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Abstract 
Introduction. Mobile robots capable of omnidirectional movement are widely used in various fields of human activity. 
To provide high accuracy of positioning of omnidirectional platforms with mecanum wheels, it is required to develop 
their detailed mathematical models used in the construction of a motion control system. Due to the complicated design 
of the mecanum wheels, various errors may occur during the construction of omnidirectional platforms, including the 
error of installing such wheels on the platform. Its effect on the accuracy of the platform movement has not been studied 
before. This work aims at assessing the positioning errors that arise due to the presence of design errors in the 
installation of mecanum wheels, and analyzing the effect of these errors on the accuracy of program motion testing 
when using control at the kinematic level. 
Materials and Methods. The analysis of positioning accuracy was based on mathematical modeling of the platform 
kinematics, taking into account structural errors in the installation of mecanum wheels. To describe the relationship 
between the angular speeds of rotation of the wheels and the speeds of the platform, the conditions of nonslip of the contact 
points on the support surface were used. Numerical calculations were carried out in the Wolfram Mathematica package. 
Results. A formula was obtained for estimating errors in platform pseudovelocities under program control formed at the 
kinematic level. The estimation of the errors of the platform speeds for simple movements was carried out. According 
to the calculation results, it has been shown that the speed errors are significant for robots with mecanum wheels 
operating autonomously. 
Discussion and Conclusion. The calculation results demonstrated the significant impact of wheel installation errors on the 
positioning accuracy of the mecanum-platform, and confirmed the need to take into account these design errors when 
creating autonomous mecanum-platforms. The constructed model of the robot's kinematics makes it possible to predict 
errors in platform speeds that arise under program control, as well as deviations of the coordinates of the geometric center 
of the platform from the program motion. The proposed kinematic model can be used to improve the positioning accuracy 
through forming a platform motion control that compensates for the influence of wheel installation errors.  
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Научная статья  

Анализ точности позиционирования при конструкционных  
погрешностях в установке меканум-колёс мобильной платформы 

Г.В. Панкратьева , А.Е. Мордин , Г.Р. Сайпулаев  
Национальный исследовательский университет «Московский энергетический институт»,  
г. Москва, Российская Федерация 
 saypulaevgr@mail.ru  

Аннотация 
Введение. Мобильные роботы, способные осуществлять всенаправленное движение, широко применяются 
в различных областях человеческой деятельности. Для обеспечения высокой точности позиционирования 
всенаправленных платформ с меканум-колёсами требуется разработать их детальные математические модели, 
используемые при построении системы управления движением. Из-за непростой конструкции меканум-колёс 
при построении всенаправленных платформ могут возникать различные погрешности, включая погрешность 
установки таких колёс на платформу. Влияние ее на точность движения платформы ранее не исследовалось. 
Целью данной работы является оценка ошибок позиционирования, возникающих из-за наличия 
конструкционных погрешностей в установке меканум-колёс, и анализ влияния указанных погрешностей на 
точность отработки программного движения при использовании управления на кинематическом уровне. 
Материалы и методы. Анализ точности позиционирования основан на математическом моделировании 
кинематики платформы с учетом конструкционных погрешностей в установке меканум-колёс. Для описания 
взаимосвязи между угловыми скоростями вращения колес и скоростями платформы используются условия 
непроскальзывания точек контакта по опорной поверхности. Численные расчеты проведены в математическом 
пакете Wolfram Mathematica. 
Результаты исследования. Получена формула для оценки погрешностей псевдоскоростей платформы при 
программном управлении, формируемом на кинематическом уровне. Проведена оценка погрешностей 
скоростей платформы для простых движений. По результатам расчетов показано, что погрешности скоростей 
являются значительными для роботов с меканум-колёсами, функционирующих автономно. 
Обсуждение и заключение. Результаты расчетов продемонстрировали существенное влияние погрешностей установки 
колес на точность позиционирования меканум-платформы и подтвердили необходимость учитывать указанные 
конструкционные погрешности при создании автономных меканум-платформ. Построенная модель кинематики робота 
позволяет прогнозировать ошибки отработки скоростей платформы, возникающие при программном управлении, 
а также отклонения координат геометрического центра платформы от программного движения. Кинематическая 
модель может быть использована для повышения точности позиционирования за счет формирования управления 
движением платформы, компенсирующего влияние неточностей установки меканум-колёс. 

Ключевые слова: меканум-колесо, всенаправленная платформа, кинематическая модель, конструкционные 
погрешности, программное управление 
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 Introduction. Mobile robots (or omnidirectional platforms) capable of moving in any direction are widely used in 
the military, medical, educational, and industrial fields of human activity [1, 2]. The possibility of omnidirectional 
movement can be achieved by equipping the mobile platform with omni-wheels of various types (mekanum wheels, 
classic omni-wheels). To provide high accuracy of positioning omnidirectional platforms, it is required to develop their 
detailed mathematical models for the construction of a motion control system. The need for maintaining high accuracy 
of movement is associated with the demand to make omnidirectional platforms operate autonomously. 

Often, when mathematically modeling the kinematics of mecanum wheels, assumptions are made that simplify the 
description of the movement of such wheels. Specifically, this is discussed in [3–5]. Thus, in [3, 4], the dynamics of the 
mecanum platform is considered, taking into account the rolling dry friction forces and the conditions of non-slip 
contact points, expressed by non-holonomic bonds. In [5], it is emphasized that studying the influence of the finite 
linear dimensions of the rollers and vibrations associated with this effect on the dynamics of the mecanum platform is of 
interest. 
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The urgently needed lines of research on omnidirectional wheels are modeling the effect of the design of the 
mekanum wheel rollers, and optimizing the shape of rollers [6–9]. The requirement to optimize the shape of rollers is 
due to the fact that with some forms of omni-wheel rollers, vertical vibrations of contact points may occur when moving 
omnidirectional platforms (for more information, see the patent review [10]).  

Another factor that significantly affects the positioning accuracy of the mecanum platform is the slippage of the 
contact points of the mecanum wheels with the supporting surface. One of the ways to account for the slippage of 
contact points when describing kinematics is to use the assumption that the sliding speed is proportional to the product 
of the angular velocity of rotation of the wheel and the radius of the mecanum wheel, and the proportionality coefficient 
is considered constant [11, 12]. This assumption allows for reducing the kinematics equations to a problem with 
nonholonomic connections. However, the experimental results show that the specified coefficient changes with the 
movement of the platform [13, 14]. 

It is worth noting that due to the complicated design of the mekanum wheels, various manufacturing errors may 
occur during the construction of the mekanum platforms. They include the error of installing the mekanum wheels on 
the platform, small deviations in the shape of the rollers, etc. The influence of inaccuracies in the installation of 
mekanum wheels on the accuracy of the platform movement has not been studied before. As part of this work, the 
impact of errors in the installation of mekanum wheels on the positioning accuracy of the omnidirectional platform and 
its kinematics are investigated. 

The article is aimed at assessing positioning errors arising from structural inaccuracies in the installation of 
mekanum wheels, and analyzing their impact on the precision in movement of an omnidirectional mekanum platform. 
To do this, it is required to build a mathematical model of the movement of such a platform, taking into account 
structural errors in the installation of mekanum wheels. The resulting mathematical model can provide for investigation 
of the influence of these wheels on the positioning accuracy of the mobile platform. This model can be used to form a 
control that compensates for platform positioning errors. 

Materials and methods. Robot design description. As the basis for this study, a robot model in the form of a 
rectangular platform with four mecanum wheels when moving along a horizontal plane, is considered (Fig. 1). Errors 
associated with the non-orthogonality of the axes of rotation of the wheels and the longitudinal axis of the platform are 
taken into account. 

To describe the kinematics of the robot, movable coordinate system Cxyz , is introduced, associated with the robot 
platform and the origin in the geometric center of the platform. 

The following designations are used in mathematical modeling: h  — половина расстояния между осями 
колёсных пар (при ортогональных осях колёс); l  — half the width of the platform; ix  and iy  — abscissa and 
ordinate of point iD  of fastening the i-th wheel drive to the platform; iO  — — geometric center of the i-th mecanum 

wheel; ,L TV V  — longitudinal and transverse velocities of the geometric center of the platform; i is D O=  — drive shaft 

length; Ω  — angular velocity of the platform spinning; iα  — angle between Cx  axis and axis of rotation of the i-th 

wheel (parallel to vector i iD O


) (Fig. 1). Numbers of the platform wheels are indicated in the diagram in Figure 1, and 
the ellipses on the wheels show the location of the contacting rollers of each wheel.  
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Fig. 1. Kinematic scheme of the platform 
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Description of the kinematic model construction method. We describe the movement of the platform within the 
framework of a nonholonomic formulation of the problem using a simplified model of mecanum wheels: the wheel is 
modeled by a disk with radius R , and the contact point can slip relative to the direction perpendicular to the axis of the 
contacting roller. At the same time, if there is no error in the arrangement of the wheel axles, there is a relationship 
between the angular speeds of rotation of the wheels around its own axis iϕ  and the speeds of the platform 

, ,L TV V Ω  [15]: 

 ( )1 tan tan ,i L T i i i iV V y x
R

ϕ = + δ − − δ Ω     (1) 

where iδ  — angle between the direction of the axis of the contacting roller and the plane of the mecanum wheel. 
To study the influence of structural errors, it is needed to describe the relationship between angular velocities of the 

wheels iϕ  and speeds of the platform  , ,L TV V Ω  taking into account the errors associated with the location of the wheel 
axles. The parameters of the platform design and wheel arrangement are given in Table 1. 
 

Table 1  
Platform design parameters 

i ix  iy  iδ  iα  di  

1 h  l  45− °  190 α° + ∆  s  

2 h  l−  45°  290 α− ° + ∆  s−  

3 h−  l  45°  390 α° + ∆  s  

4 h−  l−  45− °  490 α− ° + ∆  s−  

 
Here, i∆α  — angle characterizing the nonorthogonality of the wheel axes and the longitudinal axis of platform Cx ; 

id  — vector  i iD O


 projection onto the own axis of rotation of the i-th wheel. 

Research Results. Describing the kinematics of the mecanum platform within the framework of nonholonomic 
mechanics, as was done in [3–5], in the absence of structural errors  ( 0i∆α = ), , we determine the condition of nonslip 

of the contact point along the axis of the contacting roller: 

 ( ) ( )cos sin 0,
i iK x i i K y i iV Vδ + ∆α + δ + ∆α =   (2) 

where ,
i iK x K yV V  — projections of the velocity of point iK  of contact of the i-th wheel with the supporting surface, 

which are determined from the vector equation: 

 .
iK C P i i i iV V CO O K= +Ω × +ω ×

 

  (3) 

Here, 
T

0
i i iK K x K yV V V =    — velocity vector of point iK  of contact of the i-th wheel with the supporting surface in 

projections on the axis of the movable coordinate system Cxyz ; [ ]T0C L TV V V=  — velocity vector of the geometric 

center of the platform in projections on axis Cxyz ; [ ]T0 0PΩ = Ω  — — angular velocity vector of the platform in 

projections on axis Cxyz ; [ ]Tsin cos 0i i i i i i i i i iCO CO O D x d y d= + = − ∆α + ∆α
  

 — radius-vector connecting the 

geometric centers of platform C  and the i-th wheel iO , in projections on axis Cxyz ; 

[ ]Tsin cosi i i i iω = ϕ ∆α ϕ ∆α Ω   — angular velocity vector in projections on axis Cxyz ; [ ]T0 0i iO K R= −


 — 

radius-vector connecting the geometric centers of the i-th wheel iO  and the contact point of roller iK .  

Rewriting vector equation (3) and using skew-symmetric matrices to calculate vector products, we rewrite equation 
(3) in matrix form: 

 
0 0 sin 0 cos 0

0 0 cos 0 sin 0 .
0 0 0 0 0 cos sin 00

i

i

K x L i i i i i

K y T i i i i i

i i i i

V V x d
V V y d

R

  −Ω − ∆α −Ω ϕ ∆α         
           = + Ω + ∆α + Ω −ϕ ∆α           
           −ϕ ∆α ϕ ∆α −          





 

  (4) 
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After performing calculations: 

 
( )
( )

cos cos ,

sin sin .
i

i

K x L i i i i i

K y T i i i i i

V V y d R

V V x d R

= −Ω + ∆α − ϕ ∆α

= +Ω − ∆α − ϕ ∆α





  (5) 

After transferring the platform parameters from Table 1 to relationship equations (2) taking into account (5), they 
can be represented as: 

 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

1 1 1

2 2 2

3 3 3

4 4

1 1cos sin ,

1 1cos sin ,

1 1cos sin ,

1 1cos

L T L T

L T L T

L T L T

L T L T

sV V h l V V h l
R R R

sV V h l V V h l
R R R

sV V h l V V h l
R R R

V V h l V V h l
R R

ϕ = − − + Ω ∆α + + + − Ω ∆α − Ω      

ϕ = + + + Ω ∆α − − − − Ω ∆α + Ω      

ϕ = + − + Ω ∆α − − + − Ω ∆α − Ω      

ϕ = − + + Ω ∆α + + − −  







 4sin .s
R

Ω ∆α + Ω  

  (6) 

Note that in the absence of errors in fixing the axles of the wheel motors ( )0i∆α = , equations (6) take the form: 

 

 
( ) ( )

( ) ( )

1 2

3 4

1 1, ,

1 1, .

ideal ideal
L T L T

ideal ideal
L T L T

V V h l V V h l
R R

V V h l V V h l
R R

ϕ = − − + Ω ϕ = + + + Ω      

ϕ = + − + Ω ϕ = − + + Ω      

 

 

 (7) 

and coincide with the known results [6]. 
In matrix form, equations (6) and (7) can be represented as: 

 ( ) ,iq H= ∆α π   (8) 

 0 ,q H= π   (9) 

where [ ]TL TV Vπ = Ω  — vector of pseudovelocities of the platform; [ ]T1 2 3 4q = ϕ ϕ ϕ ϕ    — vector of angular 

velocities of wheels; ( )iH ∆α  — matrix of coefficients at pseudovelocities in equations (6); and ( )0 0iH H= ∆α = . 

When forming the control at the kinematic level, the values of the angular velocities of platform dπ  are calculated 
according to the desired values of the pseudovelocities of the platform according to the formula: 

 0 ,d dq H= π   (10) 

where superscript d indicates the desired (program) speed values. The obtained values of angular velocities are fed to 
the input of the wheel motor control system.  

However, if there are inaccuracies in the fastening of the axles of the wheel motors, according to the results of 
testing the program values of the angular velocities of the wheels, the movement of the platform is realized in the form: 

 ( ) ( )( ) ( ) ( ) ( )( ) ( )1 1T T T T
0 .d d

i i i i i iH H H q H H H H
− −

π = ∆α ∆α ∆α = ∆α ∆α ∆α π    (11) 

According to the found expression, it is possible to estimate the error of developing the program movement of the 
platform, specified by the presence of inaccuracies in fixing the axles of the wheel motors, according to the formula: 

 ( ) ( )( ) ( )1T T
0 3 ,d d

i i iH H H H E
− ∆π = π− π = ∆α ∆α ∆α − π  

     (12) 

where 3E  — unit matrix of order 3. 

Since the pseudovelocities of the platform are related to the coordinates of the geometric center in a fixed reference 
frame by the relations [15], 

 
cos sin ,
sin cos ,

,

C L T

C L T

x V V
y V V

= ψ − ψ
= ψ + ψ

ψ = Ω







 (13) 
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then, taking into account the errors of the pseudovelocities, we can rewrite the indicated expressions in the form: 

 

( ) ( )
( ) ( )

cos sin cos sin ,

sin cos sin cos ,

,

d d d d
C C C L T

d d d d
C C C L T

d

x x y V V

y x y V V

= ∆ψ − ∆ψ + ∆ ψ + ∆ψ −∆ ψ + ∆ψ

= ∆ψ + ∆ψ + ∆ ψ + ∆ψ + ∆ ψ + ∆ψ

ψ = ψ + ∆ψ

  

    (14) 

where cos sind d d d d
C L Tx V V= ψ − ψ , sin cosd d d d d

C L Ty V V= ψ + ψ  — laws of velocity variation of the platform geometric 

center in a fixed reference frame corresponding to the program movement; 1 1
0

(0) ( )
t

d d d t dtψ = ψ + Ω∫  — law of the 

angle variation of the platform course corresponding to the program movement;  1 1
0

( )
t

t dt∆ψ = ∆Ω∫  — course angle 

error. 
Taking into account the entered designations, we obtain formulas for positioning errors in the form: 

 
( ) ( ) ( )

( ) ( ) ( )
cos 1 sin cos sin ,

sin cos 1 sin cos .

d d d d
C C C L T

d d d d
C C C L T

x x y V V

y x y V V

∆ = ∆ψ − − ∆ψ + ∆ ψ + ∆ψ −∆ ψ + ∆ψ

∆ = ∆ψ + ∆ψ − + ∆ ψ + ∆ψ + ∆ ψ + ∆ψ

  

  

 (15) 

As a numerical example for error estimation, consider the parameters of the robot KUKA youBot [16]: 
 0.235 , 0.14 , 0.05 , 0.01 .h m l m R m s m= = = =  

As an example, let us take the errors of fixing the axles of the motor wheels equal to: 
 1 2 3 41 , 2 .∆α = ∆α = ° ∆α = ∆α = °  

Below are the results of calculating the errors of the platform velocities with simple movements of the platform. As 
examples of simple platform movements, consider: 

− forward movement: 1 m/s, 0 m/s, 0 rad/sL TV V= = Ω = ; 

− forward movement to the left: 0 m s , 1 m s, 0 rad/sL TV V= = Ω = ; 

− rotation around a vertical axis passing through the geometric center of the platform: 
0 m s, 0 m s, 1 rad sL TV V= = Ω = . 

The errors of the pseudovelocities of the platform with these movements are calculated using the formulas:  
− moving forward:  

4 3 21.35 10 m s, 8.73 10 m s, 6.8 10 rad sL TV V− − −∆ = ⋅ ∆ = − ⋅ ∆Ω = ⋅ ; 

− lateral movement to the left:  
3 4 48.72 10 m s, 3.81 10 m s, 1.46 10 rad sL TV V− − −∆ = ⋅ ∆ = − ⋅ ∆Ω = ⋅ ; 

− rotation around a vertical axis passing through the geometric center of the platform:  
3 5 42.49 10 m s, 4.22 10 m s, 1.97 10 rad sL TV V− − −∆ = − ⋅ ∆ = − ⋅ ∆Ω = ⋅ . 

The obtained values of pseudovelocity errors are significant for mobile robots with mecanum wheels, since they 
cause deviations in coordinates of the order of 10 cm in 2 minutes of robot movement. This makes it unacceptable for 
the mekanum platform to function offline in the absence of compensation for these positioning errors. Note that 
occurrence of a non-zero error in the angular velocity of rotation of the platform causes a nonlinear increase in the 
positioning error of the platform (formulas (15)) when considering control at the kinematic level. 

These results allow us to conclude that it is required to take into account the inaccuracies of fixing the wheel axles 
when building a control system. It should be noted that since the mounting errors of the wheel motor axles are unknown 
quantities, it is required to develop methods for identifying the parameters of the mathematical model of robot 
movement to determine them [16]. 

The application of the developed kinematic model of the mecanum platform, which takes into account the 
inaccuracies of fixing the axles of the wheel motors, makes it possible to build control at the kinematic level with 
greater positioning accuracy. 
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Thus, within the framework of this study, a model of the kinematics of a mobile platform with mecanum wheels is 
presented with an error in the installation of the axes of the wheel motors. A formula is obtained for estimating the 
errors of the pseudovelocities of the platform with software control formed at the kinematic level. Errors in the 
development of program motion for simple movements of the mecanum platform (forward movement, lateral 
movement to the left, and rotation in place) have been estimated. 

Discussion and Conclusion. The resulting kinematic model of a mobile platform with mecanum wheels can be used 
to improve positioning accuracy by forming a platform motion control that compensates for the impact of wheel 
installation inaccuracies. To use the obtained model in the control tasks of the mecanum platform, it is required to 
develop methods for identifying the parameters of the mathematical model in the future. 

The task for further research in this area is to develop a mathematical model of the dynamics of the mecanum 
platform, taking into account the errors in the installation of the axes of the wheel motors.  
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