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In this paper it is presented a method for determining the load on the suspension ring of underframe of hydraulic 

excavator which binds radial-axial bearing. The approach is based on the use of Kane's equations with undetermined 
multipliers of constraints. The expressions are derived in symbolic form for the forces which suspension ring is exposed 
during the operation of digging. In addition to the kinematic and inertial parameters of the excavator, in these expressions 
are included the forces in hydro cylinders as well as parameters that characterize the operation of digging. For specific 
numerical values of the system parameters, numerical analysis is carried out and the appropriate load graphics are 
presented. 
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0. INTRODUCTION 
Excavators are universal construction machines 

with cyclic work, which primary task is excavation of soil, 
and the secondary is transport of excavation to the place of 
disposal or loading in appropriate transportation means. 
Their working cycle consists of:  digging of soil with the 
bucket filling, the bucket lifting, transfer of excavated 
material to the place of discharge, bucket discharge and 
taking up the original position. 

 
 Excavator (Figure 1) consists of the basic 
machine and excavation device. The basic machine 
consists of running gear device and rotating part of 
machine, while the excavator device is composed of boom, 
bucket stick and bucket. Depending on type of the running 
gear device there are two types of excavators: wheel 
excavators and crawler excavators which are most 
common in the application. 
 

 
 

Figure 1: The basic elements of a hydraulic excavator 
with caterpillar tracks 

 
 
 

Crawler excavators are self-propelled machines, 
whose running gear device allows moving the excavator 
from one to another place of excavation, while not 
performing transport of excavated material. The running 
gear device of excavator consists of frame, caterpillar 
running gear machine and mechanism for drive and 
braking. Caterpillar tracks have independent drive by 
individual hydraulic motors by a system mechanical 
transmission,thereby providing a synchronized or 
separated movement of the caterpillar tracks. 

 
Rotating platform is the basic metal construction of 

the excavator, on which are mounted working device, 
hydraulic drive, cabin with driving system and rotating 
mechanism. The main objective of placement of devices 
on rotating platform is achievement of best static moment, 
by which it prevents the overturning of the excavator. For 
that reason, on rotary platform is placed the counterweight. 
Rotating platform with rotating-supporting ring is 
connected with running gear machine, and thus own and 
working loads that acting on working device during 
operation, are transferred to the ground. 

 
The underframe is integral part of the running gear 

device of the excavator and it represents one of the most 
important parts of the supporting structure of the 
excavator. 

 
Its main task is to transfer the load from the upper 

frame, by slewing bearing on mechanism for movement. 
Support ring respresent a part of underframe which binds 
to slewing bearing. It is usually welded structure made 
from sheet metal, whose elements are made by cutting and 
folding. 
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Figure 2: Connection of slewing bearing, suspension ring 

and rotating platform 
 
Besides transferring the load, slewing bearing 

have task to ensure the stability and to allow undisturbed 
functioning of the rotating part of excavator. This bearing 
is made in the form of one or more rows of balls or rollers, 
with gearing on the bearing ring which is connected to 
support ring by bolts (Figure 2). Bearing is usually 
composed of three rings, between which are mounted 
rolling elements (balls, rollers or combined). 

Loads that will be defined and determined in this 
paper will have multiple functions in future research: 
• More precise calculation of bearing loading and 

selecting it on the basis of calculations 
• Calculation of bearing life in accordance with 

exploitation parameters 
• Possibilities of further structural development of 

support ring and modification of underframe 
construction 

• Possibilities of detailed calculations of the required 
lubrication parameters 

 
1. HYDRAULIC EXCAVATOR KINEMATIC 

RELATIONS 
In Figure 3, the multibody meodel of a hydraulic 

excavator is showen [1]. The bodies ( )iV  ( 0,1,..., 4)i =  
represents, respectively, chassis with caterpillars, roboting 
platform with driver’s cab, boom, stick, and bucket. The 
considerations in the paper are based on the assumptions 
of rigid soil foundation and immovable caterpillars. The 
motion of the excavator with respect to the fixed inertial 
reference frame Oxyz  is described by the generalised 
coordinates iq ( 1,..., 4)i = . At that, the vertical z  axis is 
directed upwards and the x  axis represents the axis of 
material symmetry of body 0( )V . The coordinate iq  
represents the relative rotation of body ( )iV  with respect 
to 1( )iV −   carried out about the joint axis determined by 

the unit vector ie  fixed to the body 1( )iV − . The local 
coordinate frames 0 0 0 0C ξ η ζ  and i i i iO ξ η ζ  ( 1,..., 4)i =  are 
fixed to bodies ( )iV ( 0,1,..., 4)i = , respectively, in a 
manner shown in Figure 3. For the purposes of the further 
considerations, let us introduce a coordinate frame 

* * * *O ξ η ζ  fixed to body 0( )V  at point *O  representing 

the center of the slewing bearing. The vectors * *, ,λ µe e  

and *νe  denote the unit vectors of the axes * *, ,ξ η  and 
*ζ , respectively. 

Without loss of generality, it is assumed that the 
configuration 1 0q = , 2 0q = , 3 0q = , 4 0q =  is a 
reference configuration of the excavator and that, in this 
configuration, the axes of all local coordinate frames are 
parallel to the corresponding axes of the inertial reference 
frame, that is, i xξ  , i yη  , . i zζ  . 
The mass centres  of bodies ( )iV ( 0,1,..., 4)i =  are denoted 
by iC ( 0,1,..., 4)i = . According to [2,3], the 
transformation matrix ,i jA ( 0,..., 4; 1,..., 4)i j= = from 

j j j jO ξ η ζ  to i i i iO ξ η ζ  reference frames ( 0i =  

corresponds to the frame 0 0 0 0C ξ η ζ ) has the form:  

( ) 2
.

1 1
( )

(1 cos )( )

sin ], ,

j j
kr

i j k k k
k i k i

k
kk

[ q

q i j
= + = +

= = + − +

+ <
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A A I e

e
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where 3 3r x
k R∈A  is the Rodriguez matrix [2], 3 3xR∈I  is 

the identity matrix, and  ( ) 3 3k x
k R∈e   is the skew –  

 
symmetric matrix [2,4] associated with the vector ( )k

ke . In 
further considerations the right superscript ( )k  indicates 
that  
components of the corresponding vectors and matrices are 
given in the k k k kO ξ η ζ  local frame. In regard to [5,6], the 
following kinematic relations of the considering hydraulic 
excavator hold [1]: 
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where , ,
ii i CVω ε and 

iCa  are, respectively, the angular 
velocity, the angular accelerations, the velocity of the mass 
centre iC  and the acceleration of the mass centre of body 

( )iV , and where 1i i il O O +=


( 1,...,3)i = , 0 0 1l C O=


, 

iC i il O C=


( 1,..., 4)i = , and 
0

[0,0,0]TCl = . 

 Since the body 0( )V  is immovable, the following 
holds: 

[ ]
0

(0) 0,0,0 T
C =V ,  [ ]

0

(0) 0,0,0 T
C =a .                                 (6) 
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Figure 3: Multibody model of a hydraulic excavator 

 
2. DETERMINATION OF THE LOAD ON   

SUSPENSION RING OF THE UNDERFRAME 
DURING THE DIGGING TRANSPORTATION TASK 

The interaction between the bucket and the soil 
during the excavation phase is shown in Figure 4. The 
digging force WF  acts on the centre K  of the cutting 
edge of the bucket. The force WF  depends on various 
factors such as the depth of the bucket tip K, the width of 
the bucket, the terrain slope, and the soil physical 
characteristics. Different expressions for the magnitude 
FW  of the force WF  can be found in [7,8,9,10]. The 
digging angle is denoted by dgθ  and bθ represents the 

angle between the bucket bottom and the 4η - axis. In 
regard to [7,11], the angle δ  varies in the interval 
0,1 0,45δ≤ ≤  and depends on the digging angle, digging 
condition, and the wear of the bucket cutting edge. As in 
[7,11,12], in this paper it is taken that this angle is constant 
and equal to 0,1δ = . 

 
Figure 4: Interaction between the bucket and the 

soil 
In accordance with Figure 4, the force WF  can be written 
as 

(4) [0, F cos( ),F sin( )]TW b W bW δ θ δ θ= − + +F .                   (7) 

The moment of the force WF  relative to point 4C  is 
determined by the following expression: 

4

(4)(4) (4) (4)
44 ( )W CO K= − −


M F l .                                         (8) 

Hence, the external force system exerted on bucket can be 
represented by a force system consisting of a force equal 
to WF  that passing through the mass centre 4C , the 
gravity force 4m g  of the bucket, and a couple with torque 

4M .  
Based on approach from [14], the load of  the suspension 
ring can be represented by a force passing through the 
point *O : 

*
1 2 3[ , , ]Tλ λ λ=R                                       (9) 

and a couple with torque 
*

4 5[ , ,0]Tλ λ=M                                                            (10) 

where iλ  ( 1,...,5)i =  are the projections of the vectors *R  and 
*M  onto the corresponding axes of the frame * * * *O ξ η ζ . 

Based on [14], these projections are determined by the following 
expressions: 

4
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where it is taken that an external force system exerted on 
body ( )pV ( 1,...,3)p =  is represented by an equivalent 

force system consisting of a force pF  passing through the 

mass centre pC  together with a couple with torque pM . 

In Eq. (11), 
pCI  represents the centroidal inertia tensor of 

the body ( )pV  expressed in the local frame 

p p p pC ξ η ζ whose axes are chosen so that p p p pC Oξ ξ , 

p p p pC Oη η  and p p p pC Oζ ζ  hold. 
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 Taking this into account, the projections of 
vectors in both coordinate frames p p p pC ξ η ζ  and 

p p p pO ξ η ζ  are the same. 
 Based on the considerations in [14], the vectors 

( )
,

p
p r
ωb  and ( )

,
V p
p rb  are determinined by the following 

expressions: 
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3. NUMERICAL EXAMPLE 

For purposes of determining the numerical values 
of projections ( 1,...,5)i iλ =  the following values of the 
excavator parameters are used ( see [7,11,12]): 

1 6420kgm = , 2 1566kgm = , 3 735kgm = , 4 432kgm = , 

2 2

214250.6kg mCI ξ = , 
3 3

2727.7 kg mCI ξ = ,  

4 4

2224.6kg mCI ξ = , 1 0.05ml = , 2 5.16ml = , 

3 2.59ml = , 4 1.33mO K = , *
1 0.76mO O = , 

1
0.61mCl = , 2 2.71mCl = , 3 0.64mCl = , 4 0.65mCl = , 

4 1.92γ = , ( )11 , 3.49305C η∠ =l , ( )2 2, 0.2566C η∠ =l , 

( )3 3, 0.3316C η∠ =l , ( )4 4, 0.3944C η∠ =l , 1.0472bθ = . 

The quantities ( )2,3,4
i iCI iξ = represent second-order 

inertial moments about the axes through the gravity 
centres ( )2,3,4p pC pξ = , respectively. At that, as in [13], 
it is taken that the time interval of the considered digging 
task reads 0 3t s≤ ≤ and that:  

( )1 0q t ≡ ,  

( )2 0.1744q t ≡ − ,                                                           (15) 

( )3 0.436q t ≡ ,  

( ) 3 2
4 0.1744 0.7848 tq t t= − −   

and  
( ) [ ]3 22.1812 18.097 35.9936wF t t t t kN= − + .             (16) 

 The external force systems acting on the bodies 
( )iV  ( 1,..., 4)i =  are defined as follows: 

( )
0, [0,0, ]i T T

i i im g= −F A  , 1, 2,3i =  ,                             (17) 
(4)

4

0,4 4

[0, cos( ), sin( )]

[0,0, ]
w b w b

T T

F F

m g

δ θ δ θ= − + + +

+ −

F

A
                 (18) 

( ) [0,0,0]i T
i =M  , 1, 2,3i =  ,                                         (19) 

and (4)
4M is defined by the relation (8). 

 The graphs of the magnitude of the force wF  and 
projections 2 3,λ λ and 4λ  are shown in Figs. 5, 6, 7, 8. 
 

 
Figure 5: Magnitude of resistance digging (cutting) 

force wF  versus time 
 

 
Figure 6: The projection 2λ  of the force *R onto 

the axis * *O η  
 

 
Figure 7: The projection 3λ  of the force *R onto 

the axis * *O ζ  
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Figure 8: The projection 4λ  of the torque *M onto 

the axis * *O ξ  
For the considering digging transportation task, the 
following holds: 

1( ) 0tλ ≡ ,                  (20)                                               

5 ( ) 0tλ ≡ .                                                                  (21)                                               
 

 
4. CONCLUSIONS 

In this paper, expressions in symbolic form for 
projections of the force *R  and the moment of couple of 
forces *M , which is exposed to suspension ring of the 
underframe, are presented. These expressions allow to 
during the excavation phase examine the effect of various 
design parameters of excavator and the relevant factors in 
process of interaction between the bucket and the soil to 
the load of the suspension ring. The expressions (12) – 
(13) can be used also in the caselifting and returning 
transport operations. Approach from paper [14] allows the 
loading of the suspension ring be determined without the 
need for determining reaction forces in joints О2 , О3 и О4 
, so that in meaning of computation is superior in regard to 
the Newton-Euler approch [15]. 
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