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Abstract — The knuckle joint, a crucial component in the steering system, is located between the steering rod
and the pinion of the steering gear. This joint is designed to be easily disconnected when necessary. The
stress experienced by the knuckle joint is influenced by the design of the stub and the materials used for the
assembly components, which include the knuckle, stub, and arm. This research focuses on improving the
design of the stub using the response surface method (RSM).

In this study, the stub design was developed and analyzed using the ANSYS FEA (Finite Element Analysis)
software package. The analysis revealed that the safety factor for the stub in the base design is 3.54, while
for the knuckle, it is 4.15. These safety factors indicate the design's robustness and reliability under
operational stresses.

To further enhance the design, response surface optimization techniques were applied. Before optimization,
the maximum mass of the stub was 0.61046 kg. After optimization, the minimum mass achieved was 0.59352
kg, representing a 2.77% reduction in weight. This reduction not only contributes to material savings but
also potentially improves the overall performance and efficiency of the steering system by reducing the load
on the joint.

Keywords: Knuckle Joint, Steering System, Steering Gear, Stress Analysis, Stub Design, Material
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I. INTRODUCTION

The knuckle joint is a crucial component in mechanical
and automotive engineering, particularly in the steering
systems of vehicles. It serves as a pivotal connection
between the steering rod and the pinion of the steering
gear, allowing for smooth directional control and
effective transmission of steering input to the wheels.
One of its notable features is the ability to be easily
disconnected when necessary, providing flexibility and
convenience in maintenance and repair.

Understanding the stress distribution and overall
mechanical behavior of knuckle joints is essential for
ensuring the reliability and safety of the steering system.
The performance of a knuckle joint largely depends on
the design and material properties of its components,
primarily the stub, knuckle, and arm. These components
must withstand significant forces and stresses during
operation, making their optimization a key area of
research and development.

This study focuses on enhancing the design of the
stub, a critical element of the knuckle joint, using
advanced computational methods. Specifically, the
research employs the Response Surface Method (RSM)
to investigate and improve the design. RSM is a
statistical technique used for optimizing processes and
products by evaluating the relationships between input
variables and desired outcomes.

DOI Member 36.86.386

By developing and analyzing the stub design using the
ANSYS Finite Element Analysis (FEA) software, this
research aims to achieve a more robust and efficient
knuckle joint. The safety factor, an important measure of
structural integrity, is calculated for both the stub and the
knuckle. The base design achieves a safety factor of 3.54
for the stub and 4.15 for the knuckle, indicating areas
where optimization can enhance performance.

The optimization process, guided by RSM, seeks to
reduce the mass of the stub without compromising its
structural integrity. Initial findings show that the
maximum mass of the stub without optimization was
0.61046 kg. Through optimization, the minimum mass
achieved was 0.59352 kg, representing a 2.77%
reduction. This reduction in mass can lead to significant
benefits in terms of material savings and overall
efficiency of the steering system.

In previous studies, the importance of the knuckle
joint's structural integrity has been extensively discussed.
For instance, Wang et al. (2018) explored the mechanical
properties and stress distribution in knuckle joints under
various loading conditions. They emphasized the
necessity of optimizing joint components to improve
durability and performance. Similarly, Lee and Kim
(2019) examined the impact of material selection on the
fatigue life of knuckle joints, highlighting the role of
high-strength alloys in enhancing joint longevity.
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Recent advancements in computational modeling have
opened new avenues for optimizing knuckle joint design.
The Response Surface Method (RSM) is one such
technique that has gained traction for its effectiveness in
design optimization. RSM allows researchers to evaluate
the relationships between design variables and
performance outcomes systematically. Zhang et al.
(2020) utilized RSM to optimize the dimensions of
knuckle joint components, achieving significant
improvements in load-bearing capacity while reducing
material usage.

Building on these foundational works, the current
research aims to enhance the design of the stub
component within the knuckle joint using RSM and
Finite Element Analysis (FEA). The stub's design and
material properties play a crucial role in the overall
performance of the knuckle joint. Therefore, optimizing
the stub can lead to substantial improvements in the
joint's efficiency and reliability.

This study employs the ANSYS FEA software
package to model and analyze the stub design. The
primary goal is to achieve a higher safety factor while
minimizing the mass of the stub. The safety factor is a
critical measure of structural integrity, indicating the
margin of safety against failure. The base design, as
analyzed, shows a safety factor of 3.54 for the stub and
4.15 for the knuckle, suggesting potential areas for
optimization.

The knuckle joint is used to connect 2 rods which are
aligned in different planes and the joint can be
disconnected very easily. Some of the applications of
knuckle joints are tie rod, valve rod joint, pump rod joint.
Different parts of knuckle joint are shown in figure 1.1
below.

The pin, fork and eye are aligned along with rod and all
these components are secured with taper pins. The pin or
snug is used to restrict rotation of knuckle pin. The joint
can be improved with the machining of fork and material
preferred for knuckle joint is steel or wrought iron. To
fasten circular rods, the pin type joints are used. The
other end is fastened using taper type pin or collar pin.
After fastening, the rods can swivel freely about the
cylindrical pin and can be assembled in steering system
of automobiles.

D

Pin
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= Eye
s Rod
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Figure 1: Knuckle joint
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Generally used materials for knuckle joints are stainless
steel or cast iron and with recent advancements, the
Teflon can also be used and various researches have
established that use of Teflon materials have minimized
total deformation, stresses and strain as compared to cast
iron

II. METHOD

Three The methodology employed in this study involves
a systematic investigation to address the research
objectives effectively. The following steps outline the
approach taken to achieve the study's goals:

Literature Review:

A comprehensive review of existing literature was
conducted to understand the current state of research on
knuckle joints. This involved analyzing previous studies,
research papers, and scholarly articles related to knuckle
joint design, materials, manufacturing techniques, and
performance evaluation.

Material Optimization Analysis:

Building upon the insights gained from the literature
review, the study focused on optimizing the material
selection for knuckle joint components. This involved
evaluating different materials and their properties to
determine the most suitable options for enhancing
knuckle joint performance.

Finite Element Analysis (FEA):

ANSYS FEA software package was utilized to develop
and analyze the knuckle joint design. Finite element
analysis was employed to simulate the structural
behavior of the knuckle joint under various loading

conditions. This enabled the assessment of stress
distribution, deformation, and performance
characteristics.

Response Surface Optimization:

The response surface optimization technique was applied
to refine the design of the knuckle joint stub. By
systematically varying design parameters and analyzing
their impact on performance metrics, the optimal
configuration of the stub was determined to improve its
efficiency and effectiveness.

Safety Factor Evaluation:

The safety factor of the knuckle joint and stub design was
assessed to ensure structural integrity and reliability. This
involved calculating the safety factor based on the critical
load-bearing capacity and comparing it against
established standards and guidelines.

Mass Reduction Analysis:

Through response surface optimization, efforts were
made to reduce the mass of the knuckle joint stub while
maintaining or improving its structural strength and
performance. The mass reduction achieved after
optimization was quantified and compared to the initial
design configuration.

Result Analysis and Interpretation:

Finally, the results obtained from the material
optimization, FEA simulations, response surface
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optimization, and safety factor evaluation were analyzed
and interpreted. Insights gained from these analyses were
used to draw conclusions, identify key findings, and
make recommendations for future research and practical
applications.

By following this methodological approach, the study
aimed to contribute to the advancement of knuckle joint
design and optimization, with implications for enhancing
vehicle safety and performance.
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The design optimization of stub is conducted using DOE
(Design of Experiments) method of response surface
method through which various design points are
generated and output parameters i.e. stresses and
deformation are generated at corresponding design
points. Various 3D response surface plots are plotted for
different optimization parameters along with sensitivity
plots showing sensitivity percentage of various
optimization parameters for different outputs generated.

Analysis Steps

CAD Modelling: The knuckle design is developed in
creo design parametric software. The sketch and extrude
along with fillet tool of creo parametric is used in
modeling of knuckle.
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Side View

Figure 3 : Front view of knuckle

Rear View

Figure 4: Rear view of knuckle

0.00 50,00
2500 a0

10000 )

Figure 5:Knuckle design

The knuckle design is converted in compatible file type
i.e. .iges which aides in exporting file to other software
like ANSYS design modeler. The hard edges or other
surface defects on knuckle is checked and removed.
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Figure 7: CAD model of stub
Structural Analysis

Using ANSYS software, the static structural analysis is
conducted which is based on pre-processing, solution and
post processing stages.

Pre-processing: In this stage “the CAD model is
developed using ANSYS software. ANSYS design
modeler is specific tool used for designing and editing
operation. The model is meshed using tetra elements of
appropriate size and shape. After meshing appropriate
loads and boundary conditions are assigned”.
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Figure 8: Meshed model of stub
Using tetrahedral elements, the stub is meshed with
nearly 77300 nodes and 48000 elements. The meshed
model of stub is shown in figure 7 above and that of
knuckle is show in figure 8 below.

Figure 9 :Knuckle meshed model

III. RESULT & DISCUSSION

The stiffness matrix is formulated using minimum total
potential energy formulation. For the current problem a
linear spring of k stiffness is considered and an external
force (F) is applied at the right. The spring deformation
is given by A.

The work done by the single force is
W=AF=A*F=uF

U= 1 K AP

Therefore, the total potential energy

(IT) for the loaded spring is

IT="%KAZ- A * Fx(5.2)

Equation of equilibrium is obtained by minimizing this t
otal potential energy with respect to the unknown displac
ement, A. That is,

on

i
3o 0 EHAX Fu(5.3)
This gets simplified to below given equation which is
well known equilibrium equation for leaf spring
KA«=F
The system is considered as spring and the potential
energy is minimized along with application of
displacement constraint.

W=ATF
U= 1% K AZ

{A}T=[A1A]
{F}" =[FiF2]
W= {A}H{F}T

FEA Analysis of Knuckle

The FE structural analysis on knuckle joint enabled to
determine zones of high stresses and low stresses. The
high stress zone is observed at the corner region as
shown in dark red color whereas lower stress zone is
observed on backside of knuckle as shown in dark blue
color.
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Figure 9: Equivalent stress at different regions of
knuckle

The deformation plot in figure 9 shows higher magnitude
at the cylindrical region as shown in red color whereas
low deformation zone is shown in side support regions
as represented by dark blue color. The maximum
deformation is .06mm .

Figure 10: Deformation at different regions of knuckle
Stub Results

The maximum stress on knuckle stub is observed at the
corner region of tapered section as represented in red
color. The stress concentration at this region results in
high stress and the stress decreases linearly towards the
support and free end region as shown in dark blue color.
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Figure 11 Equivalent stress plot at different regions of
stub
The stub maximum deformation is observed at the free
end zone as represented by red color and deformation
decreases linearly as we move towards the supported end
as represented by dark blue color. The maximum
deformation observed is .06mm.

Figure 12: Deformation plot at different regions of stub

Table 1: Results for different components

Name Yield Deformation(mm) | Eq Factor
Strength Stress | of
(MPa) (MPa) | Safety

Stub 250 0612 70.54 | 3.54

Knuckle | 510 .0653 122.7 | 4.15

Table 1 above shows safety factor and deformation for
both components i.e. stub and knuckle. The safety factor
achieved for spindle is 3.54 and for knuckle is 4.15. The
existing design of knuckle has mass of .4561kg for
18mm thickness and further analysis is conducted with
reduced thickness of knuckle.

Response Surface optimization

The first step of response surface optimization is
selection of optimization variables. The component
optimized is stub and the dimensional variables are
shown in figure 13 below. The optimization variable
name is “Tlength” and “Mlength”.
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Figure 13: Parameters selected for optimization

Using design of experiments (DOE) different design
points are generated which is based on mathematical
model of linear regression. Different points are generated
as shown in table 4.2 below. ANSYS optimization is
selected is central composite design scheme.
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Table 2: Design Points generated using Taguchi DOE

A B C D E F

P3-Total P4 Equivalent .
Deformaton v | Stress Maxium ¥ ;2;{:5 b/
Maximum {jom) (MPa)

DPO | 30 .25 0.061274 n.542 0.60166
b .25 0.05347 T7.888 0.59597
3 2125 0.06298 n3s 0.60763
Kl 19.125 0.060759 68389 0.59902
2375 0.0620% 7.435 0.60429
I 19.125 0.058509 T41% 0.59352
B 19.125 0.062715 T3.986 0.60481
b 2375 0.060468 72885 0.5%42
3 2.375 0.063457 214 051046

P2-Tlength
(fm)

Name \/ ¥ | P5-Mength mm) ¥

B lw|c|[w|o v e e~
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Figure 14: Goodness of fit curve

The goodness of fit curve shows difference between
observed values and values expected under the model in
question. The sensitivity analysis graph is plotted
showing the percentage influence of input parameter on
desired response i.e. shear stress and strain energy.
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Figure 15: Deformation at different design points
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Figure 16: Equivalent stress at different design points
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Similarly design points curve of equivalent stress and
mass is shown in figure 16 and figure 17 respectively.

&%

Poits Name

Figure 17: Solid mass at different design points

The solid mass points are shown in figurel 7 above. The
maximum and minimum values are shown in figure 18
below.

A B C
1 MName Calculated Minimum ¥ | Caloulated Maximum  ~
2 | P3-Total Deformation Maximum {mm) | 0.058609 0.063457
3 | P4-Equivalent Stress Maximum (MPa) | 68,383 79,135
4 P - Solid Mass (k) 0.59352 0.61046

Figure 18: Maximum and minimum values of different

parameters

IV. CONCLUSION

This paper focus failure zones of knuckle and stub which
are subjected to high stresses are identified using finite
element analysis tool. The information on high stresses
and deformation zone of knuckle and stub aided in
improving design of these parts. The optimization of
knuckle stub using Taguchi method enabled to generated
various design points and corresponding stresses and
deformation at these design points.

The detailed conclusion are as follows:

1. The FEA analysis conducted using structural steel
material has enabled to determine regions of high stresses
for knuckle and stub.

2. The safety factor achieved for stub is 3.54 and for
knuckle is 4.15 for base design.

3. From response surface optimization technique, the
maximum mass of stub without was .61046Kg and
minimum mass obtained was .59352Kg which is 2.77%
reduction.

4. From response surface optimization technique, the
maximum equivalent stress of stub without was
79.135MPa and minimum equivalent stress obtained was
68.389Mpa which is 13.57% reduction.

5. From response surface optimization technique, the
maximum deformation of stub without was .0634mm and
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minimum deformation obtained was .0586mm which is
7.65% reduction.models
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