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Keywords This study examines the stress distribution in hip arthroplasty implants
Stress shielding, short stem, using Finite Element Analysis (FEM), comparing conventional stems
prosthesis, FEM with short stems. Titanium alloy has been chosen as the material of the

implant. Stress analysis has been conducted under five different
activities: normal walking, walking upstairs, walking downstairs,
standing, and sitting to study the effect of these activities on various
lengths of stem. The results show that in the conventional stem, the
highest stress concentrations occur at the joint and the tip of the
implant, leading to stress shielding in the proximal area of the femur
bone, which may result in bone resorption and potential implant
complications over time. On the contrary, the short stem exhibits higher
stress values at the neck of the implant for all activities. However, the
short stem demonstrates a uniform stress distribution pattern
compared to the conventional stem. In addition, the analysis found that
conventional stem practices had higher stress levels throughout all
activities than the short stem practices. Among the activities examined,
walking activities generated the highest stress, followed by activities
such as upstairs walking, normal walking, standing, and sitting. These
findings provide insight into the mechanical performance of hip
implants and suggest that short stems offer advantages in reducing
stress shielding and enhancing longevity.

1. Introduction

Hip arthroplasty, also known as hip replacement surgery, replaces a damaged or diseased hip joint with a
prosthetic implant. This surgery alleviates pain and improves function in patients with dangerous hip arthritis,
fractures, or other hip joint disorders. Over the past several decades, hip arthroplasty has become one of the most
successful and common orthopedic surgeries, significantly enhancing the quality of life for millions of patients.
Modern hip prostheses are designed to mimic the biomechanical conditions of natural anatomy and of the hip
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joint. They generally consist of a femoral component, which trades the femoral head, and an acetabular
component, which replaces the hip socket. These components are made from various materials, including metals,
for example, cobalt-chromium alloys, titanium, ceramics, and polyethylene. The choice of materials and design of
the prosthesis play a crucial role in the success and longevity of the implant [1] [2]. Despite the advances in
prosthetic design and materials, one of the significant challenges in hip arthroplasty is the problem of stress
shielding [3][4]. Stress shielding occurs when the prosthetic implant alters the natural distribution of mechanical
stress within the bone [5]. In a healthy hip, the bone is subject to various mechanical forces during daily activities,
which helps maintain bone density and strength. However, when a rigid prosthesis is implanted, it can take on
much of the load the bone would typically bear. This reduction in mechanical stress can lead to bone resorption
and weakening, particularly around the implant site, compromising the stability and longevity of the prosthesis
(6] [5].

Stress shielding is a crucial factor affecting hip surgery's long-term success. It can lead to complications such
as aseptic loosening, where the prosthesis becomes loose without infection, necessitating revision surgery. To
mitigate this issue, several research studies focus on optimizing prosthetic design and materials to distribute
mechanical loads better and promote bone health. Strategies include using fewer stiff materials, designing
implants with better load-sharing characteristics, and developing surface treatments that enhance bone-implant
integration. For example, Pal et al. [7] present an implant with integrated lattice structures in conventional hip
implants, and conduct a finite element study to determine the effectiveness by comparing the lattice-based
implants throughout solid implants. As a result, it was found that two designs of implants, specifically Octet and
Diamond, are suitable for implementation as lattice structure implants. A similar study was conducted Rana et al.
[8] by designing patient-specific porosity implants. However, the porosity is inhomogeneous. The implant was
created by distributing auxetic structure units at separate locations along the stem, along with improved pore
spreading, to achieve optimal performance. The finite element (FEM) procedure was implemented to study the
effects of porosity and the shielding effect, primarily by observing the stress in Gruen zones. Porous implants
generally exhibit reduced stiffness compared to solid implants.

The Finite Element Method (FEM) can be employed to simulate the decrease in elastic modulus resulting from
porosity and evaluate its impact on load transfer between the implant and the surrounding bone. By simulating
the behavior of porous structures, FEM enables the assessment of force transmission to adjacent bone tissue,
allowing the evaluation of whether porosity contributes to more natural bone loading patterns, thereby mitigating
stress shielding. Optimizing the existing implant has reduced the average stress shielding by 18% from 56% [8].
It has been proven that porosity behavior enables the remodeling of bone and tissue restoration through the
transmission of cells, with implant porosity potentially reduced and enhanced by modifying the size of the pores
and volume. Besides promoting bone growth, the use of porosity in implant materials is also significant because
it results in implants with reduced weight. Hence, Delinkali et al. [9] designed and analyzed a lightweight implant
for total hip arthroplasty (THA) with adequate fatigue performance. By applying a lattice structure to a commonly
used THA implant geometry, they achieved a 15-17% reduction in mass compared to a solid implant. The study
also found that increasing the diameter of pore on the stem surface, while maintaining the lattice design constant,
enhanced the implant's flexibility. The outcome of the fatigue tests and finite element method (FEM) showed
acceptable agreement.

Meanwhile, Jia et al. [10] designed a new cementless femoral hip stem using a low-modulus metastable 3 Ti-
20Zr-3Mo-3Sn alloy, and experimental verification showed that the 8 alloy has a low modulus. Subsequently, a
finite element procedure was conducted on a Ti-20Zr-3Mo-3Sn alloy hip stem to assess the impact of the
decreased modulus on stress distribution in both the stem and femur bone, associated with the medical-grade Ti-
6Al-4V alloy, which has an elastic modulus of 110 GPa. In addition, the study found that the stem made of Ti-20Zr-
3Mo-3Sn can reduce total stress shielding by 45.5% compared to the Ti-6Al-4V prosthesis, due to this material
having a low elastic modulus. Additionally, the results proved that material elasticity significantly influences the
distribution of stress in the implant, particularly at the interface of the bone and stem. The design of the hip
implant also influences stress shielding. Various methods have been employed to construct the component for
THA to ensure the mechanical behavior of the bone approximates that of a natural femur. Burchard et al. [11]
conducted a study to study the effect of short-stem design-dependent differences on the stress shielding impact
after the hip surgery procedure. Then, Burchard et al. [3] extended the study by comparing three types of femoral
stems: short and anatomical, short and straight, and standard with straight length. The manufacturer provided
details on the descriptions of the three stem prostheses, such as size of implant, maximum depth of the stem body,
and type of stem. The study concluded that hip arthroplasty with a short, anatomically designed stem that has
lower stiffness offers more biological strain allocation through THA compared to the other two stem types. This
means that this stem more closely mimics the native load distribution in the femur, which can be beneficial for the
long-term success of the implant. The short, anatomical stem is designed to fit the natural contours of the femur,
which helps evenly distribute stress and reduces the risk of complications such as stress shielding and bone
resorption.
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Additionally, Guzman et al. [12] examined the effects of different implant designs: circular, elliptical, oval, and
trapezoidal, and material types on stress distribution based on static loading conditions. However, in this study,
only one type of loading was considered. Besides the geometry of the implant, features also play a role. A study
found that using THA implanted with hexagonal chambered internal structures stem can reduce stiffness by
approximately 18% and decrease the consequences of stress shielding by 30.4% [13]. Based on the studies
conducted by, Burchard et al. [3] and Guzman et al. [12], the design and material of an implant are crucial in
ensuring adequate load transfer and reducing stress shielding. One approach is to develop lighter implants, either
by using porous materials or short stems. However, in the studies by Burchard et al. [3] and Guzman et al. [12],
short stems were produced, but the type of activity was not considered. Given that design criteria are critical, this
study compares conventional and short stems, considering five types of activities. Two types of stems were
designed: conventional and short cylindrical stems.

2. Methodology

2.1 Development of CAD Model

In this study, a finite element method (FEM) simulation has been performed to analyze the performance of hip
implants. A three-dimensional (3D) model of femoral bone has been established on a computer tomography (CT)
data set, asin Figure 1. A two-dimensional data segmentation has been transformed into a three-dimensional bone
using Mimic Software. Then, the refined 3D model is converted into a finite element mesh, dividing the bone into
more minor, manageable elements. Mechanical properties, such as Young's modulus and Poisson's ratio, are
provided based on the work of Morgan et al. [14]. The size of the implant is customized based on the size of the
bone. In this study, two implant designs are examined: standard hip implants and short-stem implants. Both
implants have collars at the neck to increase the stability of the implant. Figure 2 displays the relationship between
the parameters of the bone and the size and dimensions of the implant. In the design of the implant, several
parameters must be considered, including the next shaft angle, head offset length, and the next axis. This process
ensures the implant fits the bone. Figure 3 illustrates the conventional and short-stem designs used in this study.
The dimension of the hip stem, such as the length of the implant and the neck angle, is defined based on the design
in Kaku et al. [15].

(b)

Fig. 1 Three-dimensional bone (a) CT Data set; (b) 3D femoral bone
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Fig. 2 Correlation of the hip geometric parameters femoral bone and hip prosthesis
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Fig. 3 Three-dimensional hip implant (a) conventional; (b) short stem

2.2 Finite Element Analysis

The Abaqus finite element software was engaged in this research to perform contact analysis using linear
tetrahedral elements. Table 1 outlines the mechanical properties utilized in this present study. The value of
material’s properties used in this study such as Elastic Modulus, Yield strength and Poison ration of the bone and
implant defined as suggested by Morgan et al. [14] and Annanto et al. [16]. All materials were presumed to be
elastic, homogeneous, and isotropic. For the contact analysis, a frictional interface was defined between the bone
and implant, with face-to-face contact elements. The implant surface was designated as the master surface, while
the femoral bone surface was designated as the slave surface. As illustrated in Figure 4, a friction coefficient of 0.4
was applied to the interface what was given by Ismail et. al [17]. For loading and boundary conditions, a static
analysis has been performed. Joint contact load has been applied at the center of the femoral head, and a fixed
boundary condition has been applied at the end of the femur bone. To study the effect of various activities on
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stress distribution in the implant, five types of activities were applied: normal walking conditions, walking
upstairs, walking downstairs, standing up, and sitting—the loading values suggested by Bergmann et al. [18].

Table 1 Mechanical properties of bone and implant material [14] [16]

Materials Elastic Yield Strength Poison ratio
Modulus (Gpa) (Mpa) v)

Cortical bone 17.26 115 0.29

Titanium alloy 110 485 0.34

Joint contact
S o load

Contact
interaction

Fixed boundary
condition

() (b) )

Fig. 4 (a) Contact interaction conventional stem; (b) contact interaction short stem; (c) Loading and boundary
condition

3. Results and Discussions

3.1 Effect of Implant’s Length on the Stress Distribution

Stress values have been assessed in two areas, the medial path, and the lateral path, to examine the effect of
implant length on stress distribution. Figure 5 shows the path of the medial and lateral paths along the implant
for both conventional and short stem implants. The AB line represents the medial path of the conventional stem.
Meanwhile, CD lines show the lateral path of the conventional stem. EF and GH represent the medial and lateral
for the short stem, respectively. A graph has been plotted along this path to assess the stress distribution as
illustrated in Figure 6 and Figure 7.
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Fig. 5 Location of path (a) conventional stem; (b) short stem

The graph compares the Von Mises stress experienced by two different types of implants, which are
conventional and short stems along the length of the implant. Overall, the stress is higher for the conventional
implant than the short stem along the medial and lateral paths. For the medial path, conventional implants
produce low initial stress at the proximal part of the implant (starting from A point). However, as the length
increases, the stress rises sharply, reaching a peak of around 140 MPa at approximately 140 mm. In the lateral
section, the stress value is higher in the middle of the implant. In contrast, with a short stem, the stress value is
higher in the proximal region for both medial and lateral sections. The stress value decreases towards the distal
end of the implant. The data suggests that the Conventional Implant experiences much higher stresses along its
length compared to the Short Stem Implant, with a sharp increase and peak indicating higher mechanical loads
and potential failure points. Meanwhile, the Short Stem Implant's significantly lower and more consistent stress
levels suggest better stress distribution and potentially lower risk of mechanical failure along its length. From a
design perspective, the short stem might be preferable for reducing stress and avoiding high peak stresses,
translating to better performance and longevity in practical applications. Similar results obtained by Kaku et. al
[15] implied a short stem in THA could lower the load distribution on the surrounding bone than a conventional
implant. However, in their study, short stems produce higher stress at the middle part of the implant.
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Fig. 6 Stress distribution along medial path for conventional and short stem
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Fig. 7 Stress distribution along lateral path and for conventional and short stem

3.2 Effect of Implant’s Length on the Stress Distribution Effect of Activities on the Stress
Distribution

Figure 8 shows the stress distribution surrounded by the bone and implant for the conventional stem. By
observing Figure 8, clearly indicates that the highest stress values occur at the joint and distal end of the implant.
This suggests that the implant is experiencing significant stress in these areas. As a result, the bone in the proximal
region does not receive adequate stress, which can lead to stress shielding. This can cause bone resorption and
potential implant complications over time. Five loading conditions were implemented for the finite element
analysis study: normal walking, upstairs, downstairs, standing, and sitting. In all conditions, the stress distribution
is less received in the proximal region. However, for walking, upstairs, and downstairs activities, stress is more
distributed in the middle of the bone compared to sitting and standing activities. This is because the force and
muscle forces involved in walking upstairs and downstairs activities produce higher forces. The joint contact force
implemented is also higher than the standing and sitting activities. For Figure 9, which shows the short stem
distribution in implant and bone, the highest stress values for all activities occur at the neck of the implant.
However, stress distribution in hip surgery is more distributed compared to the stress femur bone with
conventional stem. This is because short-stem implants often have a smaller surface area in contact with the bone.
This means the load is distributed over a smaller area, increasing the stress at the interface bone-implant.
Additionally, the smaller surface contact area leads to higher stress concentrations at the points of contact [19].

(a) (b) (c)
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(d) (e)

Fig. 8 Stress distribution in the femur bone and conventional stem for different activities (a) Walking; (b) Upstairs;
(c) Downstairs; (d) Standing; (e) Sitting
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Fig. 9 Stress distribution in the femur bone and short stem for different activities (a) Walking; (b) Upstairs;
(c) Downstairs; (d) Standing; (e) Sitting

(e)

A graph, depicted in Figure 10, was created to compare conventional and short stem implants and better
understand the impact of activities on stress values. The short implant shows elevated stress values for all
activities compared to the conventional stem. Additionally, it is noted that descending stairs generates the highest
stress values, followed by ascending stairs, walking, standing, and sitting. As illustrated in Figures 8 and 9, the
peak stress values for the conventional stem occur in the middle of the implant at the medial section. In contrast,
for the short stem, the maximum stress is observed at the joint load. During everyday activities, the rotational
torque exerted on the stem is minimal during standing and substantial upstairs or downstairs [20] [21].
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Fig. 10 Maximum Von mises stress for different activities

4. Conclusions

This study utilized Finite Element Analysis (FEM) to assess the stress distribution in hip arthroplasty implants
between conventional stems and short stems under various daily activities. The findings found that conventional
stems exhibited higher stress value at the joint and distal end of the implant, leading to significant stress shielding
in the proximal bone. Despite that, the short stems demonstrated higher stress values at the neck of the implant
for all activities, demonstrating a more positive stress distribution that reduces stress shielding. The comparative
analysis supported that the conventional stem suffered higher overall stress levels in all activities than the short
stem. Specifically, downstairs produced the highest stress values, followed by upstairs, normal walking, standing,
and sitting. These results indicate that short stems offer advantages over conventional stems in reducing stress
shielding and improving the long-term outcomes of hip arthroplasty. In conclusion, understanding the stress
distribution is crucial for assessing the durability and reliability of implants, guiding the choice of implant type
based on specific conditions
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