
little attention. In this study, a novel solution is introduced to fill this vacuum.
This study aims to design and develop an active suspension system for a
mobile robot, which would help robots move forward, overcome obstacles,
and increase stability as well as mobility. The active suspension system of
the robot is evaluated both practically and theoretically using different angled
surfaces between 10 and 60 degrees. Additionally, the responses from the
gyro and accelerometer sensors were examined for various terrain conditions.
Through this study, both obstacle identification and wheel speed adjustment
based on acquired data were aided when necessary to reduce the speed by
30-40%. The unique feature of this robot is its constant effort to stay
horizontal and overcome rolling and bending. Additionally, introducing this
novel solution can address significant issues, including the complexity of the
control systems, the rise in production costs, and the intricate design of the
existing robot suspension system.
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Introduction

One significant technological turning point in recent
years is robotics. The robotics sector is developing
quickly to meet the market's demands, people's everyday
requirements, production, research initiatives, academic
institutions, etc. The practical definition of robotics is the
study, creation, and application of robot systems in
industry (Sucuoglu et al., 2016). Typically, harmful,
dangerous, extremely repetitive and unpleasant jobs are
performed by robots Elfasakhany et al. (2011).
Furthermore, a growing number of technical studies and
research projects include different types of robots
(Sucuoglu et al., 2016; Elfasakhany et al., 2011).

Mobile robots are among the most prevalent robotic
types when discussing robotic types (Sucuoglu et al.,
2016). A mobile robot is a sophisticated mechatronics
system that combines embedded control systems and
mechanics to create transdisciplinary solutions and
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techniques (Oftadeh et al., 2013). In particular, a mobile
robot can move indefinitely to fulfill its objective
(Sucuoglu et al., 2016). Generally, the application of
mobile robots such as navigation, map creation, and self-
position estimation is crucial (Zunaidi et al., 2006).
Furthermore, it has long been the goal of many robotics
experts to create mobile robots that can go anywhere they
need to go (Datar et al., 2024). Preparing the working
conditions and assumed features, such as the ability to
move and apply flexibility in unstructured terrain,
reducing uncontrollably high vertical motions and
vibrations, and providing support, is the first step in
developing a solution for the design of a mobile platform.
Selecting the right suspension design is a crucial step in
creating a wheeled robot that can navigate uneven terrain
with efficient movement (Datar et al., 2024; Olinski and
Cholewa, 2014).

A mobile robot's stability and mobility are greatly
influenced by its suspension system. According to the
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degree of control over suspension characteristics,
suspension systems can be broadly classified as
independent or dependent, active, passive, or semiactive
(Olinski and Cholewa, 2014). A system that uses motors
and electronics to adjust suspension stiffness and damping
in real-time is known as an active suspension (Olinski and
Cholewa, 2014; Attia, 2018). The height of the suspension
is adjusted by the active suspension element, which
enables the robot to adapt to the surface. The robot can be
raised and lowered, the chassis can be leveled against
gravity, the roll and pitch attitude can be adjusted for
docking operations and the force can be evenly distributed
across the wheels during low-speed operations thanks to the
active suspension system (Datar et al., 2024; Olinski and
Cholewa, 2014; Attia, 2018).

The aforementioned information served as the
foundation for the researchers' efforts to develop and
construct various active suspension systems for mobile
robots, which would help robots move forward, overcome
obstacles, and increase stability as well as mobility
(Sujiwa and Suhadata, 2023; Yildiz et al., 2013). The key
issues with those designs are the control systems'
complexity, the production cost increase, and their
intricate structure. In this study, a novel solution is
introduced to overcome these problems which is a cost-
effective simple framework with an active suspension
system for helping robots move forward, overcome
obstacles, and increase stability as well as mobility.

Literature Survey

Rather than building robots that traverse barriers head-
on, much study has gone into creating robots that utilize
sensors to identify and avoid obstacles. This section
includes a summary of the literature on some of the
studies most similar to the research conducted.

NASA was the organization that designed and
oversaw a first-generation active suspension system.
An overview of the requirements and advantages of
active suspensions for crew mobility systems on the
lunar surface is provided in this research (Bluethmann et al.,
2010). This robot can be raised or lowered, the roll and
pitch attitude can be changed for docking operations,
the chassis can be leveled against gravity and the force
can be distributed evenly across the six wheels while
the robot is operating at a low speed. Apart from the
current setup, the preliminary outcomes of a gradual
redesign were examined and prospective ideas for lunar
surface  suspension  systems  were explained
(Bluethmann et al., 2010; Zheng et al., 2018; Li et al.,
2024; Dogruer, 2019).

Improving the mobility of vehicles in uneven terrain
was illustrated by another research. This study provides
insights into the mechanical construction requirements of
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the robot or vehicle by explicitly developing the criterion for
the mobility of a wheeled vehicle in any terrain (Pan et al.,
2023). To achieve better rough terrain mobility, the vehicle
construction with an actively articulated suspension was
discovered by this study. The crucial component in
determining the surface's traversability was determined by
analyzing the contact forces between the vehicle and the
terrain (Pan et al., 2023). This design offers a way to
improve mobility in tough terrain by utilizing the dynamics
of the main body, which was different from many other
similar designs (Zunaidi et al., 2006; Pan et al., 2023;
Unluturk and Aydogdu, 2017).

A unique reconfigurable wheeled robot for off-road
applications has been the subject of some research and
development. In one study, the reconfigurable wheeled
robot TIGER is designed, modeled, analyzed, and
controlled using an elastic actuated mechanism that
modifies the robot's pitch angles, ground clearance, and
body roll to increase its dynamic stability on uneven
terrain (Attia, 2018). Utilizing physical models of the
rover and terrain, a second study compelled the
development of strategies for enhancing mobile robot
mobility in hazardous, uneven terrain (Chetan et al.,
2017; Romsai and Nawikavatan, 2019). The construction
of a wheeled movable platform that could traverse
difficult terrain and was specifically meant to assist
agricultural labor was the subject of another study
(Olinski and Cholewa, 2014). Finally, unique
reconfigurable wheeled robots were developed for off-
road applications by these studies (Olinski and Cholewa,
2014; Attia, 2018; Romsai and Nawikavatan, 2019).

The development of an autonomous mobile robot
with four-wheel drive and differential locomotion was
discussed by the research of Crenganis et al. (2021).
The capacity to move various kinds of freight through
industrial areas and over uneven terrain was the
primary purpose behind the development of this kind
of mobile platform. A design similar to this was created
by Hua et al. (2016). A mobile robot platform with four
separate driving and steering wheels was represented by
this robot. The mobile robot on wheels was outfitted with a
visible camera and a thermal imager (Hua et al., 2016). The
control of robotic cars in tough terrain with actively
articulated suspensions was created by Paul Schenker et al.
In this study, a wheel-terrain contact angle estimation
technique was created using basic onboard sensors
(Dogruer, 2019). The development of mobile robots with
various suspension systems was the foundation of these
literary works (Sucuoglu et al., 2016; Crenganis et al.,
2021; Hua et al., 2016; Dogruer, 2019; Ni et al., 2020).

A low-cost autonomous mobile robot was developed
by Kasun and Ravinda. In this study, image processing
and infrared sensor circuits were used to successfully lead
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a robot down a path in an innovative and low-cost manner
(Jinasena and Meegama, 2016). In 2026, Long-range
control based on nrf24101 was used by Sujiwa and
Suhadata (2023) to develop and build a self-balancing
robot. The MPUGB050 sensor was utilized to determine the
state of the robot's operation, which was managed by the
remote control to measure the robot's tilt angle (Sujiwa
and Suhadata, 2023, 2023). Cost-effective mobile robots
were the main focus of these approaches (Elfasakhany et
al., 2011; Sujiwa and Suhadata, 2023, 2023; Jinasena and
Meegama, 2016; Pei and Kleeman, 2016; (Bledt et al.,
2018).

A study on motion control of a ball screw system
driven by a Permanent Magnet Stepper Motor (PMSM)
was presented by John Cloutier. A servo system was
created to enable operations at those velocities as this
investigation revealed that it was challenging to use a
PMSM for high-speed applications to function in
feedforward mode (Cloutier, 2014). A few unique
inventions that were similar to this mechanism have
been found (Dave et al., 2014), (Fotuhi et al., 2022),
(Badrinarayanan et al.,, 2018). These include the
design, development, and study of remote-controlled
screw jacks for four-wheel drive vehicles (Dave et al.,
2014), the design and development of an industrial
electromechanical cylinder driven by an electrical
motor and ball screw (Fotuhi et al., 2022) and the
development of an electro-mechanical linear actuator
that uses roller screws (Badrinarayanan et al., 2018;
Mallikarathne et al., 2023).

Materials and Methods

Design and Development of Active Suspension System

The primary component of this mobile robot is the
active suspension system, which was initially designed
and built. The conceptual model of our active suspension
system can be seen in Fig. (1).

Robot Zsprung
Active ot
Suspension P
Robot \;/heel _T Zynsprung
Robot Tire
__Jzka

Fig. 1: The conceptual model of the active suspension system
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The road displacement input and the displacement of
the sprung and unsprung masses are represented by the
variables ZRoad (ZR), ZSprung (ZS), and ZUnsprung
(2V), respectively. In addition, the tire's compressibility,
damping, and stiffness of the suspension system are
indicated by the symbols Krie (Kt), Crire (C1), and
Csuspension (Cs) respectively. The active suspension system
is implemented between Sprung Mass (ms) and Unsprung
Mass (my), as shown in the above image.

The equations of motion for this mobile robot's quarter-
car model active suspension system may be derived using
Newton's laws and are represented as Egs. (1-2) for Sprung
(ms) and Unsprung Masses (my):

msZs = CS(ZU - Zs) (1)
myZy = Kr(Zg — Zy) + Cr(Zg — Zy) — (msZ)
myZy = Kr(Zg — Zy) + Cr(Zg — Zy) — Cs(Zy — Zs) 2

Where Z is the acceleration of the sprung mass, Z, and
Zs are the velocities of the unsprung and sprung mass,
respectively. Z, is the acceleration of the unsprung mass
and Zy is the velocity of the road surface.

The linear representation of our dynamic suspension
system in state-space form can be written as Eq. (3).
x =Ax+ Bu ?3)

The road input, which includes the road surface's
displacement and velocity, is represented by the u, and the
state vector is represented by x. Let the state variables xi,
X2, X3, and X4 be equal to Zs, Zg, Zu, and Z,,, respectively.
Then, the state vector (x) and input vector (u) of this
system are:

X1
X2
x = X3
X4
Zg
w=[z]

The new Egs. (4-5) can be obtained by replacing the
state variables in Egs. (1-2):

4)
®)

Since X, = x, and X; = x,, it is possible to derive Egs.
(6-7):

mg¥y = Cs(x4 — x3)

myis = Kp(Zgp — x3) + CT(ZR —x4) — Cs(x4 — x3)

¥y =%, = nCTss(x4 —X3) (6)
Sy =k =, LZR = x3) + D (Zp =) =5 (g = x2) (7)
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The dynamics of each state variable can be determined
and the A and B matrices can be extracted as follows:

[0 IC 0 CO ] [0 0]
Io -= 0 = I [0 0|
A= s Ms dp—|o0 0|
o 0 0 1| K. C
Cs Ky CT+C5J [ L TJ
o — —-—— m,my
my my my

Consequently, the state-space representation of our
dynamic suspension system can be seen below:

0 1 0 0
i Gy, S gy [0 o]
RO R
5(3 ] 0 0 1 X3 KT CT ZR
%, ¢ Kp  Cr+Gsllx, [ J
o — —-—— m,my
my my my
0 1 0 0
C C 00
0 —ES 0 ;5 |[0 0]|
x s S x+|0 0 |u
0 0 0 1 K, C,
o G K _Gerg| &
" my my my u

The output equation of our dynamic suspension
system in state-space form can be written as Eqg. (8):
y=Cx (8)
where, y and C are the output vector and output matrix,

respectively, and x is the state vector, as mentioned
before:

_ 12 [%s
y= [x3] h [ZU]
The output matrix C can be extracted as follows:

1 0 0 O
¢=ly o 1 o

Consequently, the output equation for our dynamic
suspension system can be seen below:

[el=12]=15 ¢

v=lo o 1 ol

The screw mechanism was used in the construction of
this active suspension system which was worked as a
linear actuator. SOLIDWORKS software was first used to
design the suspension as shown in Fig. (2).
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In this design, a pair of tubular shapes were employed,
with one used for internal movement within the other. The
motor was rigidly connected to the outer cylindrical tube
as shown in Fig. (3). The shaft of the DC motor was linked
to the screw shaft with a gear system of 1:48 ratio. The
inner tube was attached to the nut. This assembly is slid
on top of one another with a screw mechanism to maintain
a vertical movement.

The suspension height is varied by a screw that is
connected to a gear motor placed vertically. A single
rotation of this motor causes the screw to move up or
down a displacement of 1.5 mm. Hence, for every rotation
of the screw, the robot moves 1.5 mm vertically. The
maximum operating speed of the two-gear motors is 200
(x10%) RPM according to the specifications of the motor.
The road angle has an impact on the robot's speed along
the incline because, although the vertical speed (height
adjustment) stays constant, the robot must travel a varied
horizontal distance depending on the incline angle. The
theoretical values of the maximum speed that driven
motors may achieve to overcome barriers at various
angles were determined by considering these parameters.

DC Gear —
Motor

Nut
Screw Shaft

DC Gear
Motor %
Tire —DED

Fig. 2: The design of the active suspension system

=]

DC Gear
Motor

DC Gear
Motor

Active
Suspension

Fig. 3: The formation of the active suspension system. (Quarter-
vehicle model)
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The vertical speed can be determined by the screw
motor's RPM and the movement per screw rotation with

Eq. (9):

. Screw Movement per RotationXRPM
Vertical Speed = L 9)

60

0.0015m x 200 rev/min
60

This indicates that at all inclination angles, the robot's
vertical speed remains constant at 0.005ms™.

Considering the relationship between vertical speed
and vehicle speed, the speed along the road or robot speed
changes depending on the road's incline angle (8), which
can be seen in Eq. 10:

=0.005ms™!

Vertical Speed =

Robot Speed = Vertical Speed (10)

sin@

The maximum robot speed was calculated for different
incline angles from 10°-60° using Eg. 10:

Robot Speed for 10° A l_o.oosms—1_00288 -1
obot Speed for ngle = snio0 = O ms

Robot Speed for 20° A 1—0'005m5_1—001462 -1
obot Speed for ngle = sz = O ms

Robot Speed for 30° Angle = 200omS
obot Speed for ngle = 300

Robot Speed for 40° A 1—0'005m5_1—000778 -1
obot Speed for ngle = snao0 =0 ms

Robot Speed for 45° Angle = 2™ _ 0.00707ms "1
obot Speed for ngle = snage =0 ms

0.005ms™?!

0 - - -1
Robot Speed for 50° Angle NS00 0.00653ms

Robot Speed for 60° Angle = 2™ _ 0.00577ms "1
obot Speed for ngle = sngoo =0 ms

=0.01ms™?!

The power required by a single motor in the robot chassis
during startup was calculated using these velocities.

Design and Development of the Four-Wheel Robot

A four-wheel robot was designed using this
quartervehicle model of the active suspension technology.
The suspension system of this designed robot was driven
by four DC gear motors, while the robot wheels were
independently driven by an additional four motors. The
designed robot with the active suspension system can be
seen in Fig. (4).

When this designed robot was formed, two
accelerometers were used to detect the change in the angle
of the bed or chassis due to the uneven condition of the
terrain. A control system was used to control each linear
actuator or suspension according to the changing
parameters of the accelerometers. The functional block
diagram for the rover controller system or suspensions can
be seen in Fig. (5).

In this diagram, disturbance 1 means noises generated
by the accelerometer and the gyro sensor. Additionally,
noises generated by motors and the heat of electronic
devices are also taken under this. The friction of lead
screws and heat generated due to friction of the lead screw
is indicated by disturbance 2. Disturbances 1 and 2 were
considered individually in motion control. The control
system can be developed using the flow chart in Fig. (6).

In this flow chart, four motor controllers and an Arduino
Mega Board were powered up using a 6 V (2850 mAh)
battery. The linear actuator or suspension motor and robot
wheel motor were controlled using each motor controller.
Two accelerometers with gyros sensors were placed on
the front and back of the robot body. The circuit diagram
of the mobile robot can be seen in Fig. (7).

Fig. 4: The design of the mobile robot with the active
suspension system

Disturbance 1 Disturbance 2
Controller Plant
Signal & | .+ : ‘. Ou
+ gn: + Linear + et
>
Reference — Power Actuator
- Amplifier
Sensor
Accch
& Gyro Sensor

Fig. 5: The functional block diagram for the rover controller

system or suspensions

=

—| signal flow

=== Power flow

Fig. 6: The control system of the robot
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Battery

Arduino Mega Board
e W Motir Controller

N AnY N N

Fig. 7: The circuit diagram of the mabile robot

<+— DC Gear Motor
(for Wheels and A ctuators)

Given that the four motors powering the robot wheels
vary in inclination degree, it is crucial to determine the
power needed for each motor under various load scenarios.
Eq. (11) can be used to determine the component of
gravitational force acting parallel to the inclination:
F, = mg sinf (1)

Similarly, Eq. (12) can be used to compute the normal
force, which is the component of gravitational force
perpendicular to the inclination:

F, = umg cos@ (12)

where m is the calculated mass of the robot, g is the
gravitational acceleration, uis the friction coefficientand &
is the inclination angle of the road. Using Egs. (11-12), an
equation can be derived for the total power requirement to
move the robot on the inclined surfaces. The robot's overall
power consumption (Pg) on the inclined surfaces is shown
in Eg. (13), where 7 and V stand for the mechanical
transmission efficiency and velocity, respectively:

__ (mgsinf+umg cos6)v

Py ;

(13)

The calculated mass of the robot is 0.952 kg and
gravitational acceleration is 9.81 ms2. The mechanical
transmission efficiency and friction coefficient were taken
as 0.9 and 0.2, respectively (Hua et al., 2016). Thus, the
total power requirement was calculated to move the robot
on all the inclined surfaces:

(0.952kg x 9.81ms~2sin 10° +
0.2 X 0.952kg x 9.81ms~2c0s10°)0.028ms !
0.9

Pygo =
Pigo = 0.107W

P, = 0.0803W

Py = 0.0697W
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P,o0 = 0.0637W
P50 = 0.0624W
Pygo = 0.0604W
Pggo = 0.0571W

The startup power requirement with the increased
coefficient (K) of 1.5 can be calculated. Additionally,
since this design robot has four motors, the power
required per motor (Pm) can be calculated using Eq. (14):

_ PgxK
o4

Pm (14)

This quarter-car model active suspension system for a
mobile robot was put through testing and the outcomes
were examined. They are outlined in the results and
discussion section.

Results and Discussion

Different angle surfaces were used to evaluate each
wheel's formatted active suspension system. The robot's
plane constantly attempted to remain horizontal at these
angles, as seen in Fig. (8).

In these instances, the screw shaft's height was
progressively decreased while traveling up an incline.
Similarly, the screw shaft's height was increased
gradually as it descended. The robot body maintained
horizontal motion in both situations and overcame
rolling and bending.

The nut can travel freely and effortlessly along the 10
cm length of the screw because it is 10 cm long. However,
at first, the nut is positioned in the center of the screw
shaft. Since the nut is positioned in the center of the screw
shaft, it can travel in length 5 cm, both up and down.
Based on previous calculations, when overcoming an
obstacle, the theoretical values of the maximum speed
available for driven motors and the maximum distance
traveled within 10 sec can be seen in Table (1).

Fig. 8: Testing the robot for different angle surfaces
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Table 1: The theoretical values of the maximum speed and
distance available for driven motors

The angle of Maximum distance traveled Maximum

the obstacle within 10 Sec (cm) speed (ms™)

10° 28.0 0.0280
200 14.5 0.0146
30° 10.0 0.0100
40° 07.6 0.0077
450 07.0 0.0071
500 06.5 0.0065
60° 05.5 0.0057

Table 2: The tested values of the maximum speed for driven motors

Maximum speed (ms™)

The angle of the obstacle Upward Downward
10° 0.0255 0.0215
200 0.0134 0.0197
300 0.0089 0.0073
400 0.0071 0.0055
450 0.0063 0.0051
500 0.0056 0.0049
60° 0.0053 0.0041

The maximum position of its suspension movement is
reached by this mobile robot in 10 sec. Therefore, the
robot's maximum length of trip on various angled surfaces
was theoretically determined, as shown in the second
column. Its length steadily decreased as the angle rose. A
similar pattern can be seen in the maximum speed that
driven motors can achieve. Subsequently, the mobile
robot was tested on various angled surfaces to obtain the
results. Here, the maximum speed that driven motors were
obtained for the same angle when the robot was moving
up and down. The results can be seen in Table (2).

The observed measurements show that the tested and
theoretical values differ slightly. There could be several
causes, including surface or road friction, environmental
conditions, measurement noises, and instrument
inaccuracies. Nonetheless, the maximum speed of driven
motors steadily decreases when the angle of the space is
higher. For this robot, it is necessary to keep the wheel-
driven motor speed lower than the above-tested values. The
robot would not be able to remain horizontal when it passes
an obstruction if it could not maintain values below these.

For various terrain conditions, the responses from the
gyro and accelerometer sensors were examined. Both
obstacle identification and wheel speed adjustment based
on acquired data were aided by it. In this section, the
graphical representation of the accelerometer and gyro
responses has been outlined.

As the wvehicle moves over a flat surface, the
accelerometer and gyro sensor responses are shown in the
graph depicted in Fig. (9). According to that, there is no
obstacle present and the terrain can be determined to be
level and smooth.

—— Gyrosensor response

59 —— Accelerometer response |

4 44
—_ 3 13 &
@ o
o C
g 2 42 E
oA =
o 2
2 1 41 8
© B
0 S e 0 <

-1 -1

2 T T T T T -2

0 50 100 150 200 250 300
Time (ms) X 100

Fig. 9: Graph of the accelerometer and gyro sensor responses in
plain terrain

The sensor detects a change in the angle of the sensor
and the gyro sensor detects the upward acceleration in
Fig (10). So, the system can identify the situation and
position can be recovered by changing the height of the
corresponding linear actuator. The accelerometer
response shows that the recovery tie is much higher. So,
the rover should reduce the speed and this is where the
system can identify whether the speed of the motor should
be increased or decreased.

The gyro sensor occasionally produces upward
accelerations and the accelerometer response continuously
displays the increment of the sensor angle in Fig. (11).
According to the sensor outputs, the rover does not
maintain its initial position and continuously tilts. The
response of the linear actuator is not enough to recover the
rover position due to the limitations of the actuator. The
wheel's speed should be decreased up to a particular amount
to handle this scenario. The sensor outputs are monitored
by the system continuously and decides to reduce speed due
to continuous tilting. The process is done by analyzing
sensor responses at a fixed time interval. The system can
identify whether the sensor angle is recovered or not and
reduce the speed by 30% of its current speed.

When an obstacle is detected, the gyro sensor response
will provide a change in the angle of the sensor and if it
appears, as shown in Fig. (12), the rover will recognize it
as an obstacle that needs to be pushed up. The gyro sensor
gives an upward acceleration and the system can reduce
the height of the corresponding actuator of the rover.

The graph in Fig. (13). shows the reduction in speed
and quick recovery of the angle. The reduced speed is
30% of the current speed in every 500 ms time slot and
the system understands the speed is higher. The best
approach is to reduce the speed by 30-40% of its speed to
get the best performance with the speed of the linear
actuator (Gamage et al., 2024).
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Fig. 10: Graph of the obstacle detection and recovery position
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Fig. 11: Graph of the obstacle detection and unrecovered
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Fig. 12: Graph of the small obstacle detection
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Fig. 13: Graph of the recovering position by reducing the speed
Conclusion

e This project aims to design and develop an active
suspension system for a mobile robot, which would
help robots move forward, overcome obstacles, and
increase stability as well as mobility

e The suspension system was designed and developed
from the quarter-vehicle model to a four-wheel robot
with an active suspension system

e Various angled surfaces were used to evaluate the
robot's modeled active suspension system

e Its unique feature is its constant effort to stay
horizontal and overcome rolling and bending

e Furthermore, introducing this novel solution can
address important problems, including the control
systems' intricacy, the production cost increase, and
the complex structure of the existing robot
suspension system
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