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Abstract: The paper analyzes the problems of the most commonly used cardan shafts in agricultural machinery through a theoretical review and tests on a laboratory test 
bench. The aim of the research presented in this paper was to define the justification of a new method for retrofitting universal joint bearing units compared to the traditional 
methods of retrofitting. The new approach is based on energy efficiency (saving energy, raw materials and labor) compared to the conventional methods of retrofitting. The 
presented investigation to justify the proposed refit was carried out after the investigation of the extent of damage to the elements of the bearing assembly, which lasted 4.02 
minutes per sample, with the aim of obtaining information essential for the purpose of our work. The proposed diagnosis and refit of the cardan bearings can help to extend 
the service life and improve the reliability of the universal joint shafts already in service. The results of the research have shown that the method with replaceable bushings 
(installation of undamaged surfaces in the load transfer zone) is 6.24 to 7.54 times cheaper than the complete repair of the elements of the bearing assembly, 2.11 to 2.83 
times cheaper than the refit method, in which the damaged joints are replaced with new ones, and 1.62 to 2.74 times cheaper than the purchase of new double PTO (Power 
Take-Off) shafts. 
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1 INTRODUCTION 
 

The main purpose of the power take-off (PTO) shafts 
is to transmit the torque from the tractor to the working 
machine [1-3], where the axes of the connected shafts form 
an angle α [4-6], which can have a constant or a variable 
value. These mechanisms are widely used in agriculture, 
since the position of the shaft can change constantly 
depending on the soil conditions or the type of 
technological process. The power of the PTO shaft directly 
affects the accuracy and quality of work in agriculture [7]. 

The torque and power of the tractor are mainly 
transmitted mechanically through the PTO shafts to almost 
all implements and attachments (balers, seeders, mineral 
fertilizer spreaders, potato harvesters, etc.) [8]. The mass 
use of agricultural PTOs in practice, on the one hand, and 
the lack of repair centers for their maintenance and repair, 
on the other hand, show the need for significant research in 
this direction worldwide. In other words, the quality of 
machines and mechanisms is measured, among other 
things, by the possibility of their repair and maintenance 
[9]. The repair of such technical systems is justified only if 
the original operating conditions can be restored [10]. 

Reduced reliability of agricultural machinery in 
operation is reflected in yield losses (due to unpunctual and 
unsatisfactory quality of work) and increased maintenance 
costs (repairs, downtime, fuel, etc.). All this affects labor 
efficiency and leads to an increase in product price and cost 
per unit of labor. According to [11], tests on agricultural 
machinery have shown that 14% of mechanical 
transmission failures are due to universal joints, with about 
60% of failures due to cardan joints. According to research 
[12], the service life of an agricultural cardan shaft is 
between 5 and 9 years, which is very low considering that 
it is used only a few days a year. This low service life is 
influenced by the type of maintenance and use, as well as 
the conditions of use (terrain, angle of rotation α, etc.) [8]. 

The design of complex industrial assemblies such as 
universal joints is very challenging due to the large number 
of connections that must be made between moving 
elements [13]. Universal joint elements are subjected to 
high stresses during operation. These stresses develop into 

plastic deformations that can lead to permanent damage 
[14]. Wear is a natural, progressive process of material 
degradation at the contact surfaces that cannot be avoided 
and accompanies any tribomechanical system during 
power transmission under field conditions [15]. Wear 
processes cannot be completely eliminated, but they can be 
reduced to an acceptable level [16-18]. 

The most common conditions leading to cardan shaft 
damage are: unbalance [19], design defects, material 
fatigue [20, 21], complex working environment conditions 
such as dust [22], complicated maintenance [8]. 

In practice, the short service life of cardan shafts in 
agriculture is a result of, among other things: insufficient 
maintenance (removal of plastic protective covers by the 
operator, insufficient lubrication every 8 hours of 
operation, insufficient protection during the time when the 
shafts are not in operation, etc.); insufficient use (cardan 
shaft).) [12]; improper use (often too long or too short 
cardan shafts, poorly fixed shafts, too large rotation angles 
of the joints, application of higher torques than the shaft 
can withstand [23], etc.); complex atmospheric conditions 
[24] (working in rain, wind, dust, etc.). 
 
2 MATHEMATICAL MODEL OF THE MOTION OF THE 

CARDAN SHAFT JOINT 
 

Cardan shafts are usually made with one or two joints. 
In the case of shafts with only one joint, if the input and 
output shafts are not collinear, there will be asynchrony of 
rotation. In other words, when the rotational speed of the 
input shaft is uniform, the rotational speed of the output 
shaft oscillates according to the sinusoidal law. For this 
reason, cardan shafts with one joint are not used for power 
and motion transmission in agricultural machinery. 

The design of the shaft with two joints connected by 
an intermediate shaft avoids asynchrony, reduces 
vibrations and dynamic loads in the area of the shaft. 
However, these loads due to the use of the cardan shaft 
contribute to damage to the elements of the cardan shaft, 
i.e. the universal joint. 

In order to achieve asynchronism of the gearbox, it is 
necessary that the input, output and intermediate shafts be 
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in the same plane. The intermediate shaft forks should also 
be in the same plane. The angles between the axis of the 
input shaft and the intermediate shaft or between the 
intermediate shaft and the output shaft should be the same. 
Therefore, the equations of motion of the universal joint, 
the equations for the dependence of the angular velocities 
of two universal joints connected by an intermediate shaft 
to the input fork in the zero plane (for the spatial case) and 
the equations for the dependence of the angular velocities 
of two cardan joints connected by the intermediate shaft to 
the input fork in the vertical plane (for the spatial case) 
must be derived. 
 
2.1 The Equation of Motion of the Cardan Joint 
 

The kinematic analysis of the cardan joint includes the 
determination of the equation of motion [25]. The equation 
relates to the angle of rotation of the input shaft, the angle 
of rotation of the output shaft, and the angle between the 
two shafts. 

During its motion, the input shaft is perpendicular to 
the π1 plane and the output shaft is perpendicular to the π2 
plane (Fig. 1). 

 

 
Figure 1 Relationships between vectors in the cardan joint 

 
The vectors X and Y represent the vectors of the initial 

positions of the forks of the input and output shafts. During 
operation these vectors do not change their direction. The 
vectors X1 and X2 represent the current position vectors of 
the forks of the driving and the driven shaft. Let φ1 be the 
rotation angle of the driving fork and φ2 the rotation angle 
of the driven fork. The vector X1 is located in the plane π1 
and is described by the expression: 
 

 1 1 1cos , sin , 0 X         (1) 

 
The vector X2 is located in the π2 plane and is described 

by the expression: 
 

 2 2 2 2cos sin , cos , sin sin       X     (2) 

 
where α is the angle between the driving and driven shafts. 

Due to their design, the forks are perpendicular to each 
other. Thus, the vectors X, Y and X1, X2, are perpendicular 
to each other. Therefore, their scalar product is described 
by the equation: 
 

1 2 1 2 cos90 0X X    X X       (3) 

 
By inserting Eqs. (1) and (2) into Eq. (3), and by 

writing the resulting expression, it follows: 

1 2 2 1cos sin cos + cos sin = 0            (4) 

 
Dividing Eq. (4) by 1 2cos cos  , it follows: 

 

2 1tan cos + tan = 0           (5) 

 
The angle of rotation of the driven shaft is determined 

from Eq. (5): 
 

2 1
1

tan = tan
cos

 

         (6) 

 
Eq. (6) represents the equation of motion of the cardan 

joint. It is evident from the equation that the angle of 
rotation of the driven shaft (φ2) depends on the angle of 
rotation of the drive shaft (φ1) and the angle between the 
drive and driven shaft (α) [26]. 

By deriving Eq. (6) by time, the dependence of the 
angular velocities of the driving and driven shafts is 
obtained: 
 

2

2 2
2 2

1 1 1 1

d
d cosd = = =

d d 1 sin cos
d

t

t


  

     
     (7) 

 
Before determining the expressions for the equations 

of the dependence of the angular velocities of the two 
cardan joints in the zero and vertical planes (spatial case), 
it is necessary to determine the equations of motion for the 
independent cardan joint in the zero and vertical planes. 
The zero and vertical planes are geometrically described 
according to Figs. 2a and 2b. 

According to Fig. 2a, the equation of motion for an 
independent cardan joint in the zero plane is described by 
Eq. (6). The relationship between the angular velocities of 
the driving and driven shafts of the independent cardan 
joint in the zero plane is determined by Eq. (7). 

According to Fig. 2b, the equation of motion for an 
independent cardan joint in the vertical plane is described 
by the expression: 
 

2 1
π 1 π

tan + = tan +
2 cos 2

 


      
   

     (8) 

 

Since it is worth it π
tan + = cot

2
x x

   
 

, Eq. (8) takes 

the form: 
 

2 1tan = cos tan            (9) 

 
By deriving Eq. (9) by time, the equation of the 

dependence of the angular velocities of the driving and 
driven shafts for an independent cardan joint in the vertical 
plane is obtained: 
 

2

2 2
2 2

1 1 1 1

d
d cosd = = =

d d 1 sin sin
d

t

t


  

     
         (10) 
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From Eqs. (7) and (10), the angular velocities of the 
driven shafts are not equal to the angular velocities of the 
driven shafts. These two equations indicate the occurrence 

of rotation asynchrony in the design of cardan shafts with 
one joint. 

 

 
Figure 2 Zero plane (a) and vertical plane (b) according to [27] 

 
2.2 Equations of Dependence of Angular Velocities of Two 

Cardan Joints Connected by an Intermediate Shaft with 
a Drive Fork in the Zero Plane 

 
The spatial case of cardan shaft motion describes the 

motion of a shaft that uses two joints, and is applied when 
starting agricultural machinery. The equations of motion 
and dependence of angular velocities for the spatial case of 
the cardan shaft include the rotation angles β and γ (Fig. 3). 
Thus, β is the angle closed by the plane of the fork of the 
drive shaft and the plane of the fork of the driven shaft. The 
angle γ represents the angle of rotation between the forks 
of the intermediate shaft. 

 

 
Figure 3 Drive shaft fork in the zero plane for the spatial case 

 
According to Fig. 3, the equation of motion for the first 

cardan joint in the rear plane is described by Eq. (6). The 
second cardan joint is located in a vertical plane, so the 
angle of rotation of the drive fork of the intermediate shaft 
(φ3) is increased by the angle γ. The angle of rotation of the 
driven shaft (φ4), according to Fig. 3, is increased by the 
angle β. Therefore, it can be written: 
 

   4 3tan + = cos tan +               (11) 

 
The intermediate shaft represents one solid body, and 

is valid φ2 = φ3. Therefore, Eq. (11) has the following 
written form: 
 

   4 2tan + = cos tan +               (12) 

 
After derivation of Eq. (12) follows: 

 

   
 
 

2 2
4 4 2 2

2
24

2
2 4

sec + = sec + cos ,

sec +
= cos .

sec +

      

 


  

  


       (13) 

 
It is possible to see that the angles φ4 and φ1 cannot be 

connected to each other as in the previous cases. To 
achieve synchronous transmission, these two angles should 
be equal. 

By arranging the Eq. (6), it follows: 
 

1
2

tan
= arctan

cos





 
 
 

             (14) 

 
Because it is worth it φ2 = φ3, it follows from Eq. (12). 

 

  4 2= arctan cos tan +              (15) 

 
According to the derived expressions, it is possible to 

conclude that for the value of the angle α = 0°, and for γ = 
β, it follows that the angles φ4 and φ1 are equal (φ4 = φ1). In 
this case, synchronous transmission was achieved with a 
cardan shaft with two joints in the zero plane. For the case 
when the angles γ = β and the angle α ≠ 0°, it is not possible 
to achieve synchronous transmission. 
 
2.3  Equations of Dependence of Angular Velocities of Two 

Cardan Joints Connected by an Intermediate Shaft with 
a Drive Fork in the Vertical Plane 

 
According to Fig. 4, the equation of motion for the first 

cardan joint in the zero plane is described with Eq. (9). 
 

 
Figure 4 Drive shaft fork in the vertical plane for the spatial case 
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The second cardan joint is located in a vertical plane, 
so the angle of rotation of the drive fork of the intermediate 
shaft (φ3) is increased by the angle γ. The angle of rotation 
of the driven shaft (φ4), according to Fig. 4, is increased by 
the angle β. Therefore, it can be written: 
 

   4 3
1

tan tan
cos

   


             (16) 

 
It can be written as it is worth φ2 = φ3. Therefore, Eq. 

(16) has the following notational form: 
 

   4 2
1

tan tan
cos

   


             (17) 

 
After derivation of Eq. (17) it follows: 

 

   

 
 

2 2
4 4 2 2

2
24

2
2 4

1
sec + = sec + ,

cos

sec + 1
= .

cossec +

     


 
  

  


       (18) 

 
In addition, as in the previous case, it is not possible to 

connect the angles φ4 and φ1. To achieve synchronous 
transmission, these two angles should be equal [28]. 

By arranging the Eq. (9), it follows: 
 

 2 1= arctan tan cos              (19) 

 
Since φ2 = φ3 holds, it follows from Eq. (17): 

 

  4 2= arctan cos tan +              (20) 

 
According to the obtained expressions, for the angle α 

= 0°, and for γ = β, it follows that the angles φ4 and φ1 are 
equal. Since the angle α = 0°, the driving and driven shafts 
are collinear. By fulfilling the conditions of collinearity, 
synchronous transmission was achieved with a cardan shaft 
with two joints in the vertical plane. For the case when the 
angles γ = β and the angle α ≠ 0°, asynchronous 
transmission is achieved. 
 
3 MATERIAL AND METHODS 
 

The research in this paper is divided into two parts. In 
the first part of the research, which was conducted in the 
field and in the laboratory, the double PTO and drive shafts 
were examined to determine the degree of damage on the 
surface of the bearings. The second part of the research 
examined the economic justification for overhauling 
universal joints by introducing undamaged surfaces into 
the load transfer zone and compared it to traditional refit 
methods. The objective of the research described in this 
paper was to define the justification of a new approach to 
the overhaul of universal joints compared to traditional 
overhaul methods. 
 
 
 

3.1 Investigations of Damages of Universal Joint Bearing 
Assemblies 

 
A model of double PTO shafts was chosen to study 

damage to universal joint bearings in agricultural PTO 
shafts. Size 1 of double PTO shafts was studied, and there 
were five shaft patterns that were subjected to laboratory 
and field tests. Fig. 5 shows the 3D model of the universal 
joint studied. 
 

 
Figure 5 The mechanism studied in the paper - 3D model of a double PTO shaft 
 

The type of connection on the forks of the test cardan 
shafts is a hexagonal groove made in accordance with the 
ASAE S203 standard. Fig. 6 shows the appearance and 
dimensions of a complete spherical plain bearing assembly 
(cross shaft, pin and cup) on the tested shaft, while Fig. 7 
shows the cross section of the telescopic shaft with 
dimensions. 
 

 
Figure 6 Appearance and dimensions of the complete bearing assembly after 

mounting the pins and cups on the cross shaft 
 

 
Figure 7 Dimensions of the cross-section of the examined telescopic cardan 

shaft 
 
Tab. 1 shows the tested sizes of universal joint shaft. 



Eleonora DESNICA et al.: Analysis of Bearing Assemblies Refit in Agricultural PTO Shafts 

876                         Technical Gazette 30, 3(2023), 872-881 

Table 1 Examined sizes of universal joint shaft 
Universal joint 

shaft sizes 
1 2 3 4 5 6 8 

 / mm 22.0 23.8 27.0 27.0 30.2 30.2 35.0 
H / mm 54.0 61.3 74.6 74.6 79.4 91.4 106 
A / mm 2.6 3.2 3.4 3.4 3.0 4.0 4.0 
B / mm 32.5 36.0 43.5 43.5 51.5 54.0 63.0 
C / mm 4.0 4.0 3.2 4.0 3.8 4.2 4.0 
D / mm 26.5 29.0 36.0 36.0 45.0 45.0 54.0 

 
Tab. 2 shows the values of the operating parameters of 

the tested PTO shafts, while Tab. 3 shows the values of the 
operating parameters of the test. 

Laboratory methods were used to investigate the 
damage in bearing units of cardan shafts. The laboratory 
tests included methods for dynamic temperature 
investigation in bearing assemblies. 
 

Table 2 Values of operating parameters of the tested PTO shafts 
PTO operating parameters Value 

Size 1 
Power P / kW 12 

Moment M / Nꞏm 210 
Maximum dynamic torque Md / Nꞏm 320 

Table 3 Values of operating parameters during laboratory testing 
Test operating parameters Value 

Joint rotation angles α12 = α21 / о 20 
Number of revolutions of the shaft / rpm 540 

Output load / kW 4 

 
The conclusion that the bearing assemblies failed was 

drawn after their examination on the laboratory test bench. 
The diagnosis of each sample performed on the laboratory 
bench lasted 4.02 minutes per sample and included the 
testing of temperature in bearing assemblies. The 
diagnostic values examined were not subject to this study, 
although their extreme values were used only as indicators 
of bearing assembly or universal joint failure. The 
conditions under which the reliability tests of the double 
PTO were carried out are as follows: 
- a "Z" arrangement was used, 
- the rotation was only in one direction. 

The reliability tests of the cardan bearings were 
performed on a laboratory test stand, model: ANA Fig. 8 - 
a schematic diagram of the laboratory stand with marked 
elements and Fig. 9 - the laboratory stand [29]. 

 

 
Figure 8 Schematic view of the laboratory stand with marked working elements  

 

 
Figure 9 The laboratory stand 

 
The dynamic examination methods included methods 

for examining the temperature in the bearing units. The 
criterion for assessing the condition of bearing units by 
temperature was: < 62 °С - satisfactory condition, 62÷73 
°С - unsatisfactory condition, > 73 °С undesirable 
condition [29]. The extreme criterion of bearing unit failure 
was the temperature rise above 73 °С. The paper 
protractors were used to measure the damage angle in 
universal joint bearing assemblies.  

3.2 Analysis of Methods for the Justification of the Refit 
 

The analysis of the rationale included three possible 
ways of renewing the bearing assemblies, as shown in Fig. 
10: 
- The complete repair of the elements of the bearing 

assembly. 
- Replacement of damaged joints with new ones. 
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- Installation of undamaged surfaces in the load transfer 
zone with replacement of needle bearings, according 
to the patent [30]. The results of the investigation will 
show the degree of damage to the bearing assemblies 
and the possibility of carrying out this type of 
overhaul. 

 

 
Figure 10 Methods for the justification of the refit 

 
The complete repair of the elements of universal joints 

included (all costs are expressed in euros €): the costs of 
joint repair - Crz, the costs of new needle bearings - Cnl and 
the costs of joint disassembly and reassembly - Cdm. The 
main technological procedure in the universal joint refit is 
the welding procedure [31]. The costs of universal joint 
repair - Crz comprise the costs of hard facing of damaged 
surfaces of the cross shaft and cups by the TIG welding 
process, their grinding and finally, reassuming their 
original position. The costs of the complete repair may be 
expressed with Eq. (21): 
 

r rz nl dmC C C C  
                   

(21) 

 
The replacement of the damaged joints with the new 

ones includes: costs of new joints - Cnz, joint disassembly 
and reassembly - Cdm, i.e. replacement of the damaged 
joints with the new ones. The costs of replacement of the 
damaged joints with the new ones - Cz, may be expressed 
with Eq. (22): 
 

z nz dmC C C 
              

(22) 

 
Fitting the undamaged surfaces in the load transfer 

zone along with replacement of needle bearings comprise: 
the costs of new needle bearings - Cnl, the costs of joint 
disassembly and reassembly - Cdm and the costs of fitting 
the new undamaged surfaces of the crosshead sleeves and 
cups in the load transfer zone - Cup. The costs of setting the 
undamaged surfaces in the load transfer zone along with 
replacement of needle bearings - Cnp may be expressed 
with Eq. (23): 
 

np nl dm upC C C C  
            

(23) 

 
The analyzed refits and replacements of universal 

joints described in Eqs. (21) and (22) were conducted in the 
machine shops of the company named Termomontaza 
Novi Sad. The gross hourly price for overhaul work was 
13.24 € per hour. The analyzed refit methods expressed 
with Eq. (3), i.e. the refits based on fitting the undamaged 
surfaces in the load transfer zone were conducted using the 
solutions offered in patented universal joints. The patents 
of Professor Sigaev et al. which have cross shaft sleeves 

with pressed-in bushes of great hardness shaped as convex 
regular polygon [30]. The feature of the presented patent 
solution is the easy replacement of damaged sleeves 
surfaces - by rotating the sleeves i.e. placing undamaged 
surfaces in the load transfer zone. 

The relationship between the justification of the 
mentioned bearing assembly refit methods and the 
justification of the installation of the new universal joint 
shafts is given in the simple regression model in Eq. (24): 
 

( )y X    
             

(24)
 

 
where: y - is costs of bearing assembly refit depending on 
the selected refit method (included costs from Eqs. (21) to 
(23); X - is the value of a new universal joint;  - residual; 
γ and β - are the model parameters (β is a parameter that 
tracks the relationship between the value of repair costs and 
the price of a cardan shaft, while the γ parameter includes 
initial costs unrelated to the change in the price of a new 
cardan shaft). 
 
4 RESULTS AND DISCUSSION 
4.1 Analysis of Damages in Universal Joint Bearing 

Assemblies 
 

All bearing assembly elements tested in the field under 
operation conditions underwent visible damages. The most 
striking and evident damages were reported on the 
crosshead sleeve surface which were the result of the 
fatigue wear. Somewhat smaller but identical damages 
occurred on the surfaces of the bearing cups (20CrMn5), 
while on the needle bearings (100Cr6) there were most 
damaged surfaces recorded. Some examples of damages in 
bearing assembly elements in field operation are shown in 
Fig. 11. Fig. 11a shows damage of the crosshead and Fig. 
11b cup damages; Fig. 11c shows the damaged needle 
bearings of one bearing assembly. The damages in the form 
of thinned surface appeared on the upper part of the sleeve 
at an angle of 120°, Figs. 12a and 12b, the same maximum 
angle of 120° appeared on the cups, Fig. 12c. The 
undamaged surfaces of the sleeves and cups cover an angle 
of 240°. One part of these surfaces at an angle of 120° 
would overtake the load only when the universal joint shaft 
rotates in the opposite direction, which means that when it 
rotates in the same direction, they do not wear. The weakest 
elements of universal joint bearing assemblies are in fact 
the needle bearings with the highest percentage of wear, 
Fig. 11c. Almost every bearing assembly had broken 
bearings. Such a high degree of damage of the needle 
bearings in universal joints together with their shape and 
price indicate the fact that it is necessary to install new 
needle bearings during every overhaul of these systems. 
The results of damage to the bearing assemblies were 
identical to the results stated in the research [32]. 

The damaged surfaces in the bearing assemblies (cross 
shaft sleeves and cups) which undergo wear, occurred at an 
angle of 120°, Fig. 13. The rest of the surfaces of the 
bearing assemblies remained almost intact. The previously 
described analysis leads to the conclusion that if the worn 
surfaces are replaced with the intact ones, the life span of 
universal joint shafts may be considerably extended, i.e. 
the refit, which includes fitting the undamaged surfaces in 
the load transfer zone, may be conducted two more times. 
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                                                а)                                                        b)                                                   c) 

Figure 11 The damaged surfaces of rolling elements in universal joint bearing assembly samples in operating conditions: a) cross shaft; b) cups; c) bearings 
 

 
                                            а)                                              b)                                                  c) 

Figure 12 Zones of intensive wear of the bearing assembly elements a) on cross shaft; b) on cross shaft (side view); c) on cups 
 

These detected damaged bearing assembly elements, 
primarily the crosshead and cups, evidenced a very small 
damage of the surfaces where the overhaul including fitting 
undamaged surfaces in the load transfer zone may be 
suggested as a method applied to increase the level of total 
reliability. 

Two basic types of wear of universal joint bearing 
assemblies occurring in field operation conditions are 
fatigue wear (Fig. 14a) and brinelling (Fig. 14b). Fig. 14 
shows the damaged working surfaces of the crosshead 
sleeves. 

 
 

Figure 13 The angle of the damaged surface on the crossshaft sleeves 
 

 
a)                                                       b) 

Figure 14 Damaged crosshead sleeves: a) fatigue wear; b) plastic deformations 
- brinelling 

The damage surfaces of the cross shafts (shown in Fig. 
12a and 12b) fit into the research of the calculated 
temperature fields on the cardan joint that were shown in 
the research [33], Fig. 15. In this research, the cardan joint 
was modelled using the finite element method in the 
KOMPAS-3D V18 CAD software package, and the 
analysis of the temperature fields was calculated using the 
APM FEM module. The resulting map of the calculated 
temperature fields is shown in Fig. 15a, while Fig. 15b 
shows the map of temperature fields for the cardan joint as 
a whole, taking into account the heat release of the four 
bearing assemblies. 
 

 
Figure 15 Visualization of stress on the cardan joint 

 
4.2 Statistical Data Analysis of the Justification of 

Universal Joint Refit  
 

Based on the empirical data about the relationship 
between the universal joint refit price (using the three 
methods described in this paper) and the price of the new 
universal joint shafts, Eqs. (25) to (27) for the first bearing 
assemblies refit, and Eqs. (28) to (30) for the second refit 
of the bearing assemblies of the joints on the shaft were 
obtained. 

The said values for the first refit of the joints are: 
- for the complete repair of the universal joint elements: 
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cr1 169 50 1 92( )y . . X   
           

(25) 

 
- for the replacement of the damaged joints with the new 

ones: 
 

rno1 20 31 0 94( )y . . X   
           

(26) 

 
- fitting the undamaged surfaces in the load transfer 

zone with replacement of the needle bearings: 
 

rnb1 26 61 0 24( )y . . X   
                 

(27) 

 
The said values for the second refit of the joints are: 

- for the complete repair of the universal joint elements: 
 

cr2 399 00 1 92( )y . . X               (28) 

 
- for the replacement of the damaged joints with the new 

ones: 
 

rno2 40 61 0 94( )y . . X   
           

(29) 

 
- fitting the undamaged surfaces in the load transfer 

zone with replacement of the needle bearings: 
 

rnb2 53 22 0 24( )y . . X   
           

(30) 

 
The results of the parameters estimation, using the 

Gretl software package (license version 9.0 Open source), 
are shown in Tab. 4. 
 

Table 4 The estimation of the parameters of the Eqs. (25) to (30) 
Values Parameters Standard Error P-value R2 / % 

ycr1 
169.505 29.714 0.231 

94.21 
1.919 0.212 0.274 

yrno1 
20.307 6.801 0.306 

98.63 
0.936 0.048 0.061 

yrnb1 
26.615 2.368 0.073 

97.58 
0.245 0.017 0.082 

ycr2 
339.009 59.427 0.231 

94.25 
1.919 0.212 0.274 

yrno2 
40.614 13.602 0.306 

98.69 
0.936 0.048 0.061 

yrnb2 
53.229 4.736 0.073 

97.72 
0.245 0.017 0.082 

 
All the obtained parameters are statistically significant 

for the level of confidence of 95%. The coefficients of 
determination (R Square) for the first refit are 94.21%, 
98.63% and 97.58%, while for the second refit they are 
94.25%, 98.69% and 97.72%. These percentages show the 
validity of the models used to describe the relationship 
between the values of universal joint shafts as the 
independent variable, and the said costs of refit methods as 
the dependent variable in regression models expressed with 
Eqs. (25) to (27) and Eqs. (28) to (30). The obtained 
expressions clearly show the justification of the proposed 
refit method, Eqs. (27) to (30) (fitting the undamaged 
surfaces in the load transfer zone along with replacement 
of the bearings), in comparison with the conventional 
universal joint refit method. In other words, the obtained 
expressions may be used in decision-making process when 

a method for a universal joint shaft refit should be selected 
depending on its value. 

 
4.3 Analysis of Economic Justification of Replacing the 

Universal Joint 
 

The analysis of justification of universal joint bearing 
assembly refit by fitting the undamaged surfaces in the load 
transfer zone and comparison with the conventional refit is 
shown in Fig. 16 and 17. Fig. 16 shows the analysis of 
justification for the first refit (both joints) of doubly PTO 
drive shafts, type 1, 2, 3, 4, 5, 6 and 8 at their first failure. 
Fig. 17 shows the analysis of justification for the second 
refit (both joints) of doubly PTO drive shafts, type 1, 2, 3, 
4, 5, 6 and 8 at their second failure. Figs. 16 and 17, show 
the prices of universal joints (Fig. 16 - 1NU - the price of a 
new universal joint and Fig. 17 - 2NU - the price of two 
new universal joints). 
 

 
Figure 16 Justification of the first refit of universal joints (the first fitting of the 

undamaged surfaces in the load transfer zone) 
 

 
Figure 17 Justification of the second refit of universal joints (the second fitting of 

the undamaged surfaces in the load transfer zone) 
 

Analyzing the repair methods described in Eqs. (21) 
and (22) (Figs. 16 and 17), it can be concluded that the 
method of complete repair of bearing assembly elements is 
not economically justified, that is, it is from 2.50 to 3.26 
times more expensive than the method for replacement of 
damaged joints with new ones. 

Analyzing the repair methods described in Eqs. (21) 
and (23) (Figs. 16 and 17), it can be concluded that the 
method of complete repair of bearing assembly elements is 
not economically justified, that is, it is from 6.24 to 7.54 
times more expensive than the method for introduction of 
undamaged surfaces in the load transfer zone. 
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Furthermore, analysing the refit methods described in 
Eqs. (22) and (23) in Figs. 16 and 17 it can also be 
concluded that replacement of damaged joints with the new 
ones is economically justified as well. Depending on the 
size of the universal joint shaft, the refit which includes 
fitting the undamaged surfaces in the load transfer zone is 
between 2.11 and 2.83 times cheaper than replacement of 
damaged joints with the new ones, Figs. 16 and 17.  

The comparison between the costs of the refit which 
includes fitting the undamaged surfaces in the load transfer 
zone, Eq. (23), and the price of new double PTO shafts, 
1NU and 2NU, Fig.16 and 17, also leads to the conclusion 
that the proposed refit may be 1.62 to 2.74 times cheaper 
(depending on the size of the universal joint shaft) than the 
purchase of new double PTO shafts. 

In addition, if the two most economically justified 
methods are analyzed (method which includes fitting the 
undamaged surfaces in the load transfer zone and the one 
which includes replacement of damaged joints with the 
new ones), it can be concluded that, depending on the size 
of the PTO shaft, considerable savings may be made. Thus, 
for the first refit, i.e. the first fitting of the undamaged 
surfaces in the load transfer zone, the savings ranging 
between 51 and 145 € may be made if compared with the 
refit which includes replacement of damaged joints with 
the new ones. The second refit, i.e. the second fitting of the 
undamaged surfaces in the load transfer zone, the savings 
ranging between 102 and 290 € may be made if compared 
with the refit which includes replacement of damaged 
joints with the new ones. If 100 doubly PTO drive shafts 
are refitted, the refit centres may save between 5.100 and 
14.500 €, depending on the size of the universal joint 
shafts. Similarly, if compared with the conventional 
replacement of damaged joints with the new ones, the 
second refit, i.e. the second fitting of the undamaged 
surfaces in the load transfer zone may save between 10.200 
and 29.000 €, depending on the size i.e. on the type of the 
universal joint. 
 
5 CONCLUSION 
 

The main results of the research described are as 
follows: The described repair methods have shown that the 
size of cardan shafts is directly proportional to the 
justification of the repair; further implementation of the 
best described overhaul model would contribute to savings 
in raw materials and energy; the possibility of using the 
research results for other mechanical elements and 
mechanisms subject to wear. 

In order to increase the reliability of agricultural 
cardan shafts in field use, further research should be 
directed towards the development of new and the 
improvement of current technical solutions for universal 
joints. In this regard, all scientific, research and 
development activities should focus on the following: 
improvement of current technical solutions of bearing 
assemblies that would lead to significantly better 
maintenance and retrofitting, development of technical 
solutions of universal joints that are suitable for 
maintenance and retrofitting without disassembling the 
elements of the bearing assembly, development of sensor 
units - based on the Internet of Things (IoT) in cardan joints 
that will detect incipient damage in universal joint bearing 
assemblies, and improvement of current technical solutions 
of universal joints whose service life will be extended by 

using high-quality construction material for the 
development of rolling elements in bearing assemblies. 

The proposed diagnosis and refit of universal joint 
bearing assemblies can extend the service life and increase 
the reliability of cardan shafts in use. In addition to 
significant cost efficiency, other savings can be achieved, 
such as labour for maintenance and retooling, reducing raw 
material and energy consumption for the development of a 
universal joint, and improving operator safety. 
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