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manufacturing techniques have limitations in producing personalized implants. In contrast, Accepted  : 03 June 2025
additive manufacturing (AM) offers a solution by enabling the production of hip implants using Published : 30" June 2025
biocompatible materials, such as Ti-alloy, CoCr-alloy, and Mg-alloy. Ti alloys are used for their

superior biocompatibility and mechanical performance. This study aims to utilize a computer- KEYWORDS .

aided design file in finite element analysis (FEA) to predict implant stress distribution, Finite element analysis
deformation, and potential biomechanical performance. The methodology includes designing Hip implant

the hip implant with CAD software and using Ansys to assess the mechanical performance of Additive manufacturing

hip implants using Ti-6AI-4V, an AM material, at four different loading conditions. The results Biocompatibility

indicate that the total deformation at four different loadings is as follows: sitting, 0.15%; Total hip replacement

standing, 0.17 mm; walking, 0.21%; and jogging, 0.33%. The equivalent von Mises stresses
of the hip implant while sitting: 288.83 MPa, standing: 339.8 MPa, walking: 423.73 MPa, and
jogging: 650.93 MPa. Additional analysis of shear stresses for the hip implant while sitting:
59.738 MPa, standing: 70.28 MPa, walking: 84.556 MPa, and jogging: 134.630 MPa. Based
on the result, maximum deformation, equivalent stress, and shear stress are predicted to be
highest while jogging compared to other activities due to the highest load acting on the hip
implant, and equivalent stresses are less than the material’s yield strength and similarly shear
stresses are less than the material's shear strength that indicates the design is safe under
physiological loadings. In conclusion, this study successfully implemented the FEA of hip
implants using AM materials to achieve potential mechanical performance. The integration of
AM and FEA holds promise for the future of modern hip replacement surgery.

1. INTRODUCTION

Hip implant surgeries have given quality of life to millions of patients who have had several hip illnesses, such as
osteoarthritis, rheumatoid arthritis, and traumatic fractures [1]. The design and performance of hip implants are developed
to preserve hip stability, reduce discomfort, and restore patient mobility [2]. Generally, a hip implant contains a total of
three parts: an acetabular cup, a femoral head, and a femoral stem. The femoral stem part is fully inserted into the femoral
bone. On the other hand, the femoral head and acetabular cup adjust with the hip joint to mimic the ball-and-socket joint
activity. Figure 1 illustrates the various components of the hip implant. Traditional hip implants have been predominantly
produced using conventional machining techniques for a long time, including CNC machining, casting, and forging.
Although these methods can manufacture hip implants, the process involves material wastage, extensive post-processing,
and limited design flexibility. Therefore, developments in additive manufacturing (AM) have been increasing the potential
of day-to-day production in different manufacturing industries. AM uses a layer-by-layer method to manufacture the final
product [3,4]. Compared to conventional manufacturing techniques, AM has many benefits, such as improved
manufacturing flexibility, less material waste, and higher design freedom. Industries such as automobiles, aerospace, and
healthcare have been benefiting from this newly introduced method of manufacturing products [5]. As a result, AM
becomes the potential manufacturing process for medical implants, especially hip implants. By creating patient-specific
designs and incorporating bioabsorbable implant additives, manufacturing has the potential to completely transform the
orthopedic implant industry and revolutionize the production of hip implants. AM processes, such as selective laser
melting (SLM), selective laser sintering (SLS), stereolithography (SLA), electron beam melting (EBM), and direct metal
laser sintering (DLMS), are widely used in metal additive manufacturing processes [6]. Figure 2 shows the manufacturing
process of hip implants through AM. It demonstrated the schematic diagram of the printing process of the hip implant
using laser power. When a patient requires an implant, the process begins with medical imaging data. For example,
computer tomography (CT) scans and magnetic resonance imaging (MRI) can be used to design the implant through
computer-aided design (CAD) software [7, 8]. After obtaining the CAD data, it will be converted into an STL file and
then uploaded into the printing machine's computer to print the model. The machine utilizes CAD data to fabricate the
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model, using a laser beam to melt the powder metal in the powder bed and create a solid layer. After finishing one layer,
the machine spread the powder metal, and then the laser melted it to join the layers together. This process continues until
the printing process finishes. At this stage, the most important factor is selecting suitable materials for hip implants based

on their biocompatibility.
w acetabular component

liner
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— stem

Figure 1. Different parts of the hip implant [9]
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Figure 2. Hip implant manufacturing through AM

Materials like CoCr-alloy, Ti-alloy, Mg-alloy, composite materials, and ceramics are the most commonly used
biocompatible materials for hip implants [10]. Sometimes those materials also face difficulties like stress shielding and
wear debris [11, 12-15]. Therefore, the most convenient approach to the manufacturing of hip implants can be achieved
by the integration of AM and finite element analysis (FEA). It helps to achieve the optimal design to prevent problems
such as stress shielding and improve the biomechanical strength of the hip implant [16,17]. Hence, when it comes to
designing the implant to reduce stress shielding and achieve higher biomechanical strength, FEA plays a vital role [2,18].
FEA is an advanced computational method that provides the freedom to assess the mechanical performance of the implant,
identify design defects, failure mechanisms, and optimize design possibilities, as well as post-process for a perfect stress-
strain distribution to minimize stress shielding effects [19]. Ansys, Abaqus, and Nastran are commonly used FEA software
for this type of computational analysis [20, 21]. In summary, the integration of hip implant design, AM, and FEA presents
a strong advancement in modern orthopedic implant technology to provide quality of life for patients. However, there are
limited comprehensive studies that have been conducted regarding the FEA of hip implants using AM materials under
different loading conditions. So, this study aims to perform FEA on hip implants made of additive manufacturing materials
to evaluate the performance of AM hip implants by examining their mechanical behavior under different loading
conditions.

2. MATERIALS AND METHODS

The research methodology starts with CAD modeling and ends with FEA results. It consists of five steps, beginning
with a CAD drawing generated using SolidWorks. After that, AM material is selected based on its biocompatibility and
mechanical properties. Then, an FEA of the hip implants will be created using Ansys. Subsequently, static structural
analysis is performed to investigate the deformation, stress distribution, and mechanical behavior of the hip implant.
These five steps will be explained in the following subsection.
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2.1 CAD Drawing

The hip implant design is created using SolidWorks, which was selected due to its capability to design more accurate
geometry and models. The designed file was then saved in a specific supported format for further analysis using FEA
software [22]. After the CAD model was taken and imported into Ansys. During the import process, it is ensured that the
correct geometry is imported to facilitate further processing and analysis. In this study, the length of the implant CAD
model is 161.30 mm, the thickness of the implant is 8mm, the diameter of the implant head is 11.5 mm, and the length of
the stem is 121.83 mm. Details of the dimensions are represented in Figure 3. The dimensions were taken by following
the reference of the adult patients' femoral bone dimensions and following the ISO 7206-4 hip implant specimen testing
standard.

38.3mm

49.36mm
—E—
27.23mm

161.3mm

84.86mm

72.47mm

67.18mm

Figure 3. Design and dimensions of hip implant

2.2 Selection of the Materials

The process of selecting the right material for hip implants is crucial, as it significantly impacts the implant’s lifetime
and performance [23]. To ensure that the implant functions properly within the body, the materials selected must meet
stringent specifications for biocompatibility, mechanical strength, wear resistance, and corrosion resistance [24]. The
correct materials can provide the mechanical stability required to sustain everyday activities, improve the implant's
integration with the bone, and reduce wear particles that might cause issues [25]. The performance and longevity of hip
implants are continuously improved by advances in materials science, which enhances the quality of life for those who
require hip replacement surgery. Nowadays, titanium alloy (T1), cobalt chromium(CoCr) alloy, magnesium-based alloy,
and ceramics are used as implant materials [26]. CoCr and Ti alloys are widely used biomaterials for hip implants due to
their higher biocompatibility, wear, and corrosion resistance. According to the literature, Ti-6Al-4V is suitable due to its
higher mechanical performance and biocompatibility compared to other materials [27]. In this paper, Ti alloy (Ti-6Al-
4V) is used to analyze the hip implant design. Table 1 shows the material properties of Ti-6Al-4V.

Table 1. Material properties of Ti-6Al-4V

Young Modulus ~ Poisson Tensile Yield Ultimate Tensile =~ Density
(GPa) Ratio Strength (MPa)  Strength (MPa)  (kg/m"3)

113.8 0.342 880 950 4430

2.3  Finite Element Analysis

FEA is a computer method that breaks down a complex model into smaller, manageable finite elements of design to
identify responses to external stresses, heat, and other physical phenomena. The method involves specifying the geometry,
material properties, and boundary conditions, creating a mesh of finite elements, and solving the resulting equations to
determine variables such as stress, displacement, and crack growth behavior [28-31]. FEA is widely utilized in various
engineering domains, providing precise insights and reducing the need for physical prototypes, and it demands substantial
skill and computational resources. Several tools of FEA are used to study the behavior of bones and joints under different
loading conditions. Apart from them, Ansys is a highly recommended tool for FEA and simulation because it can simulate
complex CAD models [22]. To verify the final element model, a comparison was conducted with the previous study by
Shenoy et al. [32], which validated their findings that a hip implant experiences an equivalent von Mises stress of 207.207
MPa under 2300.5 N loads. This study also followed the same boundary conditions and materials properties and geometry
to verify the results with the previous study, where it is found that the hip implant experiences 204.1 MPa equivalent von
Mises stress, which is slightly less than the previous value it is because of the different versions of the software and
computer processing capacity. The percentage error between the current study result is approximately 1.52%.
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2.3.1 Meshing

The mesh is generated for the hip implant using FEA software (Ansys- manufacturer: Ansys Inc.; country:
Canonsburg, Pennsylvania, US). However, the meshing process involves dividing the CAD model into several smaller
parts, allowing for analysis through Ansys [33, 34]. During meshing, it is ensured that the mesh quality of the model is
fine and that there are no unmeshed parts, as the quality of the mesh significantly affects the accuracy of the FEA
simulation. In this study, the independent mesh is generated to get an accurate analysis result. The first mesh convergence
analysis was conducted to determine the optimal mesh for subsequent analysis. The mesh quality was confirmed from
mesh metric quality, element quality, and skewness. According to the meshing scale, the selected mesh quality falls within
the fine mesh range because the material quality is greater than 85% based on skewness and aspect ratio criteria. The
mesh convergence study confirms that further refinements did not significantly affect the results, which confirmed that
the mesh resolution was sufficient for reliable stress and strain predictions. The transition ratio of 0.272 mm was used to
control mesh growth between the fine and rough regions, ensuring smooth changes in material size. The final mesh size,
evaluated based on mesh convergence, is 5 mm, which yields better results. The number of nodes is 11888, and the
number of elements is 6685, respectively. Figure 4(a) illustrates the mesh convergence study for selecting the final mesh,
and Figure 4(b) displays the generated mesh on the implant design, where the element size is programmatically controlled.
The mesh size range was chosen to be from a minimum of 0.5 mm to a maximum of 7 mm. The minimum size was
selected as 0.5 mm due to the computer's processing power limitations. Finally, the maximum size of the mesh was 7mm
because, after this mesh size, the geometry contains more sharp edges and deformed shapes.
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Figure 4. (a) Mesh convergence study and (b) Meshing on the hip implant model

2.3.2 Boundary conditions

To simulate real-world interactions in the patient's body, boundary conditions were applied to the hip implant to study
the physiological forces, specific loads, and supports. By correctly applying the boundary conditions, FEA enables the
calculation of implant behavior in realistic settings, contributes to the best design, and ensures safety and efficiency in
hip replacement surgery patients [35]. In this paper, the implant was subjected to four loading conditions (four different
loads: sitting, standing, walking, and jogging) applied to the femoral head region in the negative y-direction, and a fixed
support was applied to the bottom edge of the implant using the global coordinate system. These loads represent the forces
experienced by the implant during normal physiological activity. By applying specific loading conditions, the aim was to
understand the mechanical behavior of hip implants in practical situations. Those four physiological loads were derived
from a published paper in which the researcher analyzed different types of physiological loads acting on the femoral head
in a patient's daily life [36]. Table 2 shows the four different loads applied to the hip implant, where the sitting load is
1360 N, the standing load is 1600 N, the walking load is 1925 N, and the jogging load is 3065 N, respectively. Finally,
Figure 5 represents the boundary conditions of the hip implant, where it shows the applied load and fixed support [21][36].
Where point A represents the fixed support and point B represents the applied force on the implant head.

Table 2. Applied loads on the hip implant [21, 35]
Types of Loads Load (N)

Sitting load 1360
Standing load 1600
Walking load 1925
Jogging load 3065

journal.ump.edu.my/jmes 10645



A. A.Noman et al. | Journal of Mechanical Engineering and Sciences | Volume 19, Issue 2 (2025)

Figure 5. Boundary conditions of loading and fixed support

A: Sitting load
Static Structural
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3. RESULTS AND DISCUSSION

31 Total Deformation
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- .
15.00 45.00

Figure 6 illustrates the total deformation of the hip implant under four different loading conditions: sitting load,
standing load, walking load, and jogging load. The results for deformation when sitting are 0.235 mm, for standing are
0.276 mm, for walking are 0.335 mm, and for jogging are 0.530 mm. From the results, it is observed that the percentage
of change is as follows: sitting, 0.15%; standing, 0.17 mm; walking, 0.21%; and jogging, 0.33%. Based on the results, the
total deformation of hip implants is increasing with the increase in applied physiological loads. Hence, the more forces
subjected to the implant, the more it deforms. This connection utilized the importance of physiological loads during the
design of the implant. Therefore, ensuring the implant can distribute loads effectively can improve the stability and
longevity of the implant. Figure 7 demonstrates the graphical representation of the hip implant's total deformation
percentage in four different loading conditions. The horizontal axis represents the various loading conditions, and the
vertical axis represents the total deformation percentage of the hip implant as the loads change. It was found that during

jogging, the hip implant achieves the maximum deformation compared to the other three.
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Figure 6. Total deformation of the hip implant in four different loads: (a) Sitting, (b) Standing, (c) Walking, and
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Figure 7. Total deformation in four different loading conditions

The results indicate that the total deformation of the hip implant is higher during jogging due to the higher force acting
on the body compared to other conditions, such as sitting, walking, and standing. Therefore, the higher deformation of
this study suggests the need for a design without uncertainty. Increasing deformation can sometimes cause hip implant
failure, patient discomfort, and reduced mobility. In this regard, understanding the deformation of these physiological
activities is essential to ensure the implant design can adapt to a limit of motion, including high-impact loads such as
jogging, without compromising structural integrity. This knowledge enables engineers and medical professionals to select
materials and optimize implant designs for various patient demographics. It will also help to design the hip implant based
on the patient's specific needs, thereby reducing implant failure over time. However, in this study, the hip implant
experiences a maximum deformation of 0.33% during jogging, which is considered safe because this small amount of
deformation results in less von Mises stress and shear stress than the material's yield strength and shear strength. The
implant’s von Mises stress and shear stress are discussed in the following subsection. In summary, total deformation
analysis is a fundamental part of the design and evaluation of hip implants. This ensures that the implant can maintain its
structural integrity and functionality, from lower-impact activities like sitting to high-impact activities like jogging.

3.2 Equivalent Stress

Figure 8 represents the equivalent stress (von Mises) of hip implants under four different loading conditions: sitting
load, standing load, walking load, and jogging load. The results for maximum equivalent stress for sitting are 288.83
MPa, for standing is 339.8 MPa, for walking is 423.73 MPa, and for jogging is 650.93 MPa. It is observed that the
maximum equivalent stress of hip implants increases with the increase in applied physiological loads. The continuously
increasing stress on the loads underscores the importance of understanding the strength and function of implants. It also
indicates the need for strong materials and creative design so that the implant can handle those kinds of physiological
loads without breaking. Understanding the effect of stress on hip implants under different loading conditions helps design
more cost-effective and biocompatible implants. Additionally, Figure 9 below presents the graphical representation of the
maximum equivalent stress of a hip implant under four different loading conditions. The horizontal axis represents the
various loading conditions, and the vertical axis represents the corresponding maximum equivalent stress of the hip
implant. It is found that during jogging, the hip implant achieves the maximum equivalent stress compared to the other
three.

The results indicate that the hip implant experiences maximum equivalent stress during jogging as compared to sitting
and walking. This is because the hip implant experiences maximum repetitive force during jogging compared to other
activities. Compared to walking, it experiences moderate equivalent stress due to the lower impact force. The maximum
equivalent von Mises stress indicates the need for a design that can withstand cyclic loads without failure or deformation.
The equivalent von Mises stress is a crucial parameter for evaluating the structural performance of the hip implant under
various physiological loading conditions. It helps engineers predict the material yield so that it won't fail under certain
conditions. The high equivalent stress during jogging can be attributed to repetitive impact forces, which exert significant
stress on the implant material. From this perspective, the use of AM materials, such as Ti-6Al-4V, is significant due to
their excellent fatigue resistance. In this study, the maximum equivalent von Mises stress is 650.93 MPa lower than the
material yield strength. This indicates the hip implant will be considered safe under these applied physiological loads. In
summary, the equivalent stress analysis is an essential component of implant evaluation. This ensures that the material
and design can endure physiological loads during daily routine and high-impact activities.
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Figure 8. Maximum equivalent stress of hip implant in four different loads: (a) Sitting, (b) Standing, (c) Walking, and
(d) Jogging
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Figure 9. Maximum equivalent stress in four different loading conditions

33 Shear Stress

Figure 10 represents the shear stress of hip implants under four different loading conditions, which are the sitting load,
standing load, walking load, and jogging load. Where sitting time maximum shear stress is 59.738 MPa, standing time
maximum shear stress is 70.28 MPa, walking time maximum shear stress is 84.556 MPa, and jogging time maximum
shear stress is 134.63 MPa. It is observed that the maximum shear stress of hip implants increases with the increase in
applied physiological loads. This highlights the importance of designing hip implants with consideration for stress
distribution. Therefore, the implant can easily withstand the increasing stress levels to prevent failure and deformation of
the hip implants, thereby increasing longevity. Additionally, Figure 11 presents a graphical representation of the
maximum shear stress of a hip implant under four different loading conditions. The horizontal axis represents the various
loading conditions, while the vertical axis represents the corresponding maximum shear stress of the hip implant. It is
found that during jogging, the hip implant achieves the maximum shear stress compared to the other three implants.
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The results indicate that the hip implant experiences maximum shear stress during jogging, while walking produces
moderate shear stress, and walking produces the minimum shear stress. Jogging produces maximum shear stress because
of its continuous lateral rotational and axial forces acting on the hip implant. These forces can cause stress levels,
especially in critical areas such as the neck of the implant or the connection between the implant and bone. It is essential
to manage stress concentrations, as they can cause damage, such as microcracks that can spread over time and compromise
the implant's structural integrity. By evaluating shear stress, engineers can identify potential weaknesses in the implant
design and make necessary adjustments to enhance its performance under various loading conditions. In summary,
assessing shear stress is an important component of designing and evaluating hip implants. This ensures that the implant
can withstand lateral and rotational forces while maintaining its structural integrity, thereby enhancing the patient's
mobility. The findings of this study highlight the importance of understanding the material's shear stress while designing
the hip implant using AM. In this study, the maximum shear stress experienced during jogging is 134.630 MPa, which is
lower than the material's shear strength. This means the implant will not experience any shear failure during the maximum
load applied.
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Figure 10. Maximum shear stress of hip implant in four different loads: (a) Sitting, (b) Standing, (c) Walking, and
(d) Jogging
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Figure 11. Maximum shear stress in four different loading conditions
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4. CONCLUSIONS

This research has shown the significant potential of utilizing AM materials for hip implants using FEA. Through the
use of FEA, the stress distribution and deformation behavior in these implants, when subjected to various loading
conditions, are simulated and analyzed. This study helps to understand the behavior of hip implants under physiological
loads and the design of hip implants within safe parameters. The results of the study show that the total deformation
percentage at four different loadings is as follows: sitting, 0.15%; standing, 0.17 mm; walking, 0.21%; and jogging,
0.33%. Similarly, the equivalent von Mises stresses of the hip implant were 288.83 MPa while sitting, 339.8 MPa while
standing, 423.73 MPa while walking, and 650.93 MPa while jogging. Additionally, the shear stresses for the hip implant
were measured as follows: sitting, 59.738 MPa; standing, 70.28 MPa; walking, 84.556 MPa; and jogging, 134.630 MPa.
These results indicate that the total deformation, equivalent stress, and shear stress of hip implants are directly proportional
to the applied physiological load acting on the implant head. In this study, the highest equivalent von Mises stress and
shear stress were recorded during the jogging time, which is less than the material’s yield strength. Similarly, the shear
stress is less than the material’s shear strength, indicating that the design is safe under physiological loadings. The result
was validated with the previous studies to confirm the continuity of this study. However, the findings demonstrated that
hip implants constructed from AM materials provide advantageous biomechanical compatibility, hence decreasing the
likelihood of implant malfunction and enhancing patient outcomes. Furthermore, the use of AM techniques enables the
customization of implants, resulting in improved conformability and more efficient load distribution. The stress studies
in the analysis help design the hip implant to reduce mechanical stress, thereby mimicking the mechanical behavior of
the femoral bone. The higher stresses can cause implant loosening and failure over time due to the stress-shielding effect.
The stress shield occurs when the implant becomes stiffer compared to the surrounding bone, allowing it to withstand a
large amount of physiological loads. In this regard, it is essential to study the implant stress behavior to design a hip
implant that can minimize stress shielding. Future research can focus on designing hip implants with an understanding of
their structural behavior, while reducing stress-shielding effects. In summary, the use of AM materials in the production
of hip implants, combined with the application of reliable FEA, is a significant development in the field of orthopedic
surgery. This provides a pathway to hip replacement options that are more specific and efficient, strengthening the
importance of ongoing studies and advances in this domain.
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