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______________________________________________________________________________________ 
INTRODUCTION 
 

     Total hip arthroplasty (THA) is a surgical procedure that 

involves the replacement of a compromised hip joint with an 

artificial implant (prosthesis). THA is expected to increase 

around 284% (to a predicted yearly volume of 1.43 million 

surgeries) by 2040, according to an analysis by Singh et al. based 

on data from the Census Bureau and the U.S. National Inpatient 

Sample (NIS) from 2000 to 2014 (Singh et al., 2019). 

Furthermore, a rising trend of 659% has been reported by 

2060%, according to the Centers for Medicare & Medicaid 

Services (CMS) Medicare/Medicaid Part B National Summary 

data (Shichman et al., 2023). The escalating incidence of THA 

surgeries has prompted researchers to expand their focus on the 

improvement of hip implant design. This work involves 

enhancements to vital components such as the femoral stem, 

acetabular cup, and femoral head (ball), with the purpose of 

improving performance, lifespan, and patient outcomes (Borah 

et al., 2021). 

Over the past few years, there have been numerous methods by 

which researchers and developers have enhanced the design of 

solid hip implants. Nonetheless, the stress shielding 
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A B S T R A C T   
           

The demand for total hip arthroplasty (THA) surgery is projected to rise annually, as 

indicated by analysis of past surgical data. The researchers consistently strive to enhance the 

hip implant design, responding to the growing demand that has evolved from solid implant 

designs to advanced porous implants. A widely utilized approach involves the application of 

finite element analysis (FEA) to the design of hip implants, as it significantly reduces both 

time and costs in comparison to conventional physical testing methods. However, it is 

essential to determine the appropriate mesh size prior to conducting FEA to ensure that it 

doesn’t affect the reliability of the results. Hence, the objective of this study is to conduct a 

mesh convergence analysis of the femoral bone and stem. This study involved the 

reconstruction of the femoral bone and the development of the femoral stem utilizing Mimics 

and SolidWorks software. The h-refinement method and analysis were conducted using the 

3-Matic and MSC Marc Mentat software, with a mesh size range of 6.0 mm to 3.5 mm for 

the femoral bone and 4.0 mm to 2.0 mm for the femoral stem. According to results, the 

optimal mesh size for the femoral bone and femoral stem was 4.5 mm and 3.0 mm, 

respectively. The mesh convergence analysis for this study was successfully conducted, with 

the percentage error between two successive models demonstrated to be less than 5%. 
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phenomenon is one of the current issues. This phenomenon 

arises as a result of the increased rigidity of the current materials 

used in solid hip implants, which include titanium, cobalt 

chromium, and stainless steel (Choroszyński et al., 2017). The 

imbalance of load transfer occurs when the solid implant is 

inserted into the femur, as the majority of the load is distributed 

to the implant rather than the surrounding bone (Arabnejad et 

al., 2017). As a result, this can lead to serious issues such as 

fractures, thigh soreness, and, in the worst-case scenario, a 

second surgery (Abdullah et al., 2025; Prasad et al., 2017). 

Hence, it is recommended that the implant incorporate a 

porous/lattice design to mitigate the aforementioned issue. 

Currently, the majority of researchers design porous hip 

implants by employing finite element analysis (FEA). 

FEA is a computerized technique that is employed to forecast 

the behavior of a product or model in response to real-world 

forces (Fish et al., 2007). This method is more efficient in terms 

of time and cost, as it does not necessitate physical testing. 

Numerous research studies have employed FEA in the 

development of porous hip implants; for instance, 

Kladovasilakis et al. analyzed various lattice structures 

(Voronoi, Gyroid, and Schwarz Diamond) using FEA under 

static in vivo loadings (Kladovasilakis et al., 2020). The FEA 

for each implant aims to ascertain its yield point and safety 

factor. A tetrahedral mesh and the nickel-based superalloy 

Inconel 718 material were utilized in this study. In another 

study, Cheah et al. conducted a static finite-element analysis on 

Ti-6Al-4V hip implants with lattice structures (Cubic FBCCZ 

and Octet-truss) that varied in density (Cheah et al., 2022). The 

mesh sizes were selected to be three times smaller than the strut 

thickness to ensure sufficient computational requirements, time 

efficiency, and precision. 

Previous research has shown that mesh generation is one of the 

parameters that need to be identified before FEA can be 

conducted. It is imperative to ascertain the appropriate mesh 

size, as the quality of the mesh is a significant factor in the 

computational efficiency, accuracy, and reliability of FEA 

results. In general, a finer mesh will produce more accurate 

results; nevertheless, it will also require a lot more time and 

resources to compute (Mohamad Azmi et al., 2024). Hence, a 

mesh convergence study is indispensable for the purpose of 

determining the optimal mesh size. Therefore, the objective of 

this study is to conduct a mesh convergence analysis of the 

femoral bone and stem to prevent the simulation results from 

being influenced by the variability of mesh size. 

MATERIALS AND METHOD 

 
Reconstruction and Development of 3D Femoral Bone and 
Stem 

 

For the reconstruction of the femoral bone, the data used in this 

study were derived from computed tomography (CT) scans of a 

27-year-old male subject who weighed 75 kg and measured at a 

height of 169 cm. The scans were obtained at Hospital Tengku 

Ampuan Afzan in Kuantan, Pahang, Malaysia (no: 

versi2.0tarikh15Feb2008) (Abd Aziz et al., 2024). Firstly, the 

CT dataset was imported into Mimics software (Materialise, 

Leuven, Belgium) to create a precise three-dimensional (3D) 

model of the femur bone. Bone segmentation was executed with 

a specified Hounsfield Unit (HU) threshold range of 226 to 3071 

HU. The “Region Grow” and “Split Mask” tools were utilized 

to delineate the right femur bone and remove extraneous 

adjacent bone components. After the segmentation process, the 

“Calculate” function was employed to construct the 2D image 

segments into a 3D model. The femur bone model was exported 

as a stereolithography (STL) file and then imported into 3-Matic 

software (Materialise, Leuven, Belgium) for mesh production. 

Figure 1 below shows a visual representation of the stages 

involved in femur bone reconstruction. For the development of 

the femoral stem, SolidWorks (Dassault Systèmes, Vélizy-

Villacoublay, France) software was employed to mimic the 

commercial hip implant design, which originates from the 

Taperloc by Zimmer Biomet. The supplier’s specifications in 

the brochure or catalogue were used to establish the implant’s 

dimensions, and the length of the stem was fixed at 160 mm in 

accordance with previous studies (Delikanli et al., 2019; 

Kladovasilakis et al., 2020). 

 

 

Fig. 1 Reconstruction process of the 3D femoral bone: (a) auto-
segmentation model, (b) manual segmentation model, (c) 

conversion from a 2D to 3D model, (d) mesh production 

Convergence Analysis 

The 3-Matic software (Materialise, Leuven, Belgium) has been 

employed to create a mesh of the femoral bone and stem using 

a 3D triangular surface mesh, also referred to as a tetrahedral 

mesh. Next, the convergence study of the femoral bone and stem 

began with the refining method. Refinement is a remesh process 

that separates a triangular mesh into defined sizes; in this 

investigation, h-refinement was used. The femoral bone was 

composed of six distinct mesh densities, with sizes ranging from 

6.0 mm to 3.5 mm (Figure 2), while the femoral stem was 

composed of five distinct mesh densities, with sizes ranging 

from 4.0 mm to 2.0 mm (Figure 3). Table 1 displays the number 

of nodes and elements for each model with a variation in mesh 

size. Following this, the models were converted to solid 

tetrahedral using the 3-Matic software, exported as an STL file, 

and integrated into the MSC Marc Mentat software 

(MSC.Software Corporation, Germany) for analysis. The FEA 

was performed on each model with all parameters, including 

material properties and boundary conditions, remaining 

consistent. The Young’s modulus and Poisson ratio for bone 

material were set to 7 GPa and 0.3, whereas stem material 

(titanium alloy) were set to 114 GPa and 0.31. For boundary 

conditions, the proximal femoral bone and stem were subjected 

to a 375 N axial load to replicate the standing phase of the human 

gait cycle (Figure 4). After the study was concluded, the von 

Mises stress (VMS) data was obtained by selecting a single node 

for each model. 
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Fig. 2 Six mesh size of femoral bone: (a) 6.0 mm, (b) 5.5 mm, 
(c) 5.0 mm, (d) 4.5 mm, (e) 4.0 mm, (f) 3.5 mm 

 

 

 

Fig. 3 Five mesh size of femoral stem: (a) 4.0 mm, (b) 3.5 mm, 

(c) 3.0 mm, (d) 2.5 mm, (e) 2.0 mm 

 

 

 

Fig. 4 Boundary conditions for convergence analysis: (a) 

femoral bone model, (b) femoral stem model 

 
RESULT AND DISCUSSION 
 

        In order to conduct the convergence analysis, the triangular 

meshes of the models were refined and subdivided using the 4-

node tetrahedral element, which has been demonstrated to be 

more precise than its corresponding element (Mughal et al., 

2015). Besides that, mesh convergence was performed 

separately for the implant and the femoral bone due to 

differences in mesh sensitivity arising from their distinct 

material properties and geometric complexities. This approach 

also ensures that each component achieves solution accuracy 

efficiently prior to assembly and contact analysis. The 

methodology is supported by recent biomechanical FEA studies. 

For example, Gok (2022) refined the implant mesh to 

approximately 0.5 mm and the bone mesh to around 3 mm, 

meeting convergence criteria with less than 5% variation in 

stress and displacement. Similarly, a study by Bilgi-Ozyetim et 

al. (2025) conducted independent mesh refinement for the 

implant and bone, achieving a relative error of less than 2–3% 

in stress values. 

 Moreover, the h-refinement method was implemented in this 

convergence study, as it has the potential to improve finite 

element results by employing a smaller mesh size (De Sterck et 

al., 2008). The bone’s mesh sizes varied from 6.0 mm to 3.5 mm, 

whereas the stem’s range was 4.0 mm to 2.0 mm. The mesh size 

range in this study was selected based on the maximum and 

minimum values reported in previous literature. For instance, a 

study by Salaha et al. (2023) utilized a femoral mesh ranging 

from 6 mm to 3.5 mm, reporting no significant variation in 

results below these thresholds. For implants, most studies 

employed a mesh size of approximately 3 mm; therefore, a range 

of 4 mm to 2 mm was selected for the implant in this study 

(Alkhatib et al., 2019; Trentadue et al., 2023). The use of a 

0.5 mm decrement ensures adequate resolution for convergence 

assessment while remaining consistent with mesh sensitivity 

limits reported in the literature for both bone and implant 

models.  

In addition, the models were subjected to a compressive load of 

half the body weight (375 N) to replicate a standing leg state. 

The distal section of the models was fixed using the MSC Marc 

Mentat software (Ramlee et al., 2014). As shown in Figure 5, 

the VMS value was acquired at the same place in every model 

after the analysis. A single node at a consistent coordinate was 

selected and evaluated in all simulations to ensure reliable 

convergence assessment. This method reduces variability 

caused by differing evaluation points and allows for direct 

comparison of mesh refinement effects on localized mechanical 

responses. The practice of using a fixed node location is well 

established in finite element analysis, as outlined by Cook et al. 

(2002) and Zienkiewicz et al. (2013). To facilitate comparison, 

graphs were drawn using the VMS data versus the number of 

elements. 

In Figure 6, the von Mises stress distribution for the femoral 

bone increased with the number of elements and stabilized 

around the fourth iteration (202916 elements). The stress 

distribution of the femoral bone observed in this study is almost 

similar with that reported by Salaha et al. (2023) when evaluated 

at the same node, with values ranging between 2 and 4 MPa. 

Next, the percentage error between two successive models was 
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calculated to determine the convergence point. The percentage 

differences calculated from model 1 (78994 elements) to model 

4 (202916 elements) were 7.47%, 1.41%, and 4.35%. From 

model 4 (202916 elements) to model 6 (430595 elements), the 

percentage differences were 0.07% and 0.45%. Given that the 

values between model 4 and model 6 were below 5%, the model 

was deemed to have converged at that point (Chen et al., 2014; 

Ramlee et al., 2018; Spirka et al., 2014). The graph presented in 

Figure 6 supports this assumption, indicating that convergence 

initiates at model 4, which comprises 202916 elements. 

Therefore, model 4 (4.5 mm) was identified as the optimal mesh 

size for this study, aligning with findings from prior research 

(Salaha et al., 2023). Most previous studies utilized a mesh size 

of 4 mm, differing by 0.5 mm from the current study; however, 

this mesh size remains within the acceptable range, as it varies 

according to the model used (Jetté et al., 2018; Kim et al., 2019). 

In contrast to the prior graph, the stress distribution for the 

femoral stem decreased as the number of elements increased 

until it remained nearly constant by the third attempt (28475 

elements). The stress distribution of the femoral stem obtained 

in this study under a 375 N load, with a peak von Mises stress of 

approximately 40 MPa, shows reasonable agreement with the 

findings of Guzmán et al. (2022), where a 2300 N load resulted 

in a peak stress of around 200 MPa. Although the loading 

magnitudes and boundary conditions differ, the stress values 

scale proportionally, thereby supporting the validity of our 

simulation results. Besides that, the percentage difference 

calculated from model 1 (10832 elements) to model 3 (28475 

elements) was 4.21% and 14.93%. From model 3 (28475 

elements) to model 5 (90495 elements), the percentage 

difference was 0.65% and 0.84%. Consequently, models 3 to 5 

were selected based on a convergence criterion of less than 5%, 

as validated by the graph in Figure 7, which indicates that 

convergence begins at model 3 (28475 elements). Consistent 

with prior research (Alkhatib et al., 2019), this study used model 

3 (3.0 mm) as the ideal mesh size for the femoral stem. Despite 

the differing patterns exhibited by both graphs, their validity is 

supported by previous literature (Tafreshi et al., 2019; Yaman et 

al., 2015). 

 

 

 

Fig. 5 The node location for each model in convergence 
analysis 

 

Fig. 6 Convergence study graph for femoral bone 

 

Fig. 7 Convergence study graph for femoral stem 

Table 1 Number of nodes and elements for both models with a variation in mesh size 

FE Model Mesh Size (mm) Number of Elements  Number of Nodes 

Femoral bone 6.0 78994 14584 

 5.5 107766 19873 

 5.0 145346 26664 

 4.5 202916 36967 

 4.0 290732 52096 

 3.5 430595 75672 

Femoral stem 4.0 10832 2433 

 3.5 17877 5068 

 3.0 28475 8907 

 2.5 48522 15665 

 2.0 90495 28602 
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CONCLUSION 
 

In summary, the research successfully conducted mesh 

convergence analysis for both the femoral bone and stem using 

the h-refinement method and a simple analysis setup for each 

model. The analysis concludes that the optimum mesh size for 

the femoral bone and stem is 4.5 mm and 3 mm, respectively. 

This phase is a critical stage that must be completed before 

conducting further FEA to ensure that the results are not 

influenced by the mesh size. However, the study presents only 

one approach for doing convergence analysis; it is advisable to 

employ many methods to guarantee that the obtained mesh size 

is more dependable and precise. 
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