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Hip implants play a crucial role in restoring mobility and reducing pain in patientsith hip joint disorders. The design
and material selection of the implant stem significantly influence its mechanical pesformance and longevity. This
study presents a comparative finite element analysis of circular and rectangular hip implant stems to evaluate their
structural behavior under static loading conditions. The implant stems were'medeled using CREO 11.0 and analyzed
using Ansys 2023 R2, with a load of 2300 N applied to simulate real-worldjeonditions. Two materials—Cobalt
Chromium (CoCr) and Ti-6Al-4V alloys—were considered to assess their mechanical properties. The results indicate
that rectangular stems exhibited lower total deformation, von Mises stress, and strain compared to circular stems,
making them structurally superior. Among the materials “apalyzed, CoCr demonstrated better mechanical
performance, reducing stress concentration and potential failure risks. Additionally, metal-on-metal (MoM)
configurations showed enhanced durability over metal-on-polyethylene (MoPE). These findings suggest that a
rectangular CoCr stem in a MoM configuration is optimal for improving implant longevity and reducing revision
surgery rates. The study underscores the importancefof optimized implant geometry and material selection in total
hip arthroplasty. Future research should explore dynamic deading conditions and patient-specific implant designs to
enhance clinical outcomes further.
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1 INTRODUCTION
1.1 Background

Total hip replacement (THR) is a medical ‘precess in which a damaged hip portion is replaced with a prosthetic
implant, primarily to relieve pain and restore fupction in patients suffering from conditions such as osteoarthritis,
rheumatoid arthritis or hip fractures*<BHR is particularly important in orthopedic surgery because of its ability to ease
life for patients, particularly older adults, and younger individuals seeking relief from debilitating hip pain. The
procedure enhances mobility for daily activities such as walking, sitting, standing, stair climbing, descending,
squatting, cycling and performing religious prayers, while also reducing the need for long-term pain management
[1][2]. The long-term suc€ess of the total hip arthroplasty (THA) relies on the ability of the implant to withstand
dynamic lifestyle requirements,andgremains functional for decades without the need for revision operation. The
effective design of the hip implantffocuses on optimizing load transfer and stress distribution to reduce the risk of
release and failure offgomponents [3]. The critical role of design in minimizing revision procedures due to aseptic
loosening, a thorough understanding of mechanics and longevity of the implant is necessary [4]. Since the demand
for hip replaceménticontinuesto grow, to improve surgery and reduce the need for revisions is essential.

1.2 Componentsiin hip implant

Hip implantassembly consist of Stem the lower component, above is spherical femoral head, liner which acts as a
bearing'surfacéyand top component is acetabular cup as mentioned in figure 1. Advancements in THA have
introduced various bearing surfaces, like metal-on-polyethylene (MoPE), ceramic-on-polyethylene (CoP), metal-on-
metal (MoM), ceramic-on-ceramic (CoC), and ceramic-on-metal (CoM) configurations [5].
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These developments have led to modern designs with features such as femoral along with stem, liner and an
acetabular cup, available in a variety of shapes and sizes. In this study, only MoM and MoPE configuration were
considered to establish the design parameters such as shapes and sizes, ction of materials, coefficient of friction
and contact pressure for suitable hip implant.

Fig. 1. Schematic of femoral THR implementation. Reproduce

1.3 Finite element analysis

In this work, circular and rectangular shaped stem designs wi lled using CREO 11.0. The common choices
for hip implant stems were Ti-6Al-4V and cobalt chromium s materials due to its optimal mechanical
characteristics and biocompatibility [7]. Total displacement and von s stress for all stems were evaluated using

Ansys 2024 R2. A static load of 2300 N is applied on femoral head as per standards. Various models with different
interfaces of CoCr alloys, Ti-6Al-4V and UHMWPE e considered in this work [8]. Femoral heads with diameter
ranges from 22 mm to 36 mm have been considere on individual body anatomy [9]. In this work, a constant
d 2 mm backing cup were considered. In the first

model, the UHMWPE acetabular liner with the met ad was considered. In the second model, the CoCr
acetabular cup is covered by a metal backing cup. A r udy found that PEEK liner material against UHMWPE
exhibited excellent wear performance [10]. hanical characterization under static conditions using the FEA was

performed [11] . The distribution of stress acr implants and strains was observed for all models. The cartilage
Iayer was observed to spread the load, r, i cline of deformation and the maximum stress in the implants.
in figure 1. In another study, applied load to the femoral head
]. Contact force with a coefficient of friction f = 0.08 within femoral
oundary conditions of ASTM F2996-13 were followed in the study
[13]. The boundary conditions for da tivities like sitting, standing, stair climbing, descending, squatting and cycling
vary and should be applied accordingl EA simulations [2][14].

Circular and rectangular shapes were modelled with straight stem as shown in figure 2. FEA was conducted to
perform static analysis o models usmg Ansys 2023 R2 with different material comblnatlons accordlng to ASTM

center were acting on the greater trochante
head and acetabulum was modell

backing cup with d|

2 MATERIAL

The shape and
rectangular shapes ems were considered in the analysis for study. A collared straight stem and curve on the
lateral sidegwere considered for study as shown in figure 2. All hip implant CAD models were created using CREO
is was conducted using Ansys 2023 R2 to estimate von Mises stress and strain with the application
ation.
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the function of the hip implant, increase mobility re
The properties of different materials considered in this

W10,

180

194

158

e shown in Table 1.

m and assembled hip implant [15]

lance mechanical performance, biocompatibility, wear
ial possesses distinct properties that play a key role in
d reduce pain in patients with total hip arthroplasty.

. Young's : . . Ultimate Tensile strength
Sl Materials [GPa [gm/cm?] Poisson's ratio [MPa]
1. Ti—6Al-4V 114 4.5 0.31 930
2 CoCr Alloy 8.5 0.30 1503
3. UHMWPE 0.96 0.95 0.31 48
2.1 Mesh generation & boundary conditions

Number of Nodes

Number of Elements

4,39,314

5,05,015

Rectangular

6,77,513

7,32,059
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Fig. 3. (a) Stem as specified by ASTM F2996-1 and meshed model, (b) C

Boundary and load conditions were applied as per ASTM F2996-
into three parts from the top surface of the stem based on the
from top face center of femoral spherical head which measure
first incision. The bottom portion of stem was confined on all surfa istal to the second portion of stem. Fixing the
hip stem in this way confirms that extreme stresses do not occur in t ncerned area due to rigid fixation. A static
analysis was performed for two considered designs with the same boundary.
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ete hip implant and meshed model

21]. As per standards, the hip stem was divided
th of the stem. The first section was made
m. Next incision was made 10 mm below the

3 RESULTS
Initially static structural analysis is performed for S sidering CoCr alloy and Ti—-6Al-4V alloy materials
under the load of 2300 N. Table 3 summarized the analysis outcomes for the CoCr alloy and Ti—6Al-4V alloy hip
stem.
Table 3. Structural analysis ou es of CoCr alloy and Ti—6Al-4V alloy hip stem
Stem ation in Equivalent von Mises Equivalent strain in
Sl . Stem shape .
Material stress in MPa mm/mm
1. Circu 0.36 723.3 0.003
CoCr alloy
2. Rectangul 0.31 537.2 0.002
3. ) Circular 0.63 715.3 0.003
Ti—6Al-4V
4, ectangular 0.54 533.8 0.004

From the results, it can be ob
von Mises stress re
displacement and von
strain for the re

that the stem with rectangular shape showed the minimum displacement and
less of Co€r and Ti-6Al-4V material. Secondly, stem with CoCr as material showed minimum
ises stresses compared to Ti—-6Al-4V stem. Total deformation, von Mises stress and elastic
ed stem with CoCr is shown in figure 4.
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D: CoCr Rectangular Stem
Total Deformation
Type: Total Deformation
nit mm
Time:1s

D: CoCr Rectangular Stem

Equivalent Stress )

Type: Egulvalent (von-Mises) Stress
nit: MPa

Time:1s

Deformation Scale Factor: 0.0 (Undeformed) Deformation Scale Factor: 0.0 (Undeformed)
0.31115 Max 537.21 Max
027657 15.447
0.242 0.44416
020743 0012771
017286 0.00036723
013829 1.0559e-5
010372 3.0362¢-7
0.069143 8.7302e-9
0034572 2.5103e-10
0 Min 7.218¢-12 Min

(@) (b)

Fig. 4. Rectangular Stem with CoCr, (a) Total deformation, (b) von

Usually, hip implant is made up of either MoM or MoPE. The tabl
used in hip implants. These material combinations are evaluat
complete hip implant is considered.

Table 4. Various material combinations of

D: CoCr Rectangular Stem

Equivalent Elashc Strain

Type: Equivalent Elastic Strain
nit: mm/mm

Time:1s

Deformation Scale Factor: 0.0 (Undeformed)

0.0027547 Max
0.00027547
2.754Te-5
2.7547e-6
2.7547e-7
2.7547e-8
2.7547e-9
2.7547e-10
2.7547e-11
3.609¢-17 Min

stress, (c) Elastic strain

shows the different combinations of the materials

the best suited material combinations when

plant assembly

S| i Stem shape Stem Head Acetabular Liner | Backing cup
Combination
1 _ Cr CoCr
Circular
> CoCr
MoM
3 CoCr CoCr
Rectang -
4 Ti-6AI-4V CoCr
CoCr CoCr
5. o CoCr UHMWPE
ir
6. Ti-6Al-4V UHMWPE
MoPE
7 CoCr UHMWPE
angular -
3 Ti-6AI-4V UHMWPE

A force of 2300 N was a

lied on the backing cup and center of femoral head which acted as a fully constrained
igd out on two variants MoM and MoPE of hip implant to determine the best
marized the analysis outcomes for the different combinations considered in

Mat Total deformation in Equivalent von Mises Equivalent strain in
Sl ) Stem shape i
Combina mm stress in MPa mm/mm
0.43 728.8 0.003
Circular
0.61 344.3 0.003
0.37 536.8 0.002
Rectangular
4, 0.75 720.6 0.008
5. 0.43 728.8 0.0036
MoPE Circular
6. 0.75 767.9 0.0068
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Material Total deformation in Equivalent von Mises Equivalent strain in
Sl C Stem shape :
Combination mm stress in MPa mm/mm
7. 0.43 728.8 0.0036
Rectangular
8. 0.66 965.3

Table 5, shows that MoM rectangular shaped hip implant exhibited the minimum displacement all the
combinations of the materials considered. However, the circular shaped MoM implant exhibited less vor’ Mises
stresses compared to all the designs. Total deformation, von Mises stress and elastic strain for hip implant with a
rectangular CoCr stem were shown in figure 5.

C: Colr_CoCr_CoCr_CoCr €: CoCr_CoCr_CoCr_CoCr Cr_CoCr_CoCr
701& Jefarmation Equwal;'n“ tress it El astic Strain
T To\a\ Deformation YDE! F(E sivalent (von-hMises) Stress pvalent Elastic Strain
t mm 'er
r\arnrmmnn\ ale Factor: 0.0 (Undeformed) D f(rm,.n-ur. Scale Factor; 0.0 (Undeformed) le Factor: 0.0 (Undeformed
0.37303 Max 536.82 Max
033158 14.63
028013 039872
0.24869 0010867
0.20724 000029615
016579 "07‘12 -6
012434 2.1997e-7
0.082895 5.995e-9
041448 6338210 2
0 Min 4.4528e-12 Min 2_2264. 17 Min
(a) (b) (c)

Fig. 5. MoM with a rectangular CoCr stems eformation, (b) von Mises stress, (c) Elastic strain

4 DISCUSSION

Cobalt Chromium alloy, Ti-6Al-4V alloy
requirements are very critical for hip |mplants t
Previous studies indicate that determini

are widely used hip implant materials [22]. Design
inimize revision joint operations to prevent aseptic loosening [4].
d design and material selection is challenging, as analyzing
available results on a common basis rem difficult. Different structural models composed of UHMWPE, CoCr and
Ti—6Al-4V alloys were analyzed under static ditions using FEA, revealing 0.1 mm deformation in implants made
from Ti—6Al-4V [23]. Studies hav own that the maximum von Mises stress of 137 MPa, below the 850 MPa yield
strength of Ti—6Al-4V and CoCr ich ensured the safety of the hip prosthesis under static conditions [4].
Additionally, hip implant made of Ti—6 showed that at a load of 2500 N, the resulting stress in the implant is
256 MPa [24].

In this work, all the modelgyare assessed in terms of total deformation and stress-strain with respect to ASTM F2996-
stress less compared to ultimate strength under a static load of 2300 N.
esult with a minimum total deformation of 0.31 mm, a von Mises stress of 537.2

for the CoCr stem.

Comparable results ha een reported for stem and hip implant assembly. An implant with an acetabulum liner
made of MoM

. Invivo studies and clinical trials will be essential to validate these findings and ensure the practical
posed materials.

more accurate knowledge to the integration of factors, such as the slldmg distance and the contact pressure between
the femoral head and the acetabular cup, which can evaluate wear and provides a more detailed understanding of
the implant performance under realistic gaits load conditions [4]. The wear assessment of the implant component
can be validated using coordinate measuring machine (CMM) [26]. Recent studies conducted during a dynamic load
have shown promising results; The above findings could therefore be further validated by dynamic analysis for
increased accuracy [27].

The findings of this study provide the basis for future research focused on optimizing materials such as PEEK, and
exploring various material combinations for hip implants [10]. Advances in surface modifications and coatings could

6
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further increase wear resistance and support better osseointegration. In addition, the development of designs of
implants specific to the patient through additive production can lead to the new generation hip implants with excellent
functionality and lower failure, which eventually transforms orthopaedic implant technology and improve results in
patients with hip arthroplasties.

5 CONCLUSIONS

This study comprehensively evaluates the mechanical performance of circular and rectangularhip implant stems
using finite element analysis. The analysis reveals that rectangular stems outperform circular stems in t€rms of
reduced total deformation, von Mises stress and elastic strain, regardless of the material used. Among the materials
analyzed, cobalt chromium alloy exhibited superior mechanical properties compared to Fi—6Al-4V alloy, making it
the preferred choice for hip implant stems. Furthermore, the study emphasizes the suitahility ofyametal-on-metal
configurations over metal-on-polyethylene due to their enhanced durability and lower defofrmation under static load
conditions.The findings highlight the importance of optimizing stem geometry and material sglegetion in hip implant
design to enhance implant longevity and minimize revision surgeries. Rectangularstems, particularly those made of
CoCr in MoM configurations, emerge as the optimal combination for total hip arthroplasty. However further dynamic
analysis is required with different dynamic gait cycles to optimize these design§.
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