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Abstract. A common type of transport system
used in robotics is a wheeled platform with at least
one drive axle and some form of suspension for
each wheel. Autonomous navigation at high speed
over rough terrain is a challenging and relevant
task for wheeled robots. To achieve mobility on
terrain, a wheeled robot must adapt and respond
quickly. The suspension systems of mobile
wheeled robots play a key role in ensuring their
stability, maneuverability, and overall efficiency.
This article presents a comprehensive overview of
the different types of suspensions used in modern
mobile wheeled robots. The main designs of pas-
sive and active, rigid and elastic suspensions are
considered, as well as their features, advantages
and disadvantages.

As a result of the analysis, it was found that the
optimal choice of suspension system depends on
the specific operating conditions of the robot and
the tasks set. For example, for robots operating in
difficult terrain, suspensions with high damping
are more suitable, while for robots performing
precise maneuvers on a flat surface, suspension
stiffness is more important.

The article may be useful for engineers, re-
searchers, and developers of robotic systems who
seek to improve the designs of mobile wheeled
robots and increase their efficiency and reliability.
The conclusions and recommendations presented
in the article can contribute to the development of
new approaches to suspension design and optimi-
zation of existing solutions in the field of mobile
robotics.

Keywords: mobile robot, wheel suspension,
wheeled robot, analysis, robotic systems.

INTRODUCTION

Mobile robotics has recently undergone
rapid development. In particular, mobile
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wheeled robotic platforms are being actively
developed, which can be used for various
technological processes in construction. An
important part of any wheeled vehicle is its
suspension system. The type of suspension
system significantly affects the dynamics of a
mobile platform that will be moved by a
wheeled vehicle. The correct choice of suspen-
sion type allows for the effective use of robotic
mobile platforms with their high efficiency.

Today, there are a lot number of different
types of wheel suspension systems, from sim-
ple and cheap to complex and expensive.

This paper presents a review and analysis of
existing suspension systems for wheeled robot
systems. The results of this article will be use-
ful for robot developers who will be able to
choose an effective suspension system for their
own development.

PURPOSE OF THE WORK

The main purpose this works is carry out an
inspection and analysis of the suspension sys-
tems of the mobile robots' wheel drives.

PRESENTATION OF THE MAIN
MATERIAL

The choice of the type of suspension system
for a wheeled robot depends on many factors,
such as the type of surface, the load on the
wheel, the maneuverability and stability of the
robot. Depending on these different factors,
there are several types of passive and active
suspensions that are often used in wheeled
vehicles.
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Passive suspensions do not contain external
control systems. At the same time, there are
designs that can change their characteristics
due to the action of the external environment.
Active suspensions contain an external control
system with which the suspension parameters
are changed during their operation [1].

Rigid passive suspension is the simplest
type of suspension of the running wheel. Such
suspensions have a simple design and are
cheap to manufacture. Their disadvantage is
the lack of ensuring constant adhesion of the
wheel to the supporting surface when moving
the vehicle on an uneven surface. Such sus-
pensions are actively used in robotic ware-
house maintenance systems, cleaning robots,
advertising works, as well as in military
works. For example, the autonomous mobile
warehouse robot Proteus (Fig. 1), used in Am-
azon warehouses has a rigid, unsteering wheel
suspension.

Fig. 1. Wheel robot Proteus

Proteus is intended for moving large carts
around warehouses. At the same time, the sur-
face on which this robot moves must be solid
and flat, usually a concrete floor.

The weight of such a robot can reach up to
365 kg, and the weight of cargo that can be
moved by the robot can reach 400 kg [2].

The Proteus robot wheel suspension is typi-
cal and contains many variations. On Fig. 2
shows a diagram of a similar suspension based
on a patent CN209600680U [3], where shown:
1 — base of the robot platform, 2 — suspension
frame, 3 — wheel, 4 — drive module. In such
suspension designs, the suspension module can
be attached to the robot base via a spring-
loaded mounting system (see Fig. 3).
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Fig. 2. Patent CN209600680U Transport vehicle: 1
— frame; 2 — trailing link; 3 — wheel; 4 — gear

Fig. 3. Spring-loaded attachment of the wheel
drive to the robot frame

The Sparrow mobile robotic system (see
Fig. 4) for inspections of marine vessel hulls
contains wheels with magnets and a rigid sus-
pension [4].

Fig. 4. Sparrow A Magnetic Climbing Robot for
Autonomous Thickness Measurement in Ship Hull
Maintenance [4]

In the Sparrow robot, each of the four
wheels has its own drive mechanism. The
Sparrow wheel sub-suspension is rigid and is
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made in the form of a cantilever mounting of
the gearbox with the wheel to the main frame.
This is the simplest 4-wheeled mobile platform
that does not have a differential mechanism.
All wheels have a fixed orientation relative to
the chassis and do not rotate. The wheels on
one side of the chassis are driven together, and
the direction of movement of the robot can be
changed by controlling the movement of the
wheels on one side. This is realized due to the
difference in the driving forces of the wheels
from different sides of the chassis.

UGV Sirko-S1 (Fig. 5) is a universal
ground robot created by experts from the
Bravel defense cluster. The Sirko-S1 is de-
signed to assist military personnel in transport-
ing cargo, evacuating the wounded, and recon-
naissance of enemy positions [5]. This robot
also uses a rigid wheel suspension scheme.

Fig. 5. Sirco wheeled drone

Sirko-S1 has four electric motor-wheels
from a hoverboard, which are attached to the
frame with their cantilever axles. The robot's
wheels are pneumatic, which allows you to
adjust the height of the ground clearance and
driving dynamics.

The botANNIC robot (Fig. 6) also has a
rigid suspension scheme and is an alternative
to the Sirko-S1 robot design. In contrast to
Sirko-S1, in botANNIC the drive motors are
mounted on the frame, and the wheels are
driven through chain gears located on both
sides of the platform [6]. BotANIC has 2 drive
electric motors - BM1418ZXF with 500 W
and a maximum speed of 2800 min-1.
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Fig. 6. Robot botANNIC

In botanic the torque from the electric mo-
tors is transmitted to the wheel rotation axis
using chain gears. This mobile robotic plat-
form is equipped with 6R 145/70 wheels from
an ATV. The botANIC platform is powered by
a lithium-ion battery with a nominal voltage of
48 V and a capacity of 40 A-h. The digital
equipment of the platform includes an Nvidia
Jetson laptop, an Arduino UNO board, four
ultrasonic distance sensors and their control
boards, an RC receiver for controlling the plat-
form and sending images from the video cam-
era to the remote control, a Wi-Fi router for
wirelessly transmitting images from the ZED
2i stereo camera to a personal computer server,
as well as for controlling the motors of the
mobile robotic platform using a personal com-
puter.

In rigid suspension also designs, drive
wheel mechanisms can be used, which are
shown in Fig. 7. The wheel in Fig. 7, a has a
cantilever shaft that can be rigidly attached to
the housing, and the wheel in Fig. 7, b is
equipped with a spring balancer [7].

The considered examples of robots show
that straight axles are the simplest form of rig-
id passive suspension, in which the wheels are
attached directly to the axle that connects them
to the chassis. Straight axles provide minimal
complexity and cost, but they make it difficult
for the machine to operate accurately on une-
ven surfaces. For tasks where high accuracy is
not required, but low cost equipment is often
suitable for use.

The advantages of rigid suspensions are:

« simplicity of construction;
* high strength;
* low cost of production and maintenance.
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Disadvantages:

* poor adaptation to uneven surfaces;

 poor comfort - vibrations and shocks from
the surface are transmitted directly to the
chassis, which can affect stability and con-
trol.

b

Fig. 7. Mecanum Wheel Module: a — motor wheel
with output shaft; b — motor wheel with elastic suspen-
sion of the output shaft

To compensate for surface irregularities
when using rigid suspensions, robot designs
with a hinged and articulated frame are used
[8]. For example, the Ironclad robot (Fig. 8) is
a four-wheeled robot that has rigid wheel
suspension [9]. The articulated frame of the
robot partially compensates for uneven road
surfaces. Each of the Ironclad robot's wheels is
attached to final drives, which in turn are at-
tached to the main frame. The robot's frame is
articulated and allows rotation along the verti-
cal and horizontal axes. This increases the grip
of the front and rear wheels of the robot with
the road surface on uneven surfaces. The
wheel drive can be synchronous or independ-
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ent. The hinge point of the front and rear
frames is a weak point in this design, but this
structure is much cheaper to work with than a
design with active suspension.

Fig. 8. Robot Ironclad

The Lunar Exploration Rover (RATLER) is
a four-wheeled vehicle with onboard control
and electric drive, which is equipped with a
battery (Fig. 9).

Fig. 9. Robot RATLER

The length and width of the RATLER robot
frame are about 1.2 m, and the wheel diame-
ters are 50 cm. The robot chassis is divided
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transversely into two parts, which are connect-
ed by a passive central hinge [10].

Spring-loaded shock absorbers are used to
compensate for shocks and vibrations. This
improves the handling and stability of the ma-
chine, but makes their implementation more
difficult. The AMBOT 4400GRP robot (Fig.
10) is standardly equipped with 19-inch tires
with a ground clearance of 20.32 cm and
independent wheel travel. The robot is driven
by an electric motor, independent for each
wheel, and the battery capacity is up to 5.4
kWh with an operating time of up to 8 hours.
This robot uses a lever-type elastic shock-
absorbing wheel suspension. This allows the
robot to increase its speed to 20 km/h on une-
ven terrain, while ensuring smooth and stable
movement [11].

Fig. 10. Robot AMBOT 4400GRP

The suspension design of the AMBOT
4400GRP robot is essentially a double-lever
system. Such systems are used to improve sta-
bility and maneuverability, especially on une-
ven surfaces. Double-lever systems can be
used for both central and distributed drive
(Fig. 11). Such suspensions are complex in
design, but they provide a high level of control
of wheel adhesion to the road surface.

Parallelogram arms consist of two identical
arms (upper and lower) that connect the wheel
to the chassis, ensuring independent movement
of each wheel and better adaptation to irregu-
larities [12-14].
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Fig. 11. Suspension with parallelogram levers (a
type of double-lever system)

The MacPherson strut suspension has fewer
moving parts, while also providing independ-
ent movement of each wheel. MacPherson is
used on both the front and rear wheels. Mac-
Pherson is more compact than the double-lever
and has a large distance between the support
nodes, which allows it to compensate for large
differences in road roughness [15].

Fig. 12. MacPherson suspension

Mars Rovers use complex multi-link sus-
pensions (see Fig. 13), such as Rocker-Bogie,
which allow them to overcome significant sur-
face irregularities [16].
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Fig. 13. Curiosity Rover

Rocker-Bogie is a “rocker-bogie” suspen-
sion system that was developed in 1988 for use
on NASA’s Sojourner Mars rover [5]. The
system consists of two symmetrical lever pairs
located on opposite sides of the robot body,
each of which contains two working parts — a
rocker and a bogie. Since the right and left
suspension arms are independent of each oth-
er, the chassis can overcome various obstacles
while ensuring constant contact of all wheels
with the surface.

The torsion bars use twisted rods (torsions)
that function as springs (Fig. 14). When the
wheel is moving, it twists the rod, thereby
providing shock absorption. Torsion bars are
more compact than traditional springs and can
also be adjusted for different conditions by
adjusting the torsional force of the
rods.

Fig. 14. The torsion bar rear axle:

1 — trailing link; 2 — shockabsorber; 3 — connector; 4 —
cross member; 5 — mounting bracket; 6 — front torsion
bar; 7 — rear torsion bar
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An interesting system is a six-wheeled ro-
bot explorer with an adaptive lifting mecha-
nism for exploring planets in difficult terrain

(Fig.5).
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Fig. 15. General view of the movable carriage (a)
and the wheel swing mechanism with drive (b)

The robot's wheel suspension consists of a
rocking mechanism and an articulated frame
with a trolley. With the three-rocker structure,
the robot can adapt to difficult terrain because
the six wheels ensure contact with the support-
ing surface during movement. This improves
the stability of the robot. When the robot
moves on a flat surface, it moves by rotating
the wheels. When the robot encounters obsta-
cles during movement, the front obstacle-
surmounting wheels hold the obstacle, and the
rockers on both sides rotate with mechanical
adaptability to make the robot rise and cross
the obstacle like crab legs.

Active suspensions use external control to
change the suspension parameters. For exam-
ple, electromagnetic, hydraulic, and pneumatic
systems are used to actively control the height
and stiffness of the suspension. This allows the
robot to adapt to different surfaces (see Fig.
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16), but such systems are complex and expen-
sive. Such suspension systems have a fast re-
sponse and high accuracy, but require signifi-
cant energy consumption [15].

Fig. 16. Schemes of using a wheel drive with ac-
tive articulated-lever suspension: a — change the
COM height, b — change the roll angle, ¢ — change the
pitch angle
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NSK has developed a pantograph suspension
for wheel-driven service robots. The robot has
a low-profile body and a combination of a
pendulum structure for the support wheels and
a pantograph suspension for the drive wheels
(Fig. 17).

@ Assists Kee}m g

e 2 Drive Wheel Pressed Down to

Maintain Contact
Fig. 17. Pantograph wheel suspension

The NSK pantograph suspension system
(see Fig. 17) ensures full wheel contact with
the surface. Using this suspension system de-
vice, the robot is able to overcome uneven
road surfaces, uneven surfaces or height dif-
ferences of up to 5 cm. The NSK pendulum
design maintains the platform orientation
(keeps the top surface stable and level) when
ascending and descending slopes up to 10° and
reduces vibration. The suspension mechanism
also reduces the impact of the robot's accelera-
tion and deceleration on the objects being
transported, allowing delicate objects to be
transported.

Mobile robots with active suspensions can
generally change their structure and configura-
tion in various ways to change the center of
mass and avoid tipping over when traversing
difficult terrain [1, 2]. The Sample Return
Rover [16], Scarab [17], ATHLETE [18], Tri-
star [18], Sherpa [17], Workpartner [15], Azi-
mut [14], TRREx [15, 16] i Hylos [17] are
such examples. The Zheng rover design pro-
poses a suspension with a modified active
swing suspension that uses the wheel and
wheel support cantilever arms to change the
robot configuration [18] (see Fig. 18). The
mobile robot in Fig. 18 can actively reconfig-
ure itself using the levers of the left and right
active suspensions. Using linear actuators, the
robot can change the height of each of its
sides.
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Fig. 18. Rover designs Zheng

In this way, the review of wheel suspension
systems for robots gives grounds to claim that
the design of such mechanisms significantly
depends on the purpose and scope of the robot,
the cost of its development and production.

Non-adjustable and rigid suspensions are
best suited for flat surfaces. However, there
are wheel systems in which such suspensions
are used for work on rough terrain.

Spring suspensions are used to absorb
shocks and vibrations. Such systems are usual-
ly combined with shock absorbers to reduce
vibrations. Spring suspensions are quite easy
to integrate into the robot design, but they are
not effective with large irregularities, which
can lead to vibrations. Springs and shock ab-
sorbers lose their properties over time and re-
quire replacement [19].

Torsion bars use twisted rods (torsions) that
function like springs, but are more compact.
When driving, the wheel causes the rod to
twist, providing shock absorption. Like
springs, they can lose their properties over
time.

Aiir suspension uses air bags or cylinders to
cushion and adjust the height of the chassis.

Hydraulic suspension uses pressurized flu-
ids to adjust the height and cushion. However,
hydraulic systems are complex to design and
maintain and have a high manufacturing cost.

Electromagnetic suspensions use magnetic
fields to provide shock absorption and height
control. Such suspensions require a significant
amount of energy to operate. However, these

ISSN(print)2312-6590. FipHW4i, ByAIBEAbHI, AOPOXHI i

MEAIOPATMBHI maLumHK, 104, 2024, 28-37

suspension systems can instantly adjust height
and stiffness.

CONCLUSIONS

Different types of suspension have their
own unique advantages and disadvantages.
Choosing the optimal suspension system de-
pends on the specific requirements and condi-
tions.

Choosing a suspension depends on:

1. the task that the robot performs and the
environment where the robot works;

2. the development and maintenance budget;

3. the weight and size of the robot, as large
and heavy robots require stronger and
more complex suspension systems;

4. the need for the ability to adapt to rapidly
changing conditions.

Suspension springs are important for proper
handling of cars traveling at speeds over 8 m/s.
At a lower speed than specified, the springs
can reduce the robot's mobility because they
can change the amount of pressure each wheel
has on the ground.

A typical 4-wheel vehicle with independent
suspension appears to be touching the ground
with equal force on all 4 wheels, but the
wheels moving over bumps are actually sup-
porting more weight, and this can lead to re-
duced traction for light vehicles. A better solu-
tion at low speeds would be to raise some of
the wheels above the bumps relative to the
chassis, thus greatly reducing the changes in
weight distribution. This is a characteristic of a
wishbone suspension.

The pressure exerted on the ground varies
from 20 to 80 kPa for all types of vehicles.
This range is so narrow because of the type of
soil and materials. There are specialized vehi-
cles designed to travel on loose snow that cre-
ate an average pressure of only 5 kPa. As a
rule of thumb, vehicles with low contact pres-
sure will perform better on loose terrain (e.g.
loose snow, sand, dirt), while vehicles with
higher contact pressure will perform better on
hard surfaces such as asphalt, hard ground, etc.

One way to increase the mobility of a mo-
bile platform is to be able to change the posi-
tion of the center of mass as needed. This can
be achieved by moving a special load around
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the chassis or by changing the position of vari-
ous elements on the platform, elements that are
heavy enough to perform the task. The diame-
ter of the wheels is another important factor in
the mobility of the platform: the larger the
wheel, the larger the obstacle that the vehicle
can overcome. Considering a very simple plat-
form, a wheel can overcome an obstacle such
as a staircase if the height of the obstacle is
less than 1/3 of the diameter of the wheel. In
four-wheeled all-terrain vehicles, the height of
the obstacle can be up to half the diameter of
the wheel. There are other ways to overcome a
staircase-type obstacle. For example, if a
steered wheel is pushed against a vertical wall
of an obstacle whose diameter is greater than
half the diameter of the wheel, then, given a
certain ratio between the pushing force and the
load distributed on the wheel, it will rise up the
vertical wall. This is one of the principles that
ensure the operation of the suspension systems
of a seesaw. Good mobility does not necessari-
ly mean that all wheels are in contact with the
terrain, best using mechanisms that allow all
wheels to be kept on the ground. A good way
to solve this problem is to use a chassis that is
split transversely, the two parts connected by a
passive central hinge.
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OrJjaaa cucreM miaABicKH
MOOIJILHUX KOJiCHUX po0OTiB

Apocnas Kopobenko®, JImumpo Miuyx?,
Maxcum Banaxa®

123 Kuigcoxuil nayionansnuil ynisepcumem
OyOisHUYmMea i apximexmypu

AHoTauis. [lomupenuM TUIIOM TPaHCHIOPTHUX
cHCTeM, SIKi BUKOPUCTOBYIOTHCS B POOOTOTEXHil],
€ KoIlicHI matopMu 3 MpUHANMHI OTHIEIO Bedy-
YO0 BICCIO Ta MEBHOIO (OPMOIO IMiBICKH TSI KO-
KHOTO Kojieca. ABTOHOMHA HaBiraiisi 3 BHCOKOIO
MIBUJIKICTIO TIO TIepeciueHiil MIiCIeBOCTI € CKIa-
HOIO 1 aKTyaJbhbHOIO 3a7adero Ui KOJICHHX Po0o-
TiB. )i HOCATHEHHS MOOIIBHOCTI Ha MiCIIEBOCTI,
KOJIICHHI pOOOT MOBUHEH INBUIKO aJalTyBaTHUCS
Ta pearyBaTd. CHCTEMH MiABICOK MOOUIBHHUX KOJIi-
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CHHUX POOOTIB BIIIrPalOTh KIFOYOBY POJIb Y 3a0€3-
MeYeHHl IXHBOI CTaOITBHOCTI, MAaHEBPEHOCTI Ta
3arajgpHOl epeKTHBHOCTI. B 1iff cTaTTi mpencras-
JICHO KOMIUIEKCHHUI aHali3 Pi3HUX THUIIB MiABICOK,
SIKi 3aCTOCOBYIOTBCS B CY9aCHUX MOOUTRHUX KOJi-
cHUX poOoTax. Po3rimsHyTO OCHOBHI KOHCTPYKIIil
MACHBHUX Ta AaKTUBHHX, >XOPCTKHX 1 MPYKHUX
MiJBICOK, a TAKOX IXHI OCOOJIMBOCTI, IIEpEBaru Ta
HEOJIIKH.

B pesynpTari mpoBeeHOTO aHaNi3y BUSBICHO,
0 ONTHMAJIbHUI BUOIP CHCTEMU TMiJBICKH 3ae-
KUTH Bl cienn(igHIX yMOB eKCIuTyaTaliii podora
Ta TIOCTaBJIEHUX 3aBAaHb. Hampukmana, mis pobo-
TiB, IO MPALIOIOTh B YMOBAX CKJIaTHOTO penbedy,
OUITBII MIAXOASIIUMHU € TIiABICKH 3 BUCOKOK aMop-
TU3AII€I0, TOAI SK A poOOTIB, MO0 BHUKOHYIOTH
TOYHI MaHEBpU Ha PIBHIH MOBEPXHi, BaXKIIUBIIIOIO
€ JKOPCTKICTD i JIBICKH.

Crarts Moke OyTH KOPHCHOIO UIS iH)XXKEHEpiB,
JMOCTITHAKIB Ta PO3POOHUKIB POOOTOTEXHIYHHX
CHCTEM, SIKi TparHyTh MOKPAIIUTH KOHCTPYKIIii
MOOLUTFHUX KOJIICHUX POOOTIB Ta MiABUIIUTH iXHIO
e(eKTUBHICTH 1 HaMiHICTh. BUCHOBKH Ta pekoMme-
HAAILli, HABEICHI y CTATTi, MOXYTh CHPHUSITH PO3-
BUTKY HOBHUX IIJIXOIB IO MPOCKTYBAHHS ITiJIBICOK
Ta ONTHMI3allii iICHYFOUHX pillleHb y cdepi MOOLIb-
HOT pOOOTOTEXHIKH.

KarouoBi cioBa: MoOinpHUN poOOT, migBicKa
KoJjeca, KOJICHHHA poOOT, aHami3, poOOTH30BaHi
CHCTEMH.
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