
3

Journal of Automation, Mobile Robotics and Intelligent Systems VOLUME  13,      N°  3       2019

Mechanical Properties of Modern Wheeled Mobile Robots

Maciej Trojnacki, Przemysław Dąbek

Submitted: 29th July 2019; accepted: 14th September 2019

DOI: 10.14313/JAMRIS/3-2019/21

Abstract:
The paper discusses mechanical properties of modern 
wheeled mobile robots including aspects of kinematics 
and dynamics. Relevant features of these robots and of 
used types of wheels are considered. Robots are catego-
rized into six groups according to kinematic structures, 
which can be obtained using various types of wheels. For 
each group mechanical properties, which characterize 
the robots are discussed. Various variants of the robots 
within particular groups are described and some exam-
ples of existing solutions are given. Individual variants 
of the robots are compared and assessed taking into ac-
count the possessed features.

Keywords: wheeled mobile robot, kinematics, dynamics, 
kinematic structure, wheel

1. Introduction 
Wheeled mobile robots (WMRs) are often un-

manned vehicles, which can be teleoperated or have 
various levels of autonomy. They can be dedicated to 
perform dangerous or tedious tasks thus enhancing 
workers health and safety or releasing people to more 
creative tasks.

WMRs find more and more practical applications 
in manufacturing, civil engineering, transportation, 
agriculture, space exploration, help for disabled and 
in other sectors of science and technology.

One of the fundamental problems is choice of opti-
mal kinematic structure of a robot for a given applica-
tion. This problem is associated with selection of ap-
propriate types of wheels, their mutual arrangement, 
number of used drives etc. The choice of optimal 
solution is usually a compromise between mechani-
cal properties and complexity, which is directly con-
nected with cost.

In the available literature there are few items that 
provide guidance for designers and comparison of 
various solutions of modern robots. One can mention 
among others works [9] and [10], but they are not 
comprehensive or are partially outdated.

Therefore, the objective of this paper is com-
parative analysis of WMRs with various kinematic 
structures. This analysis takes into account various 
features of WMRs for which the examples of actual 

solutions are given. Primarily commercial robots and 
other selected designs having high Technology Read-
iness Level are considered. The analysis is limited 
to solutions of wheeled robots with fixed kinematic 
structure. The paper does not include reconfigurable 
and hybrid robots (i.e. robots that combine features of 
continuous and discrete locomotion). Some examples 
of hybrid solutions one can find in work [13] and on 
webpage [32]. 

2. Features of Wheeled Mobile Robots
Particular solutions of mobile robots are discussed 

taking into consideration the following features:
– number of control degrees of freedom,
– mobility,
– maneuverability,
– stability of motion,
– dead reckoning,
– complexity of design, 
– environment of operation.

Features such as mobility, maneuverability, stabil-
ity of motion, dead reckoning and complexity of de-
sign are described by 3 linguistic levels, that is: bad 
(or low), medium, and good (or high).

Degrees of Freedom. The important character-
istic of mobile robots is their number of Degrees of 
Freedom (DoFs). Number of DoFs of a mechanical 
system is the number of independent parameters that 
define its configuration. There are also known con-
cepts of representational DoFs (related to number of 
coordinates) and control DoFs (reflecting the number 
of actuators). The vehicles for which the number of 
control DoFs is less than representational DoFs are 
called underactuated, whilst those for which is higher 
are named overactuated.

Considerations concerning the number of DoFs in 
WMRs will be limited to the mobile platform only. It 
means that DoFs related to e.g. manipulators and oth-
er non-wheeled effectors are not taken into account. 
For analyzed examples of robots are given only the 
numbers of control DoFs. Since motion of WMRs is 
realized in practice most often in plane, therefore the 
number of representational DoFs is equal to 3.

Mobility. The term mobility can be defined as ro-
bot ability to move with desired parameters of motion 
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wheels causes small change in direction of movement, it 
is characterized by medium stability, and if this impact 
is negligible – by good stability.

Dead reckoning. Dead reckoning of a vehicle is 
the ability of estimation of its location based on esti-
mated speed, direction and time of travel with respect 
to a previous estimate [2]. 

In case of WMRs dead reckoning is typically based 
on odometry of the robot [1]. Therefore, in this study 
the assessment criterion of dead reckoning will be ac-
curacy of determination of motion parameters of ro-
bot mobile platform on the basis of measured angular 
parameters of spin and turning angle of its wheels.

Complexity of design and cost. The complexity 
of design of WMRs is first of all related to mechani-
cal and control system design. The important factor is 
also the number of controlled drives, hence the num-
ber of control DoF. 

Nowadays, implementation of motion even in case 
of complex robot kinematic structures does not pres-
ent major difficulties considering current computing 
power of controllers, therefore it does not significant-
ly affect the hardware complexity of the solution. 

It should be mentioned, that hardware complexity of 
the design is related to higher cost of manufacturing of 
the vehicle. The use of a large number of drives requires 
also the use of highly efficient power supply systems. 

Therefore, when assessing the level of complexity 
of WMRs, first of all the number of drives of locomo-
tion system will be taken into account. Moreover, it 
will be assumed, that higher complication of design 
is caused by adding some steering mechanism to a 
wheel than by adding wheel driving mechanism and 
that the most complex is the case in which the wheel 
is both steered and driven. This reasoning is justified 
in particular in case of small-size robots. Finally, high-
er complexity of the design causes use of Mecanum 
wheels or omni-wheels in comparison to standard 
wheels. 

Environment of operation. Type of environment 
in which the vehicle operates is limited to division 
into indoor and outdoor environment. The use of in-
door can be associated with solutions of at least me-
dium maneuverability, while outdoor with solutions 
of at least medium mobility and stability of motion. 
Exceptions to this rule of classification are discussed 
in case of specific solutions. When it comes to indoor 
use of a mobile robot the stability of motion is less 
important than in case of outdoor applications, be-
cause indoor environment is typically characterized 
by smaller unevenness of the ground.

3. Classification of Wheeled Mobile Robots
The considerations concerning classification of WMRs 
will be started from used types of wheels. 

Generally, wheels with the following features are 
used:

in defined conditions of environment, with limita-
tions of the robot itself taken into account [9]. For de-
termination of the mobility, motions of a robot on the 
ground with various mechanical properties and incli-
nations are analyzed. Robot ability of negotiation of 
environment obstacles of various shapes and heights 
(for example curbs, stairs) is also important. Robot 
mobility on particular terrain depends on number of 
factors, including: geometry of locomotion system, 
center of mass coordinates, properties of wheels (e.g. 
adhesion, rolling resistance, area of contact with the 
ground), constraints resulting from characteristics of 
drives (e.g. power, maximum rotational speed, maxi-
mum driving torque), battery parameters (e.g. max-
imum continuous discharge current) and other [12]. 
For these reasons, it is difficult to objectively assess 
the mobility of the robot without realization of simu-
lation and experimental studies. 

In this paper the assumption is adopted that the 
robot possesses good mobility if it meets two of the 
following requirements: 
– is able to overcome obstacles with a height, which 

is close to the radius of the driven wheels, both in 
forward and backward directions, 

– has the ability of movement in both directions on 
the ground surface which is inclined at an angle 
of at least 30 deg and for which are present high 
values of friction coefficients for wheel-ground 
pair (e.g. asphalt, concrete, unpaved road). 
The robot is characterized by medium mobility, 

if it meets one of the above mentioned requirements 
and by bad mobility if none of these conditions is met. 
Some of the solutions are assessed individually, in 
which case it is supported by justification.

Maneuverability. The maneuverability is robot 
ability to change its direction of motion. Maneuvera-
bility is especially important in case of movement in 
narrow spaces, in which the robot should e.g. be able 
to rotate in place.

The robot is characterized by good maneuverabil-
ity if it has both the possibility of linear motion in any 
direction and rotation in place. The robot has medi-
um maneuverability if it meets one of the following 
requirements: 
– is able to rotate in place and perform linear motion 

in direction which depends on current pose or 
turning with defined radius,

– is not able to rotate in place and can realize linear 
motion in any direction independent of the current 
pose. 
Finally, the robot will have bad maneuverability if 

none of the mentioned requirements is met.

Stability of motion. The stability of motion in 
case of WMRs is understood as robot resistance to 
unevenness of the ground during its movement. 

The robot has bad stability if as a result of uneven-
ness of the ground it loses contact of one of the driven 
wheels with the ground and then unintentionally and 
significantly changes its previous direction of motion. 
If the impact of the loss of contact by one of the driven 



5

Journal of Automation, Mobile Robotics and Intelligent Systems VOLUME  13,      N°  3       2019

Articles 5

– driven and non-driven,
– steered and non-steered. 

By the steered wheel one means such a wheel, 
which direction can be changed with respect to chassis 
by control system. In turn, the non-steered wheel is not 
able to turn (fixed wheels) or it has this capacity, but 
its turning is not the result of control but is forced by 
external forces (caster wheels). 

Next, depending on the combination of aforemen-
tioned features one can distinguish the following 
types of wheels:
– castor (non-steered and non-driven),
– fixed and non-driven (free wheels),
– fixed and driven,
– steered (steerable) and non-driven,
– steered (steerable) and driven.

In steered wheels the axis of turning generally 
intersects the axis of spin of wheel, whilst in case of 
caster wheel these axes are placed in some distance 
relative to each other. This displacement enables self-
turning of wheel under the influence of lateral force 
acting on it. 

In addition, the wheels can be divided into single 
and twin (dual). This division has generally no influ-
ence on the kinematic structure of the robot, but it af-
fects the distribution of stresses between wheels and 
the ground, and is not taken into account in further 
considerations.

Special type of fixed and driven wheels represent 
Mecanum wheels (also named as Swedish) and omni-
wheels (or omni-directional wheels). The Mecanum 
wheels are characterized by the fact that on the cir-
cumference they have non-driven rollers, whose axes 
of rotation are rotated by an angle of 45° in relation 
to the axis of spin of that wheels (see Fig. 1a). In turn, 
the omni-wheels have also free rollers, but this time 
their axes of rotation form 90° angle with respect to 
the wheel spin axis. Moreover, they are typically dual 
wheels (see Fig. 1b).

a) b)
 

Fig. 1. Example of: Mecanum wheel (a) and double 
omni-wheel (b) [28]

Wheels have a significant impact on vehicle mo-
tion and should be characterized by: 
– high adhesion to the surface and resistance to 

lateral drift, 
– adequate load capacity (the ability to carry the 

load), 
– the ability of damping vibrations and shocks, 
– low rolling resistance, 
– durability (resistance to wear and impact).

As noted in work [3], in the case of lightweight 
wheeled robots, wheels are usually non-pneumatic. 

They may have a filling in form of a foam. They ge-
ometric parameters and properties are different with 
respect to those of cars. In case of rovers, wheels are 
made of metals. Flexibility is obtained by appropriate 
design of the inner part of the wheel.

What is more, one can notice that in case of WMRs 
suspension systems are sometimes introduced. Be-
cause this type of vehicles do not carry people, vibra-
tions of mobile platform may be acceptable. In some 
solutions of robots intended for movement in open 
and unstructured environments the control arms are 
used to improve mainly robot mobility.

WMRs are typically non-holonomic vehicles, 
which are subjected to velocities constraints on their 
motion. In practice, this means that the number of 
control DoF is less than the number of representa-
tional DoF, which is equal to 3.

The exceptions are omnidirectional robots, which 
are considered holonomic vehicles, since they can re-
alize 3 independent movements: in longitudinal and 
lateral direction as well as rotation about vertical axis. 

Depending on used wheel arrangement and wheel 
types one can distinguish the following kinematic 
structures of WMRs:
– differentially driven,
– skid-steered,
– car-like,
– omnidirectional (Mecanum drive, holonomic drive),
– rover-type (robots with high number of driven 

and steered wheels),
– all wheels steered and driven by only two motors 

(also called synchro drive).
Particular types of kinematic structures of WMRs 

are characterized in detail in the next section. The 
synchro drive structure is not discussed, because 
nowadays it is rarely used. One of known, older solu-
tions of this type is Nomad 200 robot of Nomadic 
Technologies, Inc.

4. Mechanical Properties of WMRs
The mechanical properties of various solutions of 

WMRs are discussed taking into account previously 
defined features.

4.1. Differentially Driven WMRs
Differentially driven robots typically have 2 fixed 

and (differentially) driven wheels. They are character-
ized by simplicity of mechanical design and therefore 
low cost. They have also medium maneuverability. In 
order to change direction of motion they can rotate in 
place. Therefore they are usually applied in closed are-
as (e.g. rooms). This kind of robots is characterized by 
bad stability of motion, because they may have tenden-
cy to unintended changes of direction of desired move-
ment due to unevenness of the ground and different 
adhesion of the driven wheels to this ground. For this 
reason they usually do not have outdoor applications.

Regarding the kinematic and dynamic properties 
of this type of robots, if they move on an even ground, 
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their motion can be accomplished with negligible slips 
of wheels. This allows the solution of forward and in-
verse kinematics problems. Moreover, modeling of 
dynamics of such systems does not cause much diffi-
culty. In this case, due to good dead reckoning, robot 
movement can be carried out on the basis of odometry 
only, so by controlling the wheels [1]. Example of such 
approach one can find among others in work [4]. 

One can distinguish solutions of differentially driv-
en robots with 2, 3, 4 or even 6 wheels. The selected 
solutions of this kind of robots are described below. 

Two-wheeled differentially driven robots. Two-
wheeled robots can be further divided into those in 
which the body has to maintain vertical orientation, 
and those which have horizontal orientation and 
there is a supporting element e.g. in form of the tail.

The robots, in which the body has to keep vertical 
posture operate based on a principle of the inverted 
pendulum. They require additional stabilizer module 
(control system), similarly like in case of Segways. An 
example of modern solution of this type is the FLASH 
robot [6]. Such robots should move on even grounds, 
which limits their use essentially to the rooms.

Two-wheeled robots with the supporting element 
have better stability of motion, which makes them suita-
ble for use both indoors and outdoors. Examples of such 
solutions are the Recon Scout IR robot [30], in which as 
the supporting element an elastic tail with ball was used. 
The disadvantage of such solutions is that the tail may 
introduce additional forces disturbing the movement of 
robot, which affects the dead reckoning.

Three-wheeled differentially driven robots. 
In this type of robots 2 fixed (differentially) driven 
wheels and 1 castor are applied. Kinematic structure 
of this kind of solution is illustrated in Fig. 2. 

With two independently driven wheels can be 
achieved fairly good maneuverability and negligible 
slips of wheels in case of movement on even ground. 
The vehicle can overcome more difficult field obsta-
cles if the movement is carried out in the direction of 
the driven wheels. Such solutions, however, are the 
most suitable indoors.

An example of such solution is Pioneer 2-DX robot 
(Fig. 3) and its successor Pioneer 3-DX [29].

Fig. 2. Kinematic structure of three-wheeled  
differentially driven robot

Fig. 3. Three-wheeled differentially driven  
Pioneer 2-DX robot

Four-wheeled and six-wheeled differentially 
driven robots. In this case, beside 2 fixed (differen-
tially) driven wheels appear also 2 or 4 castors. There 
are solutions in which 2 castors are in front or rear 
of the vehicle and the rest of wheels are driven (e.g. 
TUG [23]) and those in which one castor is in front 
and one in rear of the vehicle, whilst driven wheels are 
arranged on sides (e.g. AGVS [25]). The example of six-
wheeled solution with 2 castor in front, 2 castors in 
rear and 2 fixed driven wheels is MiR100 robot [24]. 
In such solutions an uneven ground can cause robot 
motion in an unintended direction. Therefore, such ro-
bots are designed primarily to move indoors. One of 
the exceptions is Tango E5 robot [31], which is used 
outdoors as a lawn mower. 

4.2. Skid-steered WMRs
The second discussed in this paper group of robots 

are the solutions with all wheels fixed. Such robots are 
called skid-steered due to the fact that, during turning 
and rotating in place always occurs lateral slip of wheels, 
that is skid. This is a major drawback of this type of ve-
hicles due to poor energy efficiency and increased wear 
of wheels (tires) and degradation of the ground. They 
include typically 4- or 6-wheeled solutions.

They have usually simple and compact design, 
therefore they are relatively cheap. They are char-
acterized by good mobility and medium maneu-
verability, i.e. comparable to differentially driven 
robots. They have also good stability of motion, i.e., 
robots of this type do not change unintentionally 
and significantly direction of their motion in the 
case of uneven ground. For this reason they are of-
ten used in open terrain, but also are suitable for 
closed spaces like rooms, especially in case of four-
wheeled solutions.

In skid-steered robots all the wheels are inde-
pendently driven or wheels on each side of the vehicle 
are driven by one motor. In the first case, because of 
use of higher number of drives than representation-
al DoFs, this kind of robots are overactuated. In the 
second case, the drive on each side of the vehicle is 
distributed to individual wheels via gears or chains or 
is transmitted to one wheel and then via toothed belts 
to the remaining wheels. 

Skid-steered robots are complex objects from the 
point of view of modeling and control. Modeling and 
control of motion of this type of robots are, among 
others, the subject of works [7, 11, 15].
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Due to slips of wheels occurring during robot 
turning and rotation in place, in this case one can-
not explicitly solve forward and inverse kinematics 
problems. For the same reason, also more complex 
is development of dynamics models of such vehi-
cles. Especially complicated is the case when the 
robot rotates in place on a deformable ground. In 
such case beside slips of wheels also bulldozing ef-
fect appears.

Moreover, due to lateral slips, the wheels are un-
der the influence of lateral forces associated with 
their contact with the ground. The values of the forces 
can be high therefore this solution requires the use of 
strengthened in lateral direction means of mechanical 
connection of wheels to the mobile platform.

Motion control of this type of robot, due to bad 
dead reckoning cannot be performed only on the ba-
sis of their odometry, that is by controlling the spin of 
wheel only. In this case it is necessary to measure ac-
tual velocities of the robot mobile platform or its pose 
(posture). For such robots it is advisable to introduce 
the hierarchical control system, consisting of kine-
matic (pose) and dynamic controllers. This approach 
is used, among others, in the works [5, 15]. In turn, 
in the paper [11] for motion control of the robot the 
Nonlinear Model Predictive Control (NMPC) method 
was used.

Four-wheeled skid-steered robots. In these 
robots all the wheels are driven independently or – 
more frequently – independently driven are only two 
wheels, one on each side, and the drive is transmit-
ted to the other wheel on a particular side by toothed 
belt. The kinematic structure of such solution is illus-
trated in Fig. 4. 

The examples of such robots are Rex [11] and 
PIAP GRANITE [14] with independent drive on all 
wheels, as well as PIAP SCOUT and PIAP Fenix [26] 
(Fig. 5) with 2 driven wheels (one on each side of the 
robot). Thanks to the use of only 2 drives, one can 
reduce the size and mass of the robot. This is par-
ticularly important if it is necessary to carry a robot 
by a human.

Fig. 4. Kinematic structure of four-wheeled  
skid-steered robot

Fig. 5. Four-wheeled skid-steered  
PIAP Fenix robot [25]

Six-wheeled skid-steered robots. In case of such 
robots the most typical is independent drive on all 
wheels (as for IBIS robot [PIAP] shown in Fig. 6) or 
one motor is used for each side of the robot and drive 
is then transmitted to the wheels via gears or chains. 
In an independent drive typically each wheel on a giv-
en side of the robot is controlled with control signal of 
the same value. Drawback of this solution is that the 
angular velocities of spin of the individual wheels dif-
ferentiate depending on the conditions of interaction 
of the wheels with the ground.

Fig. 6. Six-wheeled skid-steered  
IBIS robot [26]

The application of higher number of wheels de-
creases the values of forces exerted on the ground by 
a single wheel and increases robot mobility among 
others on a deformable terrain.

In six-wheeled solutions the control arm systems 
are often introduced, to guarantee continuous con-
tact of all wheels with the ground. In the control arm 
systems of WMRs usually shock absorbers are not ap-
plied, because, as noticed in work [9], they are justi-
fied in case of motion of the vehicles with velocities 
higher than 8 m/s.
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If control arms are not used, one can place axles 
of center wheels a little lower, which reduces the re-
sistance of outer wheels (i.e. wheels located at the 
corners of a mobile platform) during robot turning, 
thus decreasing also lateral and longitudinal slips of 
wheels. 

4.3. Car-like WMRs
The next group of wheeled mobile robots includes 

vehicles whose kinematic structure is similar to a car. 
The main characteristic features of car-like robots 
are typically limited steering range of steered wheels. 
The consequence of such solution is the inability of 
rotation of the robot in place. Due to this fact such 
solutions are used mostly outdoors. Similarly to cars, 
in mobile robots the differential mechanism is some-
times used for drive of the wheels.

The most common robotic vehicles belonging to 
this group have exactly the same kinematic structure 
as a car, that is, they are equipped with four wheels, 
two of which are steered, and they can be driven by 
two front wheels, by two rear wheels or by all wheels. 
In such solutions for steering the wheels usually 
Ackerman mechanism is used, whilst for driving the 
wheels often differential mechanism is applied. In-
stead of Ackerman mechanism one can use two mo-
tors to independently set the steering angles of the 
steered wheels. This kind solution presented in Fig. 
7 can be mechanically simpler then Ackerman mech-
anism and is especially preferred in case of small-size 
robots.

Fig. 7. Kinematic structure of four-wheeled  
car-like robot

Car-like robots are solutions of medium complex-
ity, but by virtue of using known and proven automo-
tive solutions, design of this type of robots does not 
cause major difficulties. Furthermore, when using 
two drives – one for driving and the other one for 
steering the wheels, such solution may also be rela-
tively cheap.

Such solutions of robots are used primarily in agri-
culture, examples of which can be found in [16]. This 
is not accidental, because if one compares mechanical 
properties of four-wheeled car-like robots with other 
solutions one can notice that this solution is optimal for 
such applications. Depending on the number of driven 

wheels the car-like robots are characterized by medi-
um or good mobility, good stability of motion and good 
dead reckoning. In such applications the differentially 
driven solutions are inefficient because of too low sta-
bility when moving on uneven terrain and the possibil-
ity of sinkage of castor wheels in soft ground. The skid-
steered robots cause devastation of soil and may bury 
themselves during cornering. The omnidirectional ro-
bots are not suitable due to the loss of characteristics 
of Mechanum or omni-wheels in case of contamination 
by soil. Finally, the rover-type robots are too complex 
and therefore too expensive.

The example of such solution is Vine robot [17] 
shown in Fig. 8 dedicated for application in vineyards. 
Another example is represented by Trakür robot [19], 
designed to apply pesticides in greenhouses. 

Fig. 8. Car-like Vine robot [17]

This group of robots includes also three-wheeled 
solutions, which are however rarely used.  The worst 
mobility have three-wheeled mobile robots with one 
driven wheel, which have difficulty in overcoming 
even small obstacles.

4.4. Omnidirectional WMRs
Another group of wheeled mobile robots are om-

nidirectional robots also called holonomic robots, 
because they have zero nonholonomic constraints 
imposed on vehicle velocities. This means that the 
robot can move independently in longitudinal and lat-
eral directions and rotate around a vertical axis at the 
same time. This is achieved by using Mecanum wheels 
or omni-wheels, which were described earlier. 

Omnidirectional robot wheels are relatively me-
chanically complex as compared to designs of other 
wheels which at the same time makes them rela-
tively expensive. Moreover, in this type of robots all 
the wheels are independently driven and controlled, 
which requires at least three motors. In case of om-
nidirectional robots a little more complicated is also 
solution of kinematics problems and consequently 
the control of motion of the mobile platform. 

The omnidirectional robots are characterized by 
very good maneuverability – they can simultaneously 
rotate in place and move in any direction. They do not 
have good stability of motion because they motion 
depends critically on velocity of each wheel. If one 
of them loses contact with the ground then the robot 
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moves in nonintentional direction. Therefore, they 
should move on even terrain. Moreover, they have 
inferior dead reckoning to differentially driven, car-
like, rover-type and synchro drive robots but superi-
or to skid-steered ones. Therefore, in order to ensure 
high accuracy of movement, the robot motion control 
should not be based on its odometry only. 

Such solutions are very good choice in indoor appli-
cations but cannot be used outdoors due to the loss of 
wheel omnidirectional characteristics in case of roller 
contamination, for example by sand, mud or snow.

The kinematic structure of the robot with om-
ni-wheels is named the holonomic drive, whilst with 
Mecanum wheels the Mecanum drive.

Holonomic drive. In the case of use of so-called 
holonomic drive, the wheels are arranged in such a 
way that their axes of rotation intersect at a single 
point. Robots with holonomic drive usually have 
three and less often four wheels. Kinematic struc-
ture of holonomic robot with three wheels is illus-
trated in Fig. 9.

Fig. 9. Kinematic structure of three-wheeled  
robot with holonomic drive

The examples of such solutions of NEXUS robot 
company [28] are kits 10003 (three-wheeled drive) 
shown in Fig. 10 and 10008 (four-wheeled drive).

Fig. 10. Three-wheeled robot with holonomic drive by 
Nexus robot [28]

Mecanum drive. This type of robots are usually 
four-wheeled solutions with Mecanum wheels. In this 
case wheel arrangement can be the same as for skid-
steered robots, that is, rotation axes of wheels are par-
allel to each other. Kinematic structure of this kind is 
shown in Fig. 11. 

Both four-wheeled holonomic and Mecanum 
drives result in vehicles being overactuated because 
they use four drives in locomotion system.

Fig. 11. Kinematic structure of four-wheeled  
robot with Mecanum drive

The examples of omnidirectional robots with Me-
canum drive are kit 10011 of Nexus robot company 
[28] and MPO-500 robot of Neobotix GmbH company 
[27] shown in Fig. 12. MPO-500 robot is dedicated for 
autonomous transport systems in industrial environ-
ments.

Fig. 12. MPO-500 robot with Mecanum drive  
by Neobotix GmbH [27]

4.5. Rover-type WMRs
The last discussed in this paper group of WMRs 

covers rover-type robots. Not only solutions of rovers 
will be discussed but also vehicles that have similar 
kinematic structures. 

The rover-type WMRs have high number of mo-
tors for driving and steering the wheels, therefore 
they are classified as highly overactuated vehicles. 
For this reason they are usually the most complex, 
hence expensive WMRs. However, they are solutions 
with very good kinematic and dynamic properties. 
They are characterized by the best mobility among 
all types of WMRs. Thanks to the possibility of inde-
pendent steering of multiple wheels they can rotate 
in place and also in some solutions, that is with all 
steered wheels, they can move in any direction. This 
kind of the vehicles have therefore good maneuvera-
bility. What is more, they can move with small slips 
of wheels, hence they are characterized by good dead 
reckoning. For safety reasons and in order to reduce 
slip and sinkage of wheels on soft grounds they usual-
ly move at low velocity.
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The example kinematic structure of four-wheeled 
rover-type robot is shown in Fig. 13. 

Fig. 13. Kinematic structure of four-wheeled  
rover-type robot

The rovers are usually six-wheeled solutions with 
independently driven and steered all wheels or with 
independently driven all wheels and steered only out-
er wheels. For driving the wheels often direct-drive 
motors are used, i.e., they are placed in the wheel 
hubs. This is due to the use of control arm systems 
and the fact that often their wheels are both driven 
and steered. 

The examples of such vehicles are Curiosity [21] 
shown in Fig. 14 and ExoMars rover [22]. 

It should be noted that the rovers are also devel-
oped for various student competitions. In this case, 
primarily because of a limited budget, simple solu-
tions are predominant, usually containing six inde-
pendently driven and non-steered wheels. For this 
reason, the kinematic structures of such solutions are 
typical for previously discussed skid-steered robots, 
so they have typical for them mechanical properties. 
One of many examples of such vehicles are rovers 
designed by students of the Bialystok University of 
Technology, Poland [20]. 

Fig. 14. Six-wheeled Curiosity rover [20]

The rovers are dedicated for outdoor applications, 
but due to their characteristics such as good maneu-
verability and dead reckoning, in case of relatively 
small designs they could be also used indoors. 

It is also possible to find rover-type robots with 
four wheels. The example of them is AZIMUT research 
robot [8] shown in Fig. 15, dedicated for indoor ap-

plications. The other examples include vehicles of 
American Robot Company (AMBOT) [18], such as 
GRP 4400 (four-wheel independent drive, four-wheel 
steering) and GRP 2400 (two-wheel independent 
drive, four-wheel steering), which are dedicated for 
outdoor applications. In turn, the example of modern 
rover with four wheels is Interact Centaur [18], which 
is a customized version of the remote controlled plat-
form manufactured by AMBOT.

Fig. 15. Four-wheeled rover-type AZIMUT robot [8]

5. Conclusion
The discussed in the previous sections various 

types of WMRs are compared taking into account 
selected features associated with their mechanical 
properties. The result of this comparison is given in 
Table 1. Five types of kinematic structures were taken 
into considerations, for which are specified the vari-
ants of drive, steering and the number of wheels. Ex-
amples of robots are given for each variant. 

The selected features used for comparison of in-
dividual solutions include: number of control DoFs, 
environment of operation, mobility, maneuverability, 
stability of motion, dead reckoning and complexity (di-
rectly associated with cost of particular solution). 

The conducted assessment of particular types of 
WMRs is qualitative but justified by previous discus-
sion based on the professional experience of authors 
and supported by available literature.

After analysis of information presented in Table 1, 
one can notice among others that: 
– differentially driven robots are generally low-cost 

solutions dedicated for indoor applications, having 
medium performance in this kind of environment;

– skid-steered robots can operate both indoor and 
outdoor having at least medium performance but 
their main disadvantage is large slip of wheels, 
hence they have bad dead reckoning and tend to 
degrade the ground;

– car-like robots understood as unmanned vehicles 
are dedicated for outdoor applications, especially 
in agriculture, however due to bad maneuverability 
they are rarely used in robotics;

– omnidirectional robots are used in indoor 
applications and in this environment they have the 
best maneuverability;

– the rover-type solutions have the best performance 
of locomotion system but their disadvantages are 
high complexity of design and cost.
To sum up, it can be concluded that taking into ac-

count all the analyzed features of WMRs there is no 
single ideal solution in all aspects. Selection of a kine-
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matic structure should be based on intended applica-
tion of a robot and its planned market price. The au-
thors hope that this study will be useful for designers 
of WMRs and help them to make an informed choice 
of solution for a given application of a robot.
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