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Abstract
Objectives: The present investigation aims to design a structural steel universal joint and analyze its behavior under co-
axial compressive loading. Methods/Statistical Analysis: In the present investigation, CATIA V5 was used to design the 
Universal joint of a steering column, and its finite element analysis was carried out using ANSYS software. Structural steel 
and its properties were used for design as well as analysis purpose. In ANSYS, static structural analysis was carried out to 
determine the von-Mises stress, von-Mises strain and total structural deformation. Findings: The steering column is an 
integral section of an automobile for its stability and steady movement. A universal joint is typically employed to transmit 
the rotational energy of a steering column to a shaft inclined at a particular angle. In universal joints, two forked shaft 
are connected using a cross-shaped intermediate member. This section is very susceptible to shear deformation owing 
to torsion, and fatigue failure may occur due to its cyclic nature. After evaluation of nature and stress characteristics, it 
can be concluded that the universal joint made up of structural steel is safe below and at the applied load. Application/
Improvements: The collapsible steering column is an effective mechanism for safe and comfortable driving experience, 
especially in the all-terrain vehicle. For this purpose, the steering column components should be able to bear sudden 
compressive and tensile forces.

1. Introduction
The moving direction of the vehicle is controlled by the 
steering wheel. The directional accuracy and manoeuvre 
capability of an automobile are mainly reliant on how 
accurately steering response is communicated to wheels. 
Regardless of vehicle type, the steering mechanism consists 
of several parts like steering wheel, steering shaft, tie rods, 
steering arms etc. It is nearly impossible to align all the 
aforementioned components in a single axis due to design 
constraints. Therefore, universal joints are employed to 
distribute the steering response in a designated direction.
Apart from automobile, universal joints are also integral 

parts of aircraft control mechanisms, medical instruments 
etc1. Universal joint (Figure 1) has the capability to join two 
offset shafts and transmit rotational motion of one shaft 
to another in synchronized manner. If aligned perfectly, 
the synchronous movement of the two shafts will have 
consistent speed. Practically, it is not feasible to attain 
similar speed by both the shafts due to the presence of joint 
friction and joint angle. In practice, bending moments affect 
the life of the universal joint system severely2. Various types 
of universal joints are used in the automobile sector such 
as Hook type joint, Hardy-Spicer joint, Layrub joint, Cross 
type joint, Block type joint, Doughnut rubber coupling etc3,4. 
Inmost commonly used universal joint assembly, two forked 
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shafts are connected using a cross-shaped intermediate 
component. It frequently subjected to torsional as well as 
bending stresses and unwanted vibrations. Therefore, it 
might fail by torsion induced deformation and fatigue.

Fierce competition in the market forced the 
manufacturer to reduce the time-to-market duration of 
a component and provide a well-designed reliable and 
durable product. In this short duration of time span, 
design, development and optimization operations along 
with up-front analysis need to be conducted to ensure 
the quality of the product. With the development of 
faster workstations or computers and more sophisticated 
design and analysis software, it is possible to inculcate a 
more realistic design, and analyze its real-time operation 
or performance. In the present investigation, a Computer 
Aided Design (CAD) software named CATIA is used to 
design a universal joint which is further analyzed in finite 
element analysis software named ANSYS. CAD software 
is equipped with multiple application modules; one of 
them is geometric modeling. It is a subdivision of applied 
mathematics and computational geometry. It provides 
a mathematical description of the geometry of objects 
using different algorithms. A CAD program performs 
the numerical analysis of a contour and illustrates it as 
a 3D image on the computer screen. Therefore, a CAD-
model describes the intent design, where geometrical 
characteristics, parameters and constraints are entered. 
It also provides the geometrical restrictions for the part5. 

A geometric modeling in CAD framework generally 
consists three steps. In the first step, necessary geometric 
elements are constructed using multiple commands 
such as point, line, circle etc. In the second step, the 
geometric features were transformed using commands 
such as scaling, translation, rotation, cutting etc. In that 
way, it is possible to create a library of different profiles 
that replicate themselves. In the third step, a desired 
shape of the object is obtained by integrating already 
created or transformed elements of profiles in previous 
steps6,7. CATIA is a commonly used CAD framework for 
geometric modeling of various components frequently 
used in mechanical devices8–11. In the Finite Element 
Analysis (FEA), computational methods are used to 
perform various engineering analysis such as structural, 
heat and mass transfer, fluid flow etc. It is a potent tool in 
which an investigated section is subdivided into very small 
subsections named finite elements. These finite elements 
were modelled using simpler equations, and all these 
equations were clubbed to form a significant equation for 
modelling the whole investigated section. ANSYS is very 
commonly used FEA software in engineering12.

Universal joints used in automobile steering section 
did not become directly subject to axial loading. As already 
mentioned it is a type of hinged joints and subjected to 
rotational motion. In collapsible steering columns, there 
is a minute chance that the column will exposed to axial 
forces (mostly compressive) during an accidental hit. No 
study explained the effect of tensile or compressive force 
in the axial direction of universal joints. Therefore, the 
present investigation aims to design a structural steel 
universal joint and analyze its behavior under co-axial 
compressive loading.

2. Materials and Methods

2.1 Material
Universal joint fabricated from structural steel was 
utilized for the present investigation. Table 1 contains 
the detailed chemical composition of commonly used 
structural steel.Figure 1.  A schematic diagram of commonly used bench vice21.

Table 1. Chemical composition of structural steel20

Elements Manganese (Mn) Silicon (Si) Phosphorus (P) Carbon (C) Iron (Fe)

Weight % (max) 1.60 0.50 0.025 0.12 Remaining
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2.2 Design and Analysis Software
CATIA is a powerful tool for 3D interactive modeling. 
The 3D design of connecting rod was modeled on CATIA 
V5R20 software. ANSYS with Finite Element Analysis 
(FEA) tool is utilized to solve complex engineering 
problems, design optimization etc. It is also assisting in 
reducing the expenditure of physical testing and material 
loss. The design of the connecting rod was imported 
from the CATIA and analyzed in ANSYS 17.2 software 
using various boundary conditions. The characteristics of 
materials employed for the analysis are listed in Table 4.

3. Results and Discussion

3.1 Modeling of Universal Joint in CATIA
Solid modeling is started with the creation of a 2D 
geometry of the profile using sketcher module. The profile 
sketch tool or product structure tool is used to create the 
basic outline of the base body design. All the necessary 
limitations or restrictions (like coincidence, contact, 
offset, angle, fix etc.) required for the design are imposed 
using constraints toolbar. After exiting sketcher module, 
the solid model is generated in part design module. Pad 
tool in part design module was used to prepare a solid 
3D model. The unwanted portion of the solid model 
was removed using the pocket tool. The hole, chamfer, 
shaft etc. tools are used to create the relevant contour 
profile at an appropriate place in the design. Figure 2 is 
representing the solid 3D model of the base body formed 
in part design module.The fork body, center block, pin 
and collar as shown in figure are designed separately 
using sketcher module, part design module, and pad/ 
pocket tools as per the requirement. The last step of the 
geometric modeling is to assemble all the scattered parts 
into one. The positioning of multiple parts at suitable 
places is carried out in assembly design module using 
manipulation tool. In addition, the relationships between 
the selected components are established using constraints 
such as coincidence (contact, offset, and angle) and fix. 
Conventional elements accessible from the library are 

Figure 2.  The basic form of the (a) Fork body (b) Center 
block (c) Pin (d) Collar in part design module.

Figure 3.  Design of universal joint.

Table 2. Meshing details of various sections

Universal 
Joint Parts

Collar 1 Collar 2 Pin 1 Pin 2 Fork Section 1 Fork Section 2 Center Block

Nodes 773 773 1166 1166 2244 2244 1641
Elements 357 357 557 557 1152 1152 789

utilized to give a final finish to the geometrical design. 
The final design of the universal joint is shown in Figure 3.
The necessary material properties for performing proper 
virtual analysis are listed in Table 2.
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3.2 Finite Element Analysis in ANSYS
A 3D model developed in CATIA was imported to the 
design modeler of ANSYS 17.2 software for analysis. 
The analysis was carried out using static loading condi-
tion. Before starting the virtual analysis, meshing of the 
designed part is an essential operation to obtain reliable 
results. Details of the parameters used in meshing opera-
tion along with other parameters are included in Table 3. 
The compressive load of 100 N was applied to the fork 

section 2, and fork section 1 was fixed. The variation in 
equivalent strain (von-Mises strain), equivalent stress 
(von-Mises stress) and the deformation in universal 
joint are shown in Figure 4-6. The propensity of stresses, 
strains and deformations are represented by multiple col-
ors in the given contour of the universal joint. Red color 
represents maximum whereas, blue color represents a 
minimum.

Figure 4 revealed the von-Mises stress profile for the 
designed universal joint. The von-Mises stress is utilized 
to predict the appropriateness of the material for a par-
ticular set of loading conditions. If the von-Mises stress 
is higher than the yield strength, the material is said to 
be crumpled13. It is generally used to study the failure 
behavior of the ductile components. The von-Mises the-
ory considers all types of stresses responsible for failure. 

Table 3. Material properties

S. No. Properties Values
1. Density 7.85×10-6 kg/mm3

2. Coefficient of thermal 
expansion

1.2×10-5 /°C

3. Specific heat 4.34×105mJ/kg °C
4. Thermal Conductivity 6.05×10-2 W/mm °C
5. Resistivity 1.7×10-4 ohm mm
6. Compressive Yield Strength 250 MPa
7. Tensile Yield Strength 250 MPa
8. Tensile Ultimate Strength 460 MPa
9. Zero Thermal Strain 

Reference Temperature
22 °C

10. Young Modulus 2×105 MPa
11. Poisson Ratio 0.3
12. Bulk Modulus 1.6667×105 MPa
13. Shear Modulus 76923 MPa
14. Relative Permeability 10000

Table 4. Parameters used for FEA analysis

S. No. Parameters Values
1. Materials used Structural steel
2. Volume 2.8802×106 mm3

3. Mass 22.609 kg
4. Scale factor value 1
5. Total number of bodies 7
6. Total number of active bodies 7
7. Total number of nodes 10007
8. Total number of elements 4921
9. Mesh metric None

10. Applied compressive load 100 N

Figure 4.  Von-Mises strain profile of universal joint at 100 N loading.
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On the other hand, Tresca theory omits the intermediate 
principal stress during analysis14. From Figure 5, it would 
be conferred that the maximum stress was observed at 
the nearby region of fork and center block joint. From 
the observation, it could be estimated that the area near 
to the periphery of fork and center block joint is suscep-
tible to failure if an excessive crushing load is imposed 
during accidental conditions. This area is also vulnerable 
to fatigue failure due to cyclic nature of the stresses15. 
However, the maximum stress on universal joint is well 

below the yield strength. Therefore, the rupture does not 
take place for the loading conditions used in the study16. 
To evaluate the maximum von-Mises stress is essen-
tial concerning fatigue because the high tensile stresses 
mostly initiate fatigue cracks at certain points17,18. At 
maximum loading conditions, the load shared by various 
sections of the connecting rod resulted in high-localized 
pressure. Owing to this localized pressure or stresses, the 
universal joint may or may not face catastrophic failure 
during active service life. 

Figure 5.  Von-Mises strain profile of universal joint at 100 N loading.

Figure 6.  Total deformation in universal joint at 100 N loading.
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However, it can act as active sites for wear or fatigue 
and reduce the useful life of the part19. The von-Mises 
stress values for structural steel universal joint exhibited 
that the jointissafe to use for loading conditions used in 
the current study.

Figure 5 exhibited the von-Mises strain profile for the 
designed universal joint. The maximum von-Mises strain 
was occurred in center block more precisely near to the 
region where fork section is being attached with the cen-
ter block.

The deformation in universal joint might take place 
due to the bending or buckling under severe loading. 
Figure 6 revealed the deformation profile of universal 
joint at 100 N compression loading condition. The maxi-
mum deformation occurred at the fork Section 1.

The maximum value of von-Mises stress or equivalent 
stress was lower than the yield strength. The calculated 
factor of safety for structural steel universal joint is very 
high for 100 N loads. Therefore, the design of universal 
joint is safe for applied load in static loading condition.

The collapsible steering column is an effective mech-
anism for safe and comfortable driving experience, 
especially in the all-terrain vehicle. For this purpose, 
the steering column components should be able to bear 
sudden compressive and tensile forces. It can not only 
provide safety to the driver but also reduce the damage to 
the vehicle during minor crashes. The energy generated in 
the steering column can be dissipated through joints. As 
per the results obtained, the universal joint (design and 
material) studied in the present work is safe for minor 
crashes or accidentally generated axial compressive load.  

4. Conclusions
In this work, the design and finite element analysis of 
universal joint were accomplished. We focused on the 
effect of axial compressive loading on the universal joint. 
The design of the universal joint was prepared using 
CATIA software, and the static analysis of the model was 
performed in ANSYS. In the existing model, the noted 
von-Mises stress was 0.14 MPa for 100 N axial forces 
which is well below the yield strength of structural steel. 
The maximum stress and maximum strain were gener-
ated at and around the joint of the Fork Sections (1 and 2) 
and the Center Block. However, the possibility of maxi-
mum deformation was observed in the Fork Section-1 
due to its restraint movement. From the analysis, it can 

be concluded that the existing design and material of 
universal joint is safe against accidentally generated axial 
loading. The behavior of Universal joint under axial load-
ing may assist in developing the more efficient collapsible 
steering columns in future. To further ensure the safety 
of the existing universal joint, this design must be tested 
for higher axial compressive loads. Apart from axial load-
ing test, the combination of axial as well as rotational 
load needs to apply, and behavior must be analyzed. The 
combination of loads on the universal joint will be able to 
provide more realistic or practically feasible data than the 
single loading approach.
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