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The positioning of a cemented total hip arthroplasty (THA) is a crucial
factor during the surgical implantation procedure. However, the impact
of misalignment on stress distribution at the cement mantle and bone
remains poorly understood, posing a potential risk for periprosthetic
bone fracture. This study explores the effects of hip stem positioning in
cemented THA by using finite element analysis (FEA). The aim is to
investigate the impact of implant position on stress and deformation
distributions at the contacting components, i.e. femoral bone, cement,
and hip stem, under walking and stair-climbing activity’s forces. The
rotating angles of -0.75°, -0.5°, -0.25°, 0.25°, 0.5°, and 0.75° are used at
the varus plane with the distal end of the stem as the centre of rotation.
The unrotated condition (at an angle of 0°) is simulated as the baseline
condition of normal hip stem position. Results indicate that the baseline
angle of 0° position does not necessarily represent the lowest stress and
deformation in the femoral bone. Furthermore, misalignment angle
variations at varus planes minimally affect total deformation but
significantly impact stress distribution at the cement mantle. These
findings underscore the importance of considering alignment angles
beyond the baseline and their effects on stress and deformation in
cemented THA.

INTRODUCTION

The field of medical practice has seen tremendous improvement over the years. These improvements have
been made possible with the inclusion and application of mechanical input and technology which could
alleviate the patient’s suffering. The mechanical aspect includes the design of several contraptions,
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implants, or devices that could be inserted into the patient’s body to ease the pain. This paper discusses the
subject of total hip arthroplasty (THA), a study of medical remedies to reduce pain in the hip area by using
implants. The most common techniques of fixation in THA are cement and cementless (Apostu et al., 2018).
However, this paper will focus on cemented hip implants. In cemented hip arthroplasty operation, it
involves the effects of implant positioning which would enable the patient to walk unassisted and also
lessen their suffering (Gomez Alcaraz et al., 2021).

One of the biggest and most crucial joints in the human body is the hip joint. The articulation of the
femur (thigh bone) with the acetabulum, a concave socket in the pelvis, results in a ball and socket joint
(Glenister et al., 2024). A complex network of muscles, tendons, and ligaments stabilize and enable
mobility while supporting the hip joint (Tamaki et al., 2022). Currently, the number of patients undergoing
THA continues to rise especially among the senior population (Gémez Alcaraz et al., 2021). THA is a
medical surgery that requires some delicate operation and also involves the insertion and placing of an
implant in the hip area. In other words, THA is a replacement of a joint surgery that requires an acetabular
and a femoral component that must be attached to the pelvic and femoral bones to achieve the ideal
positioning for the prosthesis's optimal performance (Torini et al., 2023).

In detail, THA involves the removal of layers of the hip socket through an incision made above the
head and proximal neck of the femur. Then, a plastic socket is fitted into the expanded pelvis cup, and a
metal ball and stem are implanted into the femur (Ahmad et al., 2020). THA entails loosening the
iliofemoral ligament to obtain access to the femoral head and neck (Ng et al., 2019). THA is one of the
methods that can be used to treat diseases like osteoarthritis, rheumatoid arthritis, or injuries that can cause
the articular cartilage to degenerate, resulting in discomfort, stiffness, and a loss of function (Ng et al.,
2019). The most prevalent type of joint condition is osteoarthritis (OA), which is also known as "wear-and-
tear" arthritis, age-related arthritis, or degenerative joint disease (Abdelaal et al., 2021). One way to
understand it is that OA is a form of arthritis that presents itself most frequently in the hips, knees, feet, and
wrists causing discomfort in the joints and restricting movement in those areas (Yue & Berman, 2022).
About 150 million people around the world which consists mainly adults and senior citizens are affected
by this condition, which causes pain and disability (Torini et al., 2023). Patients experiencing hip
osteoarthritis commonly demonstrate an irregular spine-hip relation (SHR), indicative of the presence of
clinically detrimental spine-hip and/or hip-spine syndromes (Riviére et al., 2018).

The degenerative changes in joint tissues that lead to structural changes in the articular cartilage and
subchondral bone are what distinguish OA from other joint diseases (Whittaker et al., 2021). There are two
classifications of OA which are primary and secondary. Primary OA typically affects many joints in the
general senior population and is of idiopathic origin. Secondary OA is typically monoarticular and caused
by a joint articular disease such as trauma (Abdelaal et al., 2021). However, the incidence of hip OA
continues to rise due to the aging of society and also the increase in obesity (Miller et al., 2018). Several
factors must be considered in THA including implant design, materials, and fixation (Ahmad et al., 2020).
There are two main techniques of fixation in THA which are cement and cementless (Apostu et al., 2018).
Polymethylmethacrylate (PMMA) is the bone cement that is most frequently utilized during THA (Zheng
et al., 2021). However, the cementless relies on the biological fixation of bone to a prosthetic implant's
surface (Maggs & Wilson, 2017). The age of the patient and the quality of the bone will also determine the
method of fixation that will be used (Katz et al., 2018). Cementless fixation is preferred for patients who
are younger and more active (Ahmad et al., 2020). Cemented implants tend to be the most preferable
method for older people (Katz et al., 2018).

PMMA is used as grout in cemented THA, which creates an interlocking fit between the cancellous
bone and the prosthesis (Maggs & Wilson, 2017). PMMA is also a bioinert substance that does not
chemically or biologically bind with host bone at the interface (Zheng et al., 2021). PMMA offers numerous
benefits including biocompatibility, ease of handling, processability, and low cost (Ramanathan et al.,
2024). There are two main categories of cemented stems which are taper-slip and composite beam (Maggs
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& Wilson, 2017). In THA, "implant stability" is described as the orientation and position of the implant
during primary fixation between the prosthesis stem and the longitudinal axis of the femur (Yusof et al.,
2021). Implantation accuracy is measured as the deviation between the target stem anteversion angle and
postoperative computed tomography measurements of stem anteversion (Mitsutake et al., 2020). The distal
section of the implant being either medial or the side from its normal state led to the determination of the
varus position of the implant in THA (Yusof et al., 2021). For the THA to be biomechanically stable, the
acetabular component must be positioned correctly (Torini et al., 2023). This is because the stress
distribution is affected by the modification of implant position in the varus and sagittal planes, which also
contributes to bone adaptation and stress shielding effects (Yusof et al., 2021).

The main purposes of this project are to develop the finite element model of cemented hip arthroplasty
at varus implant positioning and to analyze the effect of hip implant positioning on the distribution of
stresses and total deformation. The scope of the project will be restricted to a computational analysis
utilizing FEA and will not encompass any actual verification or medical assessments. Therefore, this study
will not include any specific patient correlated with this problem. The precision of the FEA outcomes is
based on the input parameters and assumptions applied in the simulation, which could potentially impose
certain constraints.

METHODOLOGY

A combination of computer-aided design (CAD) and finite element analysis (FEA) techniques through
commercial finite element software were employed to explore the effects of hip stem positioning in
cemented THA. Fig 1 depicts a schematic of the detailed research methodology conducted in this study.

[ Develop cemented hip ]‘>[ Determine each material }

Apply loading

Assigned stress and Assemble all the components

and boundary deformation analysis according to varus alignment

condition

Analysis result:
Distribution of

stress and total
deformation.

_ Finite Element
—» Analysis (FEA)

4—[ Record and discuss result ]4—‘

Fig. 1. Schematic of CAD modeling and FEA developments.
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Finite element model

CAD model

This study used a cemented THA model that consisted of three main components, i.e. hip prosthesis
stem, cement mantle, and femoral bone as shown in Fig 2. Computed tomography (CT) was employed to
obtain three-dimensional (3D) imaging and a model to be simulated in this study (Kim & Jung, 2013).
Commercial medical software processes this information to integrate prosthetics accurately. This study
used CT imaging from cadaveric samples to generate a 3D model of the femoral bone, provided by the
University Malaya Medical Centre (UMMC) with a 0.75 slice thickness. The bone cement model has a
distal thickness of 20 mm and a surrounding thickness of 2 mm (Ahmad et al., 2020).

@ (b) ©

Fig. 2. Components in 3D model visualization; (a) cemented hip stem, (b) cement mantle, and (c) femoral bone.

Material properties

In order to obtain an accurate model, material properties were assigned for each component, as shown
in Table 1. In this study, the femoral bone was made of cortical and cancellous bones, whereas polymethyl
methacrylate (PMMA) material was used for the cement mantle (Ahmad et al., 2020). The cemented hip
stem was assumed to be made of biocompatible stainless steel, which was known for its remarkable
resistance to corrosion and superior strength (Olugbade, 2022).

Table 1. Material properties (Ahmad et al., 2020; JIMS, 2014)

Components Materials Young modulus, E (GPa) Poisson’s ratio Yield strength (MPa)

Femoral bone Corticol bones 17 0.3 115
Cancellous bones 0.05 0.2 4.2

Cement mantle PMMA 2 0.3 29

Hip stem Stainless steel 200 0.28 205

Varus misalignments

The assembly process involved integrating cemented hip model components to possess varied scenarios
of both normal and misaligned arthroplasty conditions. Detailed connections between these components
simulate their interactions, facilitating accurate load transfer within the joint. The misalignment conditions
included only the hip stem intentionally inclined with such angles of rotation at varus planes (Bini et al.,
2021; Schwab, 2017). The distal end of the hip stem was used as the center of rotation, so that only the
proximal/stem neck leaned to one side of the bone, creating an uneven cement mantle in between. Fig 3
illustrates when the hip stem and cement mantle at normal position (0°) and six different angles are applied
to rotate the hip stem at varus plane (anterior view) i.e. -0.75°, -0.5°, -0.25°, 0.25°, 0.5°, and 0.75°.
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Fig. 3. Implant positioning in different angles at the varus plane (anterior view).

FEA parameter input

Step and model setup (interaction)

The 'Step' phase utilizes Abaqus software to evaluate implant positioning effects in the cemented hip
arthroplasty. Output requested for S (stress components and invariants), MISES (Mises equivalent stress),
and U (translations and rotations).

The interactions stage defined the model setup to iterate later the stress distribution and load transfer
within the hip model. Surface contact constraints were integral, ensuring accurate biomechanical
simulations in cemented hip arthroplasty within the FEA. “Tie” function was used in Abaqus software in
order to fixate the parts of the bone and the cement, as well as the cement and the hip stem component.

Loading and boundary conditions

Forces and boundary conditions were applied by adapting the stair-climbing activity profile onto the
hip model, as in the previous study (Ahmad et al., 2020). Two forces have been applied to the femur model
which represents the hip loading (P1) and muscle reaction (P2), with a fixed load located at the bottom end
as illustrated in Fig 4(a). This study explores the physiological loads associated with stair climbing to
analyze the effect of hip implant positioning as shown in Table 2.

Pl P2

P2

@) (b)

Fig. 4. (a) Location of each loading and boundary condition at different views and (b) meshing of cemented hip
arthroplasty model.
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Table 2. Magnitude and direction of force applied (Ahmad et al., 2020).

Point Forces X y z

P1 Hip joint contact -486.8 -1898.3 -476.4

P2 Abductor 231.4 682.1 563.1
Meshing

By incorporating global and local seeds, as well as utilizing tetrahedral elements, the meshing phase
aimed to create an optimized mesh that sufficiently captures the structural intricacies and loading conditions
specific to the cemented hip arthroplasty model. The mesh density was selected based on the previous study
(Ahmad et al., 2020). The global seeds sized at 4 mm established baseline mesh density, capturing overall
structural complexities. The local seed was set at 5 mm, further refining specific critical zones, like implant-
bone interfaces or stress-prone areas. Abaqus primarily employs tetrahedral elements known for modelling
intricate anatomical structures. Then, the meshing configuration will result in a pattern resembling that
depicted in Fig 4(b).

FEA output visualization

This final phase encompassed executing Abaqus software to assess implant positioning effects in
cemented hip arthroplasty. In the post-simulation, data on stress (von Mises) and deformation undergoes
visualization using Abaqus tools to create graphical representations and contour plots. This analysis
provided insights into how varus implant positions influence mechanical behavior under various loading
scenarios.

RESULTS AND DISCUSSION

The study meticulously records the von Mises stress and magnitude deformation analyses for each
individual material which are bone, cement, and the implant. The graphical representation vividly illustrates
the comprehensive assessment of stress and deformation magnitudes within the examined materials. It
shows a colour grading from dark blue representing the lowest values, to a spectrum of grey and red
indicating the highest values.

Effects of hip stem misalignment at varus plane

Six angles (-0.75°, -0.5°, -0.25°, 0.25°, 0.5°, and 0.75) have been analysed in the context of varus
alignment. Stress distribution analysis of all components colour-coded graphics in Fig 5 shows barely any
variation in the distribution of stress at different angles. However, at the extremes of varus alignment (-
0.75° and 0.75°), there appears to be a more pronounced concentration of stress along the medial and lateral
aspects of the bone and implant which possibly indicates an uneven distribution of load due to the
misalignment. High von Mises stress in the implant indicates that it is experiencing a significant load, which
could exacerbate stress shielding in the surrounding bone. Whereas Fig 6 displays that the amount of
deformation is relatively consistent across the range of angles, there might be a slightly greater deformation
at the extreme varus angles particularly at -0.75°. At neutral alignment which is at 0°, the deformation is
more evenly distributed throughout the length of all the components, which may indicate a more optimal
load transmission through all the components which are implant, cement mantle, and femoral bone. In the
context of THA, deformation results provide insight into how the bone and implant are displacing under
load. High deformation in the implant shows that it is taking too much load, resulting in stress shielding.

https://doi.org/10.24191/jmeche.v22i1.2802

©Zaitul Asyikin Aznan et al., 2025



96 Zaitul Asyikin Aznan et al. / Journal of Mechanical Engineering (2025) Vol. 22, No. 1
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Fig. 5. Stress distribution analysis for all components at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5°, and (g) 0.75°.

U, Magnitude
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+1.100e+01
+1.000e+01
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+6.0002+00
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+4.0002+00
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Fig. 6. Total deformation analysis for all components at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5°, and (g) 0.75°.

Then, there is a slight variation in colours across different varus angles suggesting a change in the stress
distribution pattern for the femoral bone as displayed in Fig 7. However, the overall stress distribution
remains fairly consistent. Fig 7 displays that higher stress concentration at the lower part of the bone, which
is somewhat distant from the typical location of the implant in a hip arthroplasty. Therefore, given that the
higher stress is not in the immediate vicinity of the implant, the distribution could be influenced by the way
the bone naturally distributes load, especially considering the altered biomechanics due to the varus
alignment. The higher stress in the specific region encourages the thickening of bone (Yusof et al., 2021).
Fig 8 reveals a consistently uniform deformation pattern across various angles for magnitude deformation
analysis. This suggests that the varus positioning of the implant within the tested range has minimal
influence on bone deformation during simulated physiological loads. This could imply that the bone's
structural integrity is maintained across these alignment changes. Moreover, Fig 9 demonstrates that as the
angle of varus increases from -0.75° to 0.75°, there is a slight decrease in von Mises stress. This might
suggest that as the implant angle approaches the neutral which is at 0°, the stress on the femur decreases.
However, the change in stress is very minimal, indicating that within the range of angles assessed, the stress
distribution does not vary significantly. Fig 9 also shows that as the varus angle increases from -0.75° to

https://doi.org/10.24191/jmeche.v22i1.2802
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0.75°, the magnitude of deformation reduces from 10.92 um to 10.85 pum, implying that the femoral bone
experiences less deformation as the implant angle moves towards the positive side. The trend is relatively
linear, suggesting a predictable and proportional relationship between the varus angle and the deformation
magnitude within the tested range. This information could be indicative of how the bone would behave
under a load in real-world scenarios, where a slight variance in the angle of implantation could potentially
affect the deformation experienced by the bone.

5, Mises

(Avg: 75%)
+2.372e402
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+9.583e+01
+8.625e+01
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+0.000e+00

Fig. 7. Stress distribution analysis for femoral bone at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5°, and (g) 0.75.

U, Magnitude
+1.08%+01
+1.080e+01
+9.900e+00
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+8.100e+00
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+5.400e+00
+4.500e+00
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Fig. 8. Total deformation analysis for femoral bone at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5°, and (g) 0.75°.

Besides, the colour display on the cement mantle remains consistent across all angles as shown in Fig
10 due to the von Mises stress values exhibiting minimal differences. The majority of the model exhibits a
pronounced gradient of the blue colour, signifying lower values of von Mises stress. However, the pattern
of stress distribution at -0.75° may show that stress is more evenly spread along the length of the cement
mantle, and based on Fig 10, it exhibits minimum red colour compared to other angles. This could be
interpreted as a more favourable condition for reducing the likelihood of localized cement failure. In Fig
11, where all the angles exhibit almost similar deformation patterns. This indicates that the cement mantle's
response to the varus alignment within the tested range is relatively uniform. Furthermore, Fig 12, illustrates
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that the von Mises stress values fluctuate as the varus angle changes. Notably, there is a peak at -0.25° and
-0.5°, suggesting these positions experience higher stress. There is a noticeable reduction in stress as the
angle shifts from -0.25° to 0.25°, followed by a slight increase towards 0.75°. This pattern could suggest
that certain angles are more prone to induce stress within the cement mantle, which could affect the
longevity and stability of the implant. This may result from PMMA being softer facilitating the adaptation
of implants and femurs to mitigate the strain transmitted from the implants to the femurs through
deformation akin to a dashpot (Yavuz Solmaz et al., 2018). The magnitude of deformation gently decreases
as the angle moves from -0.75° to 0.75° as shown in Fig 12. The changes are small but consistent. The
smallest deformation is observed at 0.75°, indicating this may be a more stable configuration under the
simulated conditions.
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Fig. 9. Comparison of maximum von Mises stress and displacement for femoral bone at different varus angles.
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Fig. 10. Stress distribution analysis for cement mantle at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5°, and (g) 0.75.
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Fig. 11. Total deformation analysis for cement mantle different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5° and (g) 0.75°.
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Fig. 12. Comparison of maximum von Mises stress and displacement for cement mantle at different varus angles.

Additionally, there is a slight colour gradient change across the angles which indicates a slight variation
in stress distribution for the implant as shown in Fig 13. It can be seen that the red colour at the neck of an
implant at 0.75° is more visible compared to others. While the overall pattern is almost similar, there may
still be subtle differences in the extent of stress which could be important. These subtleties might not lead
to immediate clinical issues but could have long-term implications for the integrity of the implant. Fig 14
shows the deformation experienced by the stem prosthesis at various angles of varus alignment. It displays
a very subtle change in the color gradient across the angles, corresponding to the small changes in
deformation. Specifically, the grayscale representation for the implant at 0.25°, 0.5°, and 0.75° angles is
nearly imperceptible. This suggests that at these particular angles, the level of deformation experienced by
the implant is notably lower, as denoted by the diminished visibility of grey tones in comparison to the
surrounding color spectrum. Then, Fig 15 shows a slight but consistent increase as the angle moves from
negative to positive. The stress increases from 188.3 MPa at -0.75° to 188.9 MPa at 0.75°. This trend
suggests that the prosthesis experiences progressively higher stress as the angle deviates from the baseline
https://doi.org/10.24191/jmeche.v22i1.2802
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position. The higher value of von Mises stress leads to the stress shielding phenomenon, which might result
in aseptic loosening and instability of the implant (Yusof et al., 2021) .Besides, it also shows that the
magnitude of deformation decreases slightly as the angle increases, from 11.33 um at -0.75° to 11.27 um
at 0.75°. Even though the changes are minimal, there is a consistent trend where the deformation decreases
as the angle becomes more positive.

5, Mises p
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Fig. 13. Stress distribution analysis for implant at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°, (e) 0.25°,
(f) 0.5° and (g) 0.75.
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Fig. 14. Total deformation analysis for implant at different varus angles (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°, () 0.25°,
(f) 0.5° and (g) 0.75°.

(© (d) ® ® )

CONCLUSION

The development finite element model of cemented hip arthroplasty at varus implant positioning has been
explored in this study. Furthermore, the effect of hip implant positioning has been analyzed through the
distribution of stresses and total deformation. Several key findings can be drawn to conclude as follows:
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(i) The finite element analysis of varus alignment in cemented THA reveals that the baseline
angle of 0° may not be the lowest stress and deformation in all components.

(if) Varus angles show minimal influence on total deformation, with only a slight difference of
0.07 um observed between the highest and lowest values for each component. However, they
exhibit notable differences in von Mises stress values on the cement mantle, with the highest
recorded at -0.25° (20.19 MPa) and the lowest at -0.75° (14.2 MPa).

(iii) Small changes in the varus angle do not significantly affect von Mises stress values within the
femoral bone and implant. Optimal alignment may deviate from the traditional neutral
position, as certain angles with deviations exhibit lower stress and deformation magnitudes.

Future studies should expand simulated physiological loads to include activities like walking and other
daily motions, conducting multi-directional stress analyses to understand how cemented THA endures
everyday activities. Considering material properties, particularly the condition of cement thickness due to
hip stem alignment during the procedure, is crucial as it could influence stress distribution, ultimately
aiming to reduce the risk of bone fracture and the quality of patients’ life after THA.
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Fig. 15. Comparison of maximum von Mises stress and displacement for implant at different varus angles.
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