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Abstract 
 
A universal joint also known as universal coupling, U joint, Cardan joint, Hardy-Spicer joint, or Hooke’s joint is a joint or coupling in 

a rigid rod that allows the rod to ‘bend’ in any direction, and is commonly used in shafts that transmit rotary motion. It consists of a pair 
of hinges located close together, oriented at 90o to each other, connected by a cross shaft. The Cardan joint suffers from one major prob-
lem: even when the input drive shaft rotates at a constant speed, the output drive shaft rotates at a variable speed, thus causing vibration 
and wear. The variation in the speed of the driven shaft depends on the configuration of the joint. Such configuration can be specified by 
three variables. The universal (Cardan) joints are associated with power transmission systems. They are commonly used when there 
needs to be angular deviations in the rotating shafts. It is the purpose of this research to study the dynamics of the universal joints and to 
propose some practical methods for improving their performance. The task is performed by initially deriving the motion equations asso-
ciated to the universal joints. That is followed by elaborating on the oscillatory behavior in the rotational speed and the torque that trans-
mits through the intermediary shaft. The forces in the joint bearings are calculated by using an analytical method that is also supported by 
the numerical modeling. Such models are also used in order to calculate the rhythm and the amount of the excess loads on the joint. This 
is suggested as a systematic procedure in the search for the causes of the failures in these popular bearings. With the same purpose in 
mind some defected bearings with deformed sections were selected for the laboratory examinations. By analyzing the loading behavior 
and the surface conditions of the defected bearings and by comparison with the known fatigue theories attempts are made in order to dig 
into the causes for the failures in these joints and their bearing surfaces. With the aim of improving the performance and the life expec-
tancy of these popular elements of the machineries, some practical recommendations are also suggested.   
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1. Introduction 

The idea of a mechanism that can provide slight inclination 
to the direction of the rotating shafts has long been thought of 
by the engineers. Artobolevsky introduced a handful of such 
mechanisms in his book [1]. Some of such mechanisms with 
their corresponding characteristic curves are presented in Fig. 1. 

Failure of the universal joints can end up with serious con-
sequences and it can be very costly. It causes sudden disruptor 
in the supply of power between its source and the consumer 
device. Therefore, many studies are performed in order to 
recognize the nature of the corresponding forces and the fail-
ure within these mechanisms. For example, Hajirezaei & 
Ahmadi have reported their research results on the effect of 
cracks in fragile failure of Cardan joints [2]. Bayrakceken, et 
al. reported research results on two cases of failure in the 

power transmission system on vehicles equipped with the 
universal joints [3]. All such studies concentrated on the fail-
ure in the universal joints or its connecting rods, in a general 
sense. There is hardly any research report specifically con-
cerned with the failure of the bearings in the universal joints. 
However, in practice there have been many cases of failure 
associated with the malfunctioning universal joint bearings. 

 
2. The universal joint mechanism 

In 1904, Clarence Spicer, a young engineering graduate 
from Cornell University, registered his invention of a mecha-
nism [4]. Since then, the mechanism that was called the Car-
dan joint has found widespread industrial applications. The 
Cardan joint is amongst the most popular universal joints. It is 
widely used in the mechanical couplings and joints with the 
pre-condition that the input drive shaft and the output drive 
shaft are not aligned. It may also be desired to permit some 
angular deviations along the axis of rotation, Fig. 2. 

The Cardan joint comprises of the three main parts includ-
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ing the input drive shaft, the output drive shaft and the cross 
like piece. Two points of the cross piece connect to the input 
drive shaft and two other points connect to the output drive 
shaft. Connections are provided by the needle bearings. 

It is an important aspect of these bearings that while in ac-
tion they never go through complete cycles. In other words, 
each of these bearings revolves only a few degrees around its 
axis before returning to its original position. Therefore, there 
are only a group of balls in these bearings that take the bearing 
load. On the other hand, even if the angular speed of the input 
drive shaft is constant, the angular speed of the output drive 
shaft oscillates. The size of such oscillation depends on the 
amount of the angular deviation of the output drive shaft. 

These couplings are widely used in the automobile power 
transmission systems. However, they are prone to wear and 

malfunction and need to be replaced in comparatively short 
intervals of time. Naturally, it means that such parts have lim-
ited life span. 

 
2.1 Research background 

Numerous mechanisms are used to transmit power between 
traversing shafts. Amongst them Hooke’s joints are the most 
commonly used [5]. Hooke’s joint is categorized as the Car-
dan joint and the spherical joint. These joints have relative 
intersecting angles of 15 and 45 degrees, respectively. These 
types of joints are used in the equipments that are capable of 
high power transmission. However, the angular velocity of the 
driven shaft is not constant. This means that the ratio of the 
output velocity to the input velocity is not the same at all an-
gular positions [6]. 

Bayrakceken, et al. [3] carried out the fracture analysis of a 
universal joint yoke and a drive shaft of an automobile power 
transmission system. They concluded that crack propagation 
resulted from highly stressed points and fatigue failures are the 
main reasons behind the universal joints’ failures. They also 
concluded that some modification on the design of the joint 
may be considered, in order to prevent such failures. The mild 
stress concentration also speeds up the failure. 

Power transmission system of vehicles consists of several 
components that frequently encounter unfortunate failures. 
Heyes [7] studied the common failure types in automobiles. 
He revealed that failures in the transmission system cover 
quarter of all the failures in the automobiles. Some common 
reasons for such failures are the manufacturing and the design 
shortcomings. The poor maintenance, the faulty material as 
well as the mishandling by the users are also the contributing 
factors.  

There are also reports by some researchers on the failure of 
the power transmission systems [8-11]. Bayrakceken analyzed 
the failure of a pinion shaft of a differential [12]. Kepceler, et 
al. studied the stress and life calculation of the elements of the 
power transmission system of a four wheel drive vehicle [13]. 
Hummel and Chassapis [14] researched on the design of the 
universal joints. They came up with some suggestions on the 
configuration design and optimization of the universal joints 
with manufacturing tolerances. They also developed a system-
atic approach to the design and optimization of the ideal uni-
versal joint [15]. The principals to design universal joints with 
the minimum diameter required to handle a given input torque 
for a given joint angle was derived.  

In earlier designs, the front-wheel-drive automobile that 
was using the universal joints to transmit power from the en-
gine, encountered problems in the drive train. It was due to the 
rocking torques of the universal joints. Such torques were then 
analyzed by Dodge [16] and Evernden [17]. A comprehensive 
guide to the design of the universal joint was written by Wag-
ner and Cooney [18]. The guide is about analyzing the kine-
matics and strength of the ideal universal joint without consid-
ering interference and assumes small joint angles. Hummel 

 
Fig. 1. Samples of the universal joints and the corresponding character-
istic curves that were introduced by Artobolevsky, the dashed lines 
indicate angular velocity of the input drive shaft and the heavy lines
indicate angular velocity of the output drive shaft [1]. 

 

 
 
Fig. 2. Schematic of the Cardan joint. 
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and Chassapis [14] investigated a systematic approach to the 
design and optimization of the ideal universal joint. It was 
shown that extremely high internal forces develop if contact 
occurs between the various components of the mechanism 
[19]. The high internal forces can cause failure; therefore, 
interference must be avoided at all times. Untimely joint fail-
ures were attributed to the rocking torque that was investi-
gated by Dodge [16] and Evernden [17]. General universal 
joint design and dynamics guidelines have been written by 
Wagner and Cooney [18], Lee [20], Lingaiah [21], and Shig-
ley and Mischke [22].  

The need for advancing the power transmission mecha-
nisms is endless. Engineers are restless in their attempts to 
explore more sophisticated systems that can do the job more 
efficiently. The need to transmit the power co-exists with the 
aspiration for reducing the levels of undesirable vibrations in 
the machineries. An example for such attempts can be found 
in the work reported by Chen, et al. [23]. They proposed a 
method for vibration isolation of a vertical axis through small 
amplitude of the suspension rod’s axial force. By combing the 
geometric constraints and the governing dynamic equations 
they achieved a general governing equation for vibration isola-
tion of the system. 

In order to improve the quality of the power transmission 
systems, a second path is the improvement in the material 
content of the bearing surfaces. In can be performed in a way 
that advances the fatigue and the fracture resistance of the 
material while at the same time is friendlier to the environ-
ment. Sasaki [24] proposed surface modification for the bear-
ings. Multi-Scale surface texturing that is a new concept of 
surface modification for tribo-materials, introduced as the 
expected future development. It is seen as an effective engi-
neering technology that can contribute noticeably to sustain-
able societies. 

Fig. 3 presents a failed Cardan joint bearing. The points of 
failure on the bearing are clearly marked in this figure. It is the 
focus of this research to investigate the causes of failure of 
these bearings and to propose some remedies for preventing 
such failures. It can consequently improve the bearing per-
formance and increase its life-time. 

 

3. Kinematics of the Cardan joint and the derivation 
of its motion equations 

In order to accurately investigate the size of the oscillations 
in the output drive shaft and to calculate the maximum angular 
accelerations caused by the variations in the angular speed of 
the output drive shaft, one needs to resort to motion equations 
governing the Cardan joint [14, 25-27]. Such set of equations 
can be derived by using some geometrical relations between 
the selected points in a Cardan joint. Such is the one that is 
schematically presented in Fig. 4. 

In Fig. 4, the locus of the points on the input and the output 
drive shafts are marked with two circles. In order to start with 
the derivations, consider a test point that is marked as point 
“A” on the output drive shaft. The distance from this point to 
the centre of the coordinate system “r”, as a function of the 
angle of rotation of the output shaft “θ”, can be calculated 
according to Eq. (1). This equation is based on the geometrical 
relations presented in Fig. 4.  

 

( ) 2 2(  ) (   )r R cos R cos sinθ θ θ θ= +    (1) 

 
The velocity vector for the test point AV

uuv
 is equal to  

 

A AzAtV V V= +r r
r ruuv

   (2) 

 
where AtV r

r
and AzV r

r
are the tangential and normal components 

of the velocity at point “A”, respectively. 
 

( )AtV r θ ω= ×r
r

   (3) 

AzV z=r
r

&    (4) 
2 2( )z R r θ= −    (5) 

 
with θ = ωt, where “z” is the normal distance between point 
“A” and the output shaft, “ω” is the angular velocity of the 
input shaft and “R” is the shaft radius. It follows that 

 
2 2 2 2 2cos cos sinz R R t R tω α ω= − −    (6) 

2sin 1 cosz R tω α= −    (7) 

 
Fig. 4. An idealization of a Cardan joint. 

  
 
Fig. 3. Sample of a failed Cardan joint. 
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sin cosz R tω α ω= × ×&    (8) 
2 2 2cos cos sinAtV R t tω ω α ω= +r

r
   (9) 

2 21 sin sin .AtV R tω α ω= −r
r

   (10) 

 
“α” is the deviation angle between the directions of the input 

and the output shafts. Substitution for & AzAtV Vr r
r r

 results in 
 

2 2 2 2 2 21 sin sin sin cos .A AzAtV V V R t tω α ω α ω= + = − +r r
r r r

 

  (11) 
 
Eventually, one ends up with the following equations for 

the angular velocity “ωo” and the angular acceleration “αo” of 
the test point that is located on the Cardan joint output shaft 

 

21 sin cos(2 )A
o

V t
R

ω ω α ω= = + ×
r

   (12) 

2 2

2

sin sin 2 .
1 sin cos2

o
d t
dt t

ω ω α ωα
ω

= =
+

   (13) 

 
The above set of equations is merely based on the geometry 

of the Cardan joint. It is accurate and provides quick answers 
for the parameters of interest that are related to the joint. 
However, one may resort to engineering software that can 
produce the same sort of results at the expense of spending 
more time in model preparations. The later sections of this 
article rely on Solidworks in order to simulate some loading 
scenarios on the Cardan joint bearings. The geometry-based 
analytical method that is expanded in this section assists in 
verifying the preliminary results from the Solidworks model-
ing. It can provide an assurance that the numerical simulation 
stays in the right track and can provide reliable data. Therefore, 
the proposed analytical model and the simulation by the 
Solidworks in a sense have the task of confirming each other 
in consistency.  

In order to observe oscillations in the angular speed, a Car-
dan joint with all details was modeled by using Solidworks 
engineering software [28]. Its input drive shaft was revolved at 
a constant angular speed equal to 36o per second. The corre-
sponding results are presented in Fig. 5. It presents the varia-
tions in the angular speed of the output shaft of different incli-
nation angles while the angular speed of the input shaft is kept 
constant. 

Fig. 6 is a comparison between the output of the analytical 
results that are obtained by applying Eq. (12) and the results 
from modeling by the Solidworks software. The Solidworks 
modeling is needed to further analyze the Cardan joint. The 
input data to the two methods are the same and the results are 
in close agreement. While the analytical method produces 
exact results, there are slight differences of less that 0.01 per-
cent between the peak values predicted by the two methods. 
This can be attributed to the inaccuracies inherent to the nu-
merical modeling. This confirms the accuracy of the calcula-

tions and verifies the adequacy of the Solidworks modeling 
that is needed in the later sections of this research. 

It needs to be emphasized that the importance of the pro-
posed analytical model is in the accuracy of its results. 

It can be reliably used for the calculation of the maximum 
angular acceleration and the study of the parameters that in-
fluence the maximum moment of inertia. The same can be 
achieved through Solidworks modeling at the expense of 
spending time in model preparation and the loss of accuracy, 
to some extent.  

A practical point in working with the Cardan joints is that 
by using a second joint that is fitted at the same angle on the 
subject shaft one can remove oscillations in the angular speed, 
altogether. This has been proved by expanding the analytical 
method also by the using the numerical solutions [29]. Very 
often, the simultaneous usage of two Cardan joints in me-
chanical systems is unavoidable. This removes the problem of 
oscillations in the angular speed that appears in the user com-
ponent. This is schematically presented in Fig. 7. 

 
Fig. 5. The variations in the angular speed of the output drive shaft in 
Cardan joint of different inclination angles versus the angular dis-
placement of the input drive shaft.  
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Fig. 6. The angular speed of the output drive shaft at the input drive 
shaft speed of 6 rpm. A comparison between the results from the Solid-
works modeling and the analytical method. 

 

 
Fig. 7. The variations in the angular speed when using two successive 
Cardan joints. 
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4. Dynamic analysis and derivation of the bearing 
forces 

The power transmitted by a rotating shaft can be calculated 
according to Eq. (14): 

 
P = Tω = cte   (14) 
 

where “P” is the power transmitted, “T” is the transmitted 
torque and “ω” is the angular speed of the rotating shaft. 

Also by considering the fact that the power input to the 
mechanism is constant and equal to its output power, one ends 
up with the following equation for the transmitted torque: 

 

2
.

1 sin cos(2 )
out

out

P PT
tω ω α ω

= =
+ ×

   (15) 

 
As an example, based on Eq. (15), the calculated variations 

in the torque with the assumption of the angular speed of 6 

rpm for the shaft and the transmitted power of 36 kW is 
presented in Fig. 8. It presents the oscillatory behavior of the 
torque that transmits through the intermediate shaft between 
the two Cardan joints. This is indeed verifying the existence of 
such oscillatory behavior.  

The calculations for the exact value of the force and the size 
of the oscillations depend on the inertia of the intermediate 
shaft, inertia of the vehicle and variations in the torque arm in 
the Cardan joint mechanism. Such calculations are very diffi-
cult to be reached at. These forces are calculated numerically 
by using Solidworks engineering software [28]. The sample 
case is with the angular speed of 1000 rpm, resisting torque of 
100 N.m and the shaft angle of 10o. As a result, the forces 
endured by the input drive shaft bearings and the intermediate 
shaft bearings are calculated and presented in Fig. 9. 

It is clear from these results that the period for application 
of these forces are the same. It is resulted by the fact that the 
frequency of applying the force depends only on the angular 
speed of the input shaft. The phase differences between these 
forces also caused by the inertia of the components between 
the bearings. 

The point to be noticed here is that the amplitude of force 
variations is higher for the bearing on the intermediate shaft 
compared to the input shaft bearing. This is attributed to the 
variations in the torque arm during revolving that increases the 
force amplitude. The important fact that can be deduced from 
Fig. 9 is that the possibility for the failure and damage to the 
bearings on the intermediate shaft is higher compared to the 
same type of bearings that are used on the input or the output 
shafts. The forces on the input shaft bearings are exactly pro-
portional to the torque that is required to rotate the shaft. This 
indeed is the torque from the engine. Therefore, from this 
point on, all data are related to the engine torque instead of the 
force that acts on the bearings. 

 
5. Analysis by using computer simulation and the 

calculation of the excess load 

So far in this research, the oscillatory load on the Cardan 
joint bearings are identified and the causes of such oscillations 
are introduced. The oscillations that appear in the angular 
speed and the transmitted torque of the driven shaft conse-
quently cause oscillations in the force and the resultant 
stresses in the bearings. Such effects are related to the geome-
try of the Cardan joint mechanism and are impossible to be 
removed. The question that comes into mind is about the ef-
fects of such oscillating forces on the Cardan joint bearings. 
Naturally, one may think of the failure and deformation of the 
bearing inner rings under such conditions. Fatigue failures are 
accompanied by the initiation and the spread of cracks and 
never cause deformation of the parts. Therefore, it is necessary 
to search for other causes for the Cardan joint bearing failures. 
In view of the fact that most reported deformations are caused 
by the impact loading [30], one needs to look for the presence 
of impact loading in these bearings. For the same reason and 
in order to study the forces that act on the Cardan joint bear-
ings under overloading conditions, numerical simulation is 
used. The sample case is simulated by using the Solidworks 
engineering software in order to calculate the forces that act 
on the bearings. The following conditions are applied. The 

 
 
Fig. 8. The torque applied to the two ends of the shaft that connects the
two consecutive Cardan joints (ignoring the system inertia). 

 

 
 
Fig. 9. Forces on the Cardan joint bearings with the shaft angle of 10o, 
the angular speed of 1000 rpm, and the transmitted torque of 100 N.m . 
The heavy line is for the bearing on the input shaft and the dashed line 
is for the bearing on the intermediate shaft.  
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input angular speed of the mechanism is 500 rpm and the shaft 
deviation angle is 10o. The torque acting on the output shaft is 
100 N.m. The downward displacement of 2 cm applied to the 
output shaft within 0.2 sec. Such conditions are presented in 
Fig. 10 and the results are presented in Fig. 11.  

This numerical setup was to simulate the oscillations in the 
bearing forces while the output shaft tolerates displacement in 
the shape of a step of 2 cm in height. Such conditions are con-
sidered to be much softer than the real case scenarios. In real-
ity, the forces acting on the bearings can be much higher. 
Nevertheless, in this case the maximum load happens to be 1.5 
times the average load on the bearings. It is an indication of 
the sensitivity of the Cardan joint mechanism to the displace-
ment of the output shaft. From the results that are presented in 
Fig. 11 and the working conditions of the system, presence of 
the multiple overloads in the system is unavoidable and the 
excessive amount of such overloading cannot be denied. 
Reaching at this important point in research, it becomes clear 
that the periodicity of the overloading is the main suspect for 
the deformation in the inner ring of the bearings. As presented 
in Fig. 11, the excess load has peak values that repeat periodi-
cally. Under the condition that the period of the excess loading 
peaks are independent of the output shaft displacement and 
only depend on the geometry of the mechanism, one can claim 
that such peaks appear at certain angular position in the sur-
face of the bearing. 

Concentration of the same excess loads at the same position 
that are caused by the repetitive nature of the loading, initiate 
the bearing deformation. To further study this issue, another 
numerical simulation was organized. This was to study the 
proportionality of the excess load peaks to other oscillatory 

parameters that apply to the Cardan joint mechanism. This 
numerical setup resembles conditions of travelling over un-
even road surfaces. In this case, the output shaft oscillations 
are at the frequency of 2.5 Hz with amplitude of 2 cm.  

As a result, the torque required (that represents the forces 
acting on the bearing), the displacement of the output shaft 
and the angular speed of the intermediate shaft (that is proved 
to be oscillatory) are presented in Fig. 12. From such results, it 
is clear that the period for the excess loading does not depend 
on the displacement of the output shaft or on the environ-
mental conditions. It depends only on the frequency of the 
variations in the angular speed of the intermediate shaft that is 
dependent on the angular speed input to the mechanism. 

This is an indication of the fact that the excess loading ap-
plies only to some specific parts of the inner and the outer 
rings of the bearing. These exercises were continued in order 
to identify the parts of the inner and the outer rings of the 
bearing that bear the excess loads. In the third numerical simu-
lation, no conditions are specified for the excess load. A con-
stant resisting torque is applied to the end of the Cardan joint 

 
Fig.10. The setup for the numerical simulation of overloading a Cardan 
joint. 

 

 
Fig. 11. Variations in the shaft vertical displacement (the dashed line)
and the corresponding torque that is required for rotating the shaft at
500 rpm (the heavy line), “transmitted torque of 100 N.m”. 

 

 
Fig. 12. The output shaft displacement (the dotted line), the angular 
speed of the intermediate shaft (the heavy line), the torque applied to 
the Cardan joint mechanism (the dashed line). 

 

               (a)                           (b) 
 
Fig. 13. Results of a simulation of a Cardan joint under the condition that 
the output shaft carries a constant torque and the angular speed gradually 
increases from 10 to 100 rpm: (a) The torque that is required to drive the 
unit; (b) The zone on the inner ring of the bearing that endures the force 
(on the shaft that connects to the drive unit). 
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mechanism and the angular speed input to the mechanism is 
gradually varied from 10 rpm to 100 rpm.  

The corresponding output is presented in Fig. 13. From Fig. 
13 and by considering the geometry of the subject Cardan 
joint it becomes clear that when the angle of the force trans-
mission (φ in Fig. 10) is 10o, only part of the inner ring (in a 
span of 20o) endures the main force.  

In addition, there are only a few numbers of the bearing 
needles that endure the loads. It also proves that the angular 
span for the maximum load acting on the bearing surface is 
not a function of the angular speed of the input drive shaft. In 
fact, such a span is a function of the geometry of the mecha-
nism and it remains constant. This continues until the time the 
loaded zone deforms and the active area for the force shifts on 
the bearing surface. Another important point that is clear from 
Fig. 13 is the regular concentration of the points with maxi-
mum torque. Such points highlighted in Fig. 13(a) actually 
endure impact loads and lay at certain angular positions on the 
bearing surface. 

 
6. Investigating the causes for the Cardan joint bear-

ing failures 

At this point in research, it is intended to investigate the 
causes for the deformation and damages endured by the bear-
ing inner rings. Such an objective can be reached at by the 
proper examination of some failed Cardan joint bearings and 
also by careful study of the simulated results. It is also helpful 
to look back into the related documents that are already re-
ported by the sophisticated bearing manufacturers. 

It is intended to find some remedies for overcoming such 
bearing failures. In order to increase the accuracy of the results, 
5 failed samples of the Cardan joints were selected. After 
some preparations, the damaged surfaces of those bearing 
samples were precisely examined. Fig. 14 presents a picture of 
the sets of the bearings that were used for the purposes of this 
research. The oscillatory nature of the forces endured by the 
bearings was identified and presented in section 4 of this arti-
cle.  

Moreover, the presence of the Hertzian stresses is a docu-
mented fact in contact mechanics and especially in the case of 
the sliding bearings. The results of the many studies indicate 
that the Hertzian stresses have their maximum amounts at the 
lower layers of the contact surfaces. 

As a result of the presence of the maximum stresses such 
points are the most viable points for the movement of the dis-
locations and form their concentration points. Micro cracks 
start at such points and grow. The oscillatory natures of the 
forces that act on this specific bearing compel the cracks at the 
lower layers of the contact surface to grow faster and form 
larger cracks. 

These cracks merge and cause separation of some small 
pieces of the material from the surface. Pitting in the surface is 
the sign of the presence of the Hertzian stresses. However, 
Hertzian stresses cannot be the only cause for the deformation 
in these bearings as such stresses are present in all bearings. 
When pitting happens, it reduces the surface of the inner ring 
that should endure the force. Consequently, this increases the 
surface stresses. The presence of the impact loading at such 
conditions causes large stresses that are higher than the yield 
stresses and the material enters into its plastic zone. The exis-
tence and the noticeable size of such impact forces already 
discussed in section 5. Since the depth and the surface of the 
section of the material that was separated by the Hertzian 
stresses are small, following the smallest plastic deformation 
the contact area of the balls and the inner ring increases and 
the material keeps on tolerating more stresses. Therefore, the 
reason for the deformations in this bearing is the presence of 
the impact loading in concert with the Hertzian stresses. This 
condition is already discussed in some references [30, 31]. 
Now there is the question that “why the presence of the impact 
loading does not cause such severe deformations in the other 
types of bearings?” As discussed in section 5 of this article, 
the answer is in the regularity of the impact loading in the case 
of the Cardan joint bearings. In fact, in other types of bearings 
as the bearing rotates all the balls endure the forces. Therefore, 
it is possible for the impact load to land on any balls at any 
moment. But in the case of the Cardan joint bearings, the im-
pact load lands only on some specific balls at some specific 
angular span on the inner ring. In other words, after the impact 
loading causes the first deformation in the bearing, the Hert-
zain stresses and the oscillating load cause the crack initiation 
at the lower layers. This consequently causes pitting at some 
other parts of the inner ring. With the same trend as past, the 
impact load lands on the same point and forces the material to 
yield and to deform once more. It has to be emphasized that as 
a result of the geometrical specifications of this bearing con-
figuration, the impact loads land repeatedly on the same point.  

This practically causes some parts of the inner and the outer 
ring surfaces to stay safe from the impact loading while some 
other parts repeatedly suffer from the impact. Such processes 
are clearly visible in the microscopic pictures that were taken 
and are presented in Figs. 15 and 16. Since the contact surface 
of the needles with the inner ring surface is generally lower 

 
 
Fig. 14. Samples of the failed Cardan joints that were examined for the 
purposes of this research. 
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than its contact with the outer ring surface, deformations at the 
inner ring surface are more severe. The impacts act on the ring 
surface by impacting the needles. As the time passes on and 
the Hertzian stresses continue, the process of the wear in the 
bearing surface continues.  

The impact loads land on certain parts of the bearing and 
the needles gradually ditch and mark their effects on the ring 
surfaces. If the inner ring and the Cardan joint are manufac-

tured as one piece, there are limits to its material stiffness. 
Practically and under the working conditions, the centre of the 
Cardan joint has to endure bending and the tension that fol-
lows. The stiff and brittle materials are very weak against 
fatigue and tensile stresses. With the assumption that the balls 
and the outer ring of the Cardan joint bearing are stiff enough, 
one can expect that the major damages happen at the inner 
ring of this bearing. Fig. 17 presents the surface of an inner 
ring that is severely deformed. 

As a summary, the sequence of the events that are presented 
in Fig. 18 can be introduced as the main causes for the failure 
of the Cardan joint bearings. 

 
7. Propositions for improving the life expectancy of 

the Cardan joint bearings 

7.1 The use of the intermediate spring and damper to reduce 
the size of the impact loads 

It is already stated in the last section of this article that the 
regular impact loading is the most effective cause for the de-
formation of the inner and the outer ring surfaces in the Car-
dan joint. As a first remedy, it is possible to remove the impact 
nature of the loading by installing a torsion spring and a 
damper in the middle of the Cardan shaft. This also omits the 
forces with large amplitudes. The effectiveness of this method 
is already discussed and reported in detail in the recent studies 
[32]. Fig. 19 presents an image for a two pieces Cardan shaft 
with the added intermediate spring and the damper. 

Such configuration of the Cardan joint is used in the power 
transmission system of an automobile locally known with the 
brand name of “ROA”. Such has been the configuration for 
the Cardan joint in ROA automobiles, since 2010. The team of 
ROA engineers believes that this set up has considerably re-
duced damage to the Cardan joint mechanism. 

 
Fig. 15. Sample of the bearing outer ring and its microscopic image 
(magnification × 20): (A) The zone completely deformed by the im-
pact loading; (B) The wear and crack re-growth at the deformed zone;
(C) The zone without the impact loading and with higher rate of wear.

 

 
 

Fig. 16. Sample of the bearing inner ring and its microscopic image
(magnification × 20): (A) The zone completely deformed by the im-
pact loading; (B) The wear and the crack re-growth at the deformed
zone; (C) The zone without the impact loading and with higher rate of
wear. 

 

 
Fig. 17. The cross section of an inner ring of a Cardan joint bearing 
that is severely deformed. 

 
 

 
Fig. 18. The sequence of the events that end up to the deformation. 

 

 
Fig. 19. Configuration of a Cardan joint with the intermediate spring 
and damper elements used in “ROA” automobiles. 

 



 F. Vesali et al. / Journal of Mechanical Science and Technology 26 (8) (2012) 2439~2449 2447 
 

  

7.2 Reducing the load on the bearings that are viable to 
damage by increasing the torque arm 

In section 4 of the article, it was stated that the force applied 
to the bearing on the intermediate shaft is higher than the load 
on the bearings on the input or the output shafts. 

This is caused by the variations in the torque arm during the 
revolving of the shaft. It causes early damage to the Cardan 
joint bearings. The inner rings of the four bearings on the ends 
of the joint cross piece are manufactured as one piece. Conse-
quently, when the time comes one has to replace the cross 
piece altogether. This happens while the bearings that connect 
to the outer shaft are not exposed to serious damages to the 
same extent as the bearings that connect to the intermediate 
shaft. Therefore, one may slightly increase the length of the 
arm of the Cardan joint that connects to the bearing on the 
intermediate shaft. This elongates the Cardan joint life span by 
allowing the four bearings to reach to their damaged status 
within the same time span. 

Schematic design for such a bearing is presented in Fig. 20.  
It needs to be reminded that the difference in the length of 

the arms of the Cardan joint depends on the operating angle of 
the joint. If the Cardan joint arms are out of proportion, this 
can increase the possibility for failure at the base. It is neces-
sary to make sure that in practice the four bearings on the joint 
endure the same amount of maximum loading. 

In order to examine the effectiveness of this proposal in 
lowering the loading on the Cardan joint cross piece arms, a 
numerical simulation by using Solidworks is arranged. The 
modeling conditions are the same as in Fig. 10. The input 
angular speed of the mechanism is 500 rpm and the shaft de-
viation angle is 10o. The torque acting on the output shaft is 
100 N.m. Two sample points on the Cardan joint cross piece 
are selected. In Fig. 20, these points are marked as point “A” 
on the shorter arm and point “B” on the longer arm. It is ex-
pected that the intermediate shaft should connect to the longer 
arm at point “B” and the input or the output drive shafts 
should connect to the shorter arm represented by point “A”. 

The results of the simulation in the form of the loading on the 
selected points are presented in Fig. 21. Clearly and as desired, 
the forces acting on point “B” that is located on the longer arm 
of the cross piece are lower than the forces acting on point 
“A”. This is achieved by making the lengths of the cross piece 
arms unequal. Therefore, the bearings connecting to the in-
termediate shaft will no longer face with larger amount of 
loading compared to the bearings on the other ends of the 
cross piece. 

It is possible to adjust the arm lengths to the sizes that will 
make the loadings on the bearings more manageable. Hence, it 
is concluded that this proposal is practical.  

 
7.3 Increasing the degrees of freedom in order to remove the 

regularity in the impact loading 

In section 5, it was stated that regularity in impact loading is 
amongst the most important factors in the deformation of the 
Cardan joint bearing inner rings. If one could remove the 
regularity in the impact loading, this certainly spreads the 
deformation throughout the ring surfaces. It can prevent emer-
gence of the wavy appearance in the inner ring surface. In 
order to omit the regularity in the impact loading of the inner 
rings by the needle bearings, the idea of adding one degree of 
freedom to the bearing is proposed. It can be achieved by add-
ing a second bearing to the system. The schematic of such 
configuration is presented in Fig. 22. 

In such a bearing, the inner ring can revolve freely. This 
causes all the balls to enter into the angular zones of the forces 
that act upon them. Under such conditions all the balls will 
share the loads and endure the same amount of damage. 
Moreover, at the time of the impact, the contact point of the 
balls with the inner surface of the bearing will be randomly 
selected. Through such idea, surface of the inner ring will 
deform uniformly and the wavy appearance will not be 
formed. The idea of added roller bearings naturally increases 
the size and the price of the Cardan joint. However, it can be 
very useful for the special cases when the Cardan joint is 
hardly accessible or very costly to be replaced. 

 
 
Fig. 20. A proposal for the Cardan joint with increased torque arm at 
the inner rings of the intermediate shaft bearings. 
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Fig. 21. Loading patterns for sample points “A” and “B” on the Cardan 
joint cross piece when the cross arm lengths are not equal (the results 
of simulation by using Solidwoks). 
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7.4 Installing rigid rings over Cardan joint arms to act as the 
inner rings 

Commonly, the Cardan joint and its’ bearing inner rings are 
manufactured as one piece. This restricts rigidity of the inner 
rings. The brittle materials are very weak against tensile fa-
tigue loads. The Cardan joint has bending load in its middle 
parts. This generates tension in its upper layers. Therefore, a 
proper recommendation can be the use of hardened metal 
bushes to act as the inner rings that sit on the four ends of the 
Cardan joint. This improves the performance of the inner rings 
without the need to alter the material content of the Cardan 
joint. A schematic of such a proposition is presented in Fig. 23. 

 
8. Conclusions 

The Cardan joint may appear as a simple component within 
a machine. It is no longer in use for many modern day auto-
mobiles. However, almost all semi heavy and heavy trucks 
and automobiles with engine power of more than 250 Hp have 
rear driving wheels and have to be equipped with Cardan 
joints. On the other hand, a Cardan joint is fairly cheap and 
very easy to be replaced. This can be performed during the 
routine maintenance services. But, it needs to be reminded that 
automobiles are not the only machineries that are equipped 
with Cardan joints. Other industries also use the Cardan joints 
in order to shift the direction or the alignment of the rotating 
shafts. Moreover, a damaged Cardan joint causes rigorous 
vibrations to its output shaft. Such vibrations can severely 

harm other components of the power transmission mecha-
nisms. This certainly emphasizes on the importance of study-
ing the Cardan joints and the parameters that can increase its 
performance and elongate its life time. 

Therefore, the focal point in this research was to propose 
practical methods for increasing performance and the life ex-
pectancy of the Cardan joint bearings. It included studying the 
nature of the loads acting on the Cardan joint and its bearing 
surfaces. This was done analytically by considering the ge-
ometry and constraints of the Cardan joint. 

A parallel task was the assessment of the Cardan joint be-
havior under loaded conditions through some numerical simu-
lations.  

Many damaged samples of the Cardan joints were also col-
lected. The damaged sections of such joints were carefully 
examined. The analytical and the numerical simulated results 
were verified by comparing them with the outcome of the 
investigations about some damaged samples. 

After careful examinations of the damaged bearings and by 
resorting to the analytical and the numerical simulated results 
some remedies are proposed. It is anticipated that such pro-
posals can increase the performance and improve the life ex-
pectancy of the Cardan joints. These include:  

- The use of the intermediate spring and damper to reduce 
the size of the impact loads 

- Reducing the load on the bearings that are viable to dam-
age by increasing the torque arm 

- Increasing the degrees of freedom in order to remove the 
regularity in the impact load 

- Installing rigid rings over Cardan joint arms to act as the 
inner rings. 

With the aim of reducing damages to the Cardan joint and 
its bearings, one may choose a solution that is practically pos-
sible. It is also possible to combine some of the proposed 
methods to improve the quality of power transmission and to 
achieve a higher life expectancy for the bearings.  

Further studies regarding the design, manufacturing proc-
esses and hardening of the Cardan joints can produce mecha-
nisms that can perform more efficiently and last many folds, 
compared with the available devices. 
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