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Abstract—Hip fractures among elderly 

people are associated with elevated mortality 

rates and significant health burdens. Material 

assignment in orthopaedics for Finite element 

analysis is a major challenge that 

significantly influences simulation results. 

However, many studies used different methods 

to assign material properties to the femur 

model. Therefore, we have adopted three 

widely used different kinds of material as 

Homogeneous, Cortical-Cancellous, and 

Heterogeneous assignment methods to 

compare the results and influence the 

outcome of the biomechanical simulation. 

Early assessment of hip fracture risk is 

essential for developing preventive 

approaches aimed at decreasing the incidence 

of hip fractures among elderly people. 

Therefore, the second objective of this 

research is to determine how different falling 

configurations (FC) increase the hip fracture 

risk. Six different fall configurations have 

been used by adjusting the load angle 

directions (α) on the frontal plane and (β) on 

the horizontal plane to find the fracture risk. 

FEA showed that a heterogeneous material 

model is more consistent in biomechanical 

simulation. Moreover, the tendency of 

fracture risk is higher when (α) is 120° and 

(β) is 45°. The biomechanical simulation 

results are valid and applicable within the 

orthopaedic field, supporting their integration 

into clinical research. 

Keywords:— FEA, Fracture Risk, 

biomechanics, simulation, material 

assignment. 

1. INTRODUCTION 

Hip fractures among elderly people 

frequently result in an increased mortality 

risk, disability, and subsequent hip fractures, 

which are mainly caused by osteoporosis. This 

severe bone disease results in decreased bone 

mass and an increased fracture risk [1]. It has 

become a worldwide socioeconomic and 

substantial health burden [2]. The increased 

risk of osteoporosis persists for several years 

subsequently, emphasizing the essential 

interventions to reduce this risk [3]. Suffering 

any fracture is associated with heightened 

mortality risk among men and women, and hip 

fractures are a significant independent 

predictor of a higher mortality rate [4]. 
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According to a previous study, hip fractures 

are predicted to increase to 1.3 million by 

2050 [5]. China has the largest population in 

the world of elderly people, with an increased 

mortality rate of 13.96% in 1 year due to hip 

fractures, and the economic impact has 

grown, with hospitalization costs rising from 

approximately US$60 million to US$380 

million in 2016 [6]-[7]. Therefore, Hip 

fractures remain a serious concern; early 

assessment has a considerable reduction in 

the mortality rate and impacts economic 

outcomes. 

Clinically, Osteoporosis measurement 

tools are essential for early treatment, 

monitoring, diagnosis, and hip fracture risk 

prediction [8]-[9]. 

Dual-energy X-ray absorptiometry 

(DXA) is the World Health Organization 

(WHO)-designated clinical standard for 

assessing bone mineral density (BMD). It 

provides a validated and quantitative measure 

of fracture risk, serving as a primary predictor 

of osteoporotic hip fracture risk [10]. 

However, bone mineral density is not the only 

primary factor in hip fractures; other factors, 

such as bone strength, bone geometry, and 

clinical risk factors related to fall postures, 

may also influence hip fractures [11]. The 

World Health Organization's FRAX tool 

estimates the 10-year probability of hip and 

major osteoporotic fractures but has a key 

limitation: it does not account for fall risk, 

which is a significant independent predictor 

of hip fractures [12]. However, fall is a major 

risk factor for fracture that has not been 

included in FRAX, a critical determinant in 

the aetiology of hip fractures [13]. 

Conversely, Hip Structural Analysis (HSA) 

utilizes a 2D model of the femur, which is 

acquired through Dual-energy X-ray 

Absorptiometry (DXA), to assess the impact 

on the bone structure [14]. Hip Structural 

Analysis (HSA) depends on the reliability of a 

standardized 2D DXA projection of the 

femur, which requires precise patient 

positioning during acquisition [15]. 

The femur bones possess a highly 

complex anatomical structure, and their 

primary functions, including weight-bearing 

and gait stability, play a significant role in hip 

fractures [16]. Due to the complex bone 

structure of the femur, consisting of 

periosteum, cortical bone, cancellous bone, 

and the significant differences in their 

properties [17]. As a result, various 

researchers in biomechanical simulations of 

bone models adopt different methods to assign 

material properties. For instance, studies have 

assumed the femur bone to be a homogeneous 

linearly elastic material, viscoelastic material 

properties of cortical and cancellous bone, and 

grayscale to adopt the femur bone as 

heterogeneous, respectively[18]-[20]. 

Three-dimensional femoral geometry is 

essential for assessing hip fracture risk. 

Advanced imaging techniques, particularly 

Quantitative Computed Tomography (QCT) 

and Magnetic Resonance Imaging (MRI), 

enable detailed estimations of volumetric 

bone mineral density (vBMD), bone 

geometry, and detection of occult fractures. 

However, Magnetic Resonance Imaging 

(MRI) is a potential tool that excels in soft 

tissue differentiation, but Quantitative 

Computed Tomography (QCT) is superior for 

assessing fracture risk as it quantitatively 

measures bone density and bone structure [21]. 

Finite Element Analysis (FEA) is an 

established computational methodology that 

enables non-invasive assessment of 

biomechanical engineering, merging with 

engineering principles [22]-[23]. The 

integration of QCT with FEA offers a more 

reliable numerical approach for assessing hip 

fracture risk with greater accuracy [24]. 

Biomechanical studies highlight that 90% of 

hip fractures are caused by a sideways fall 

[25]-[26]. However, it is difficult to control 

falling orientations, which is a necessary 

assessment of fracture due to sideways falling 

on the increasing rate of hip fractures. Prior 

experimental testing demonstrated that 

changing the loading angle from 0°to 45°

measured from the neck axis of the femur on 

the horizontal plane 26% reduction in load-
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bearing capacity, equal to bone degradation 

over 2–3 years of aging [25]. A comparable 

study indicates that varying the loading angle 

maximum of 30° from the femoral neck axis 

leads to a 24% reduction in femoral strength, 

equivalent to twenty-five years of bone aging 

[26]. In studies, the fracture load was 

determined with varying angles on different 

planes [19]. However, Fracture load might not 

be a completely reliable way to predict the 

risk of fracture, because when a person falls 

from standing height, the actual force they 

experience can vary. Moreover, there is 

currently a lack of comprehensive 

comparisons and systematic studies on the 

impact of different material assignment 

strategies on the results of biomechanical 

finite element simulations in orthopaedics. 

Therefore, we have adopted three widely 

used material types as Homogeneous, Cortical

-Cancellous, and Heterogeneous assignment 

methods to compare the results and influence 

the outcome of the biomechanical simulation. 

The results of the biomechanical study were 

compared using a single-leg-stance 

configuration. Furthermore, early assessment 

of hip fracture risk plays a critical role in 

developing preventive measures aimed at 

reducing the incidence of hip fractures among 

the elderly. Therefore, the second objective of 

this research is to determine how different 

falling configurations (FC) increase the hip 

fracture risk. Six different fall configurations 

have been used by adjusting the load angle 

directions (α) on the frontal plane and (β) on 

the horizontal plane to find the fracture risk 

shown in Figure 5. 

2. FEMUR ANATOMICAL STRUCTURE 

 

The femur is the longest and strongest 

bone in the human body, connecting the body 

to the lower limbs at the knee joint, 

supporting body weight, and facilitating 

movement. The proximal femur includes the 

femoral head, which articulates with the 

pelvis to form the hip joint, essential for 

various movements. The femoral neck 

connects the head to the femoral shaft and is 

vital for alignment and load distribution. The 

trochanteric region serves as an attachment site 

for muscles and ligaments, enhancing stability. 

The femur's structure consists of a dense 

cortical outer layer transitioning to a spongy 

trabecular core for reduced weight and 

enhanced load distribution. The femoral shaft 

withstands significant forces, ensuring 

efficient force transmission from hip to knee. 

Osteoporotic fractures commonly occur in the 

proximal femur due to low bone mineral 

density, emphasizing the need to understand 

the femur's geometry for assessing fracture 

risk and different fractures. Figure 1. depicts 

that hip fractures are subdivided into different 

types [27]. The detailed anatomical structure 

of the femur bone shown in Figure 2. 

 

 
Figure 1: Types of Hip fractures. 

3. MATERIALS AND METHODS 

This section outlines the essential 

components of the study, including the 

equipment and software tools used, details of 

the experimental/research subject, and the 

reconstruction of the 3D femur FE model. 

Furthermore, it explains the meshing and 

material assignment process, the chosen 

failure measure, and the applied loading and 

boundary conditions. It also describes 

sensitivity analysis to assess the impact of 

varying loading angles. 

A. Equipment and Software Tools 

For this research, a high-resolution 64-

slice spiral CT scanner manufactured by 

Siemens, Germany, was used to obtain 

detailed imaging data of the femur. The CT 

scanning took place at Suzhou Science and 
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Technology City Hospital, providing a highly 

accurate representation of actual anatomy. The 

acquired DICOM data were processed and 

analysed using advanced medical imaging and 

engineering software tools. Mimics Research 

21.0 was utilized for segmentation and three- 

dimensional reconstruction of the bone finite 

femur model. The bone femur 3D model was 

further refined in Geomagic Wrap to ensure 

smoothness and accuracy. HyperMesh 2019 

was employed for mesh generation and pre-

processing, while Abaqus 2024 served as the 

core finite element analysis platform for 

simulating loading and fall configurations. 

These tools collectively ensured precision and 

reliability in the simulation workflow. 

 
Figure 2 : Structure of the Femur bone. 

B. Experimental/Research Subject 

A healthy elderly female volunteer was 

selected as the experimental subject. The 

participant had no prior history of internal or 

surgical diseases, limb disabilities, or trauma, 

and she had a body weight of approximately 

60 kg. To ensure high- resolution imaging of 

the femoral structure, bilateral upper femoral 

CT imaging was utilized using a 64-slice 

spiral CT scanner from Siemens, Germany. 

The scanning protocol was carefully designed 

with a slice thickness of 1 mm and an inter- 

slice spacing of 1 mm to acquire detailed bone 

morphology. The scanning range extended 

from a point 10 cm above the apex of the 

greater trochanter down to the plane of the 

knee joint. The data for the left femur was 

selected as the primary specimen for 

modelling and simulation. All series of CT 

image data was stored in Digital Imaging and 

Communications in Medicine (DICOM) 

format for further analysis and 3D model 

reconstruction. The experimental protocol 

conforms with the informed consent of the 

volunteer and complies with the relevant 

ethical requirements of Suzhou Science and 

Technology City Hospital. Figure 3. shows the 

3D reconstruction process of the proximal 

femur from a DICOM file. 

 
Figure 3: Three-dimensional reconstruction process 

of the femoral model from CT data 

C. 3D Femur Model Reconstruction 

The DICOM file was imported into the 

widely used medical image processing 

software, Mimics Research 21.0. The femur 

was carefully segmented from anatomical 

structures such as the tibia, pelvis, fat, and 

muscle using the default ―Bone(CT)‖ 

threshold to segment the femur. A 3D 

reconstruction of the left femoral model was 

performed through operations such as region 

growing (Region Grow), split masks (Split 

Masks), smart filling (Smart Fill), calculating 

entities (Calculate Part), and smoothing 

(Smooth). Later, the 3D reconstructed model 

of the femur was imported into Geomagic 

Wrap software in Standard Tessellation 

Language (STL) format, and the left femur 

model was created through steps such as 

meshing, deleting, trimming, and filling holes. 

The model was optimized by operations such 

as fitting curved surfaces and saved as a STEP 

format file. 

D. Meshing and Material Assignment 

The 3D model was imported into 

HyperMesh (Altair, USA) software, an 

advanced meshing pre-processor suite, in 
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STEP format. The 3D femur mesh was 

created using the element type C3D10, a 

tetrahedral mesh. Through the verification and 

analysis of mesh convergence, considering the 

comprehensive factors of calculation time and 

accuracy, the element size was chosen to be 

1.8 mm. In this study, for all the simulations 

of 3D femoral models, meshing was done with 

an element size of 1.8 mm, keeping the same 

boundary and loading conditions. Afterwards, 

the meshed model was imported into Mimics 

software for material assignment. The bone 

model was adopted to be homogeneous, with a 

Young's Modulus of 16.7GPa and a Poisson's 

ratio of 0.3. The 3D femur was divided into 

compact (cortical) bone and cancellous 

(trabecular) bone with the Boolean divide 

operation in SolidWorks, which considers the 

femur as a combination of compact femur 

bone and trabecular femur bone materials. 

The elastic modulus of cortical bone was 

16.7GPa, the elastic modulus of cancellous 

bone was 1.55GPa, and the Poisson's ratio 

was 0.3 for both models. Figure 4 shows three 

material models considered in this study. For 

heterogeneous material, femur bone material 

was assigned by applying Mimics’ default 

empirical formulas as follows: 

  = −13.4 + 1017 ∗ GV…………….…... (1) 

E = −388.8 + 5925 ∗  …………….…… (2) 

  = 0.3………………………………………… (3) 

Where ρ, GV, and ν are density, gray 

value, and Poisson’s ratio, respectively. 

 
Figure 4: Material models (i) Homogenous (ii) Cortical

- Cancellous (iii) Heterogeneous. 

E. Failure Measure 

In this study, we performed linear 

finite element analysis (FEA) as experimental 

studies have shown that the femur bone 

exhibits linear-elastic behaviour under falls 

and stance load configurations up to failure, 

demonstrated through testing cadaveric 

femurs and measuring strain on the bone 

surface [28]. The choice of failure criterion 

has a considerable impact on FEA's ability to 

predict hip fracture risk. For each loading 

condition, the study used the maximum strain 

criteria to determine fracture risk (FR), which 

was validated against in vitro experimental 

data and successful in vivo applications. 

 Tmax and  Cmax� represent the maximum tensile 

and compressive principal strains, 

respectively. in (4) and (5), respectively [29].

 

Table 1: FALL CONFIGURATIONS (FC)  

 

F. Loading and Boundary Condition 

For a precise Finite Element (FE) 

analysis during single-leg stance and fall 

configurations, loading and boundary 

conditions are necessary in the FE model. To 

simulate a single-leg stance configuration, 2.5 

times of body weight patient-specific load 

was coupled on the superior head of the femur 

perpendicular to the femur shaft axis [30], and 

the distal condyle was fixed in all directions 

based on experiments, as shown in Figure 5. 

 

Fall Configurations  α (deg.)  β (deg.)  

FC1 60  -30  

FC2 90 -15 

FC3 120 0 

FC4 60 15 

FC5 90 30 

FC6 120 45 
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Where w is the weight of the research 

subject. To simulate fall conditions, the 

loading angles (α) on the frontal plane and the 

angles (β) on the horizontal plane are 

considered. For all falling configurations, the 

amount of load is calculated as per equation 

(7) [30]. 

 

Where w represents the weight and h 

represents the height of the research subject, 

respectively. The fall configurations (FC) 

were mimicked by varying the adduction angle 

(α) and rotation angle (β) shown in Figure 5. 

In the finite element (FE), the 6 fall 

configuration (FC) was simulated by the 

adduction angle (α) and femur rotation angle 

(β). Each FC has a unique angle combination; 

the adduction angle (α) and rotation angle (β) 

were varied, α = [60°, 90°, 120°] with β = [–

30°, –15°,0°] respectively. In the second 

case, the adduction angle (α) and rotation 

angle (β) were varied, α = [60°, 90°, 120°] 

with β = [15°, 30°, 45°] respectively. Table 1 

shows FC. For all falling conditions, the distal 

condyle can rotate in the y-axis but is fixed in 

the other axis, representing the pivot joint, 

and the falling impact force was applied 

perpendicular to the greater trochanter [31]-

[32]. 

 
Figure 5. (i) Stance Configuration (ii) Fall 

Configurations loading angle (iii) Loading and boundary 

conditions. 

IV. RESULTS AND DISCUSSION 

This study compared the three widely 

used material assignment models conducted in 

Abaqus 2024. The Von Misses distribution in 

femurs was obtained for the single-leg-stance 

loading case. In addition, the stress 

distribution of each model is realistically 

different shown in Figure 6. Von Mises stress 

distribution of homogenous and cortical-

cancellous models is mainly higher at the 

femoral shaft and more uniform due to 

constant material properties. On the other 

hand, the maximum von Mises stress 

distribution at the neck of the femur by 

MIMICS-based formula grayscale material 

assignment. In the heterogeneous material 

mapping, each region of bone is classified 

based on its grayscale values, which 

correspond to realistic material properties in 

orthopaedics. 

 
Figure 6. Cloud mapping of femur Von Mises stress 

distribution of three materials. 

 
Fig. 7. Cloud mapping of femur displacement 

distribution of three materials. 

Figure 7 shows the displacement of 

Homogenous, Cancellous- Cortical, and 

heterogeneous (grayscale value) MIMICS 

Empirical formula for the single-leg-stance 

loading condition. The displacement value of 

cortical-cancellous and heterogeneous 

properties is more consistent. While the 

displacement varies, with homogeneous is 

33.69% than for heterogeneous material 

properties. Figure 8. shows von Mises stress 

and displacement of Homogenous, Cancellous

-Cortical, and heterogeneous (gray value) 

MIMICS Empirical formula for the single-leg-

stance loading condition. Load applied during 
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single-leg stance configuration stress values 

of homogenous Cancellous-Cortical and 

heterogeneous (grayscale value) MIMICS 

formula von Mises stress are 22.1 MPa, 31 

MPa, and 34 MPa, respectively. The output 

values of all three single-leg stance models 

are within a reasonable range. The maximum 

stress was at the Transcervical fracture region 

and the intertrochanteric fracture region of the 

femur. Furthermore, the stress concentration 

values derived from the homogeneous 

material model and the Mimics-based 

formula vary by nearly 35%. Additionally, 

the difference between the result values of the 

cortical-cancellous model and the Mimics-

based formula is approximately 9.6%. 

Moreover, stress cloud mapping of the three 

models is significantly different. The 

maximum stress distribution of the 

homogenous and Cortical-Cancellous model is 

in the femoral shaft. On the other hand, the 

MIMICS-based model exhibits stress 

concentration in the neck of the femur bone, 

as shown in Figure 6. The neck region of the 

femur is at a higher risk of fractures compared 

to the femoral shaft of the femur bone due to 

its complex geometry and reduced cortical 

thickness [27]. Therefore, MIMICS-based 

material assignment is more consistent with 

bone properties. 

The strain distribution was analysed in 

Abaqus for six sideways fall configurations 

using heterogeneous material. The analysis 

clearly demonstrates that there is a higher 

strain concentration in the femur neck region 

than in the femoral shaft. By varying the angle 

(α) (on the frontal plane) from 60° to 120°, 

higher tensile strains were noted in the 

proximal femoral neck and intertrochanteric 

regions. Furthermore, the angle (β) (on the 

horizontal plane), varied from –15° to 45°, 

was found to have a critical influence on strain 

generation. Variation of compressive and 

tensile at each fall configuration is shown in 

Table 1. The tendency of tensile strain 

concentration and compressive strain 

concentration are higher in the posterior as 

compared to the anterior fall configurations 

shown in Figure 9. The compressive strain 

concentration on the upper surface of the 

femoral neck region increased with a larger 

angle (β), with the maximum compressive 

strain observed at 45°. This study provides a 

detailed assessment of sideways falls by 

varying the loading angle (α) on the frontal 

plane and the angle (β) on the horizontal plane. 

The angle (α) was varied at 30° intervals, and 

the angle (β) was varied at 15° intervals for 

both anterior and posterior fall configurations. 

When the α or β angles were altered in this 

study, significant changes in the strain 

distribution of the femur were observed. The 

femoral neck and intertrochanteric regions 

consistently exhibited higher principal strain 

compared to other regions, as shown Figure 

10., primarily due to the relatively thin 

cortical bone in the femoral neck, which 

makes it mechanically more sensitive under 

loading. This reduced cortical thickness 

increases stress concentration and creates a 

higher likelihood of fracture initiation. 

Similarly, the intertrochanteric region showed 

elevated strain as it represents a transitional 

zone between cortical and cancellous bone. 

Overall, both tensile and compressive strains 

were predominantly localized in the proximal 

femur, particularly in the neck and 

intertrochanteric regions. These findings 

explain why fractures most frequently occur 

in these areas and support existing clinical 

evidence regarding their vulnerability. 

Consequently, variations in geometric 

parameters such as α and β angles should be 

carefully considered in biomechanical 

analyses and surgical planning to better 

predict and prevent proximal femoral 

fractures. 

Medical imaging and medical 

engineering have significantly advanced the 

field of orthopaedics, resulting in 

considerable improvements in clinical 

diagnosis and treatment compared to the 20th 

century.  However,  computer-aided 

technology and FEA provide accurate tools 

for calculation and simulation, overcoming 

these limitations. Therefore, this extensive 

research study was conducted on the 

biomechanical properties of human bone. 
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through the comparison of three different 

materials femur models, it is found that all 

three models have von Mises stress within a 

reasonable range. Figure 8. It is evident that 

the maximum stress obtained by homogenous 

and cortical- cancellous models is mainly 

distributed in the femur shaft. In contrast, the 

stress response by the heterogeneous 

material model is mainly in the neck of the 

femur, which is more realistic. Fig 6. The 

von Mises stress obtained in this study is 

validated with prior studies [14]. The 

concentration of strain at different Fall 

configurations. Figure 10. evident that 

femoral fractures mainly depend on the 

variation of (α) on the frontal plane and (β) on 

the horizontal plane; the risk of femoral neck 

and intertrochanteric region increases when 

both angles are at maximum. Therefore, Prior 

studies showed that the tendency of fractures is 

highest when α 120° and (β) 45° shown in 

Figure 9. [25]-[33]. 

 
Figure 8: Comparison of von Mises stress and 

Displacement for three material models. 

 
Figure 9: Variation of (i) compressive strain, (ii) 

tensile strain, and (iii) risk factor with respect to fall 

configurations (FC). 

 
Figure 10: Maximum tensile strain (i), Maximum 

compressive strain (ii) distribution at different fall 

configurations (FC). 

5. CONCLUSION 

Hip fractures remain one of the most 

critical health concerns in the elderly, often 

leading to severe disability and reduced 

quality of life. In this study, Assessing Hip 

Fracture Risk: FEA of Stance and Fall 

Conditions Using Three Material Models, the 

study aimed to explore how material 

assignment and loading direction influence 

the responses and fracture risk. This study 

comprises two purposes; the primary objective 

of this research was to analyse the influence 

of material assignment on the results of 

biomechanical simulation. To investigate the 

effect of material assignment, three material 

models were used as homogeneous, cortical-

cancellous, and heterogeneous (MIMICS-

based grayscale) for the single-leg stance 

configuration. The second aim of this 

research was to investigate the impact of 

loading directions on the fracture risk (FR) 

obtained via FEA. The strain-based criterion 

was used to obtain the strain distribution. The 

following conclusions have been drawn from 

this study: 

1. The comparison of three widely 

use d  mat e r i a l s  mode l s , 

homogenous, cortical cancellous, 

and heterogeneous (grayscale), 

revealed significant variations in 

von Mises stress, 22.1 MPa, 31 
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MPa, and 34 MPa, respectively. 

The difference in von Mises stress 

between the homogeneous 

material model and the MIMICS-

b a s e d  a p p r o a c h  w a s 

approximately 35%, while the 

cor t ica l -cancel lous  model 

exhibited a deviation of about 

9.6% compared to the MIMICS-

based results. 

2. The displacement values of 

c o r t i c a l - c a n c e l l o u s  a n d 

heterogeneous properties were 

more consistent. While the 

displacement varies, with 

homogeneous was 33.69% than 

for heterogeneous material 

properties. Results are evident that 

a heterogeneous mimics-based 

model is more realistic with bone 

properties and can capture the 

complex variations in density and 

stiffness, leading to more accurate 

s t r ess  and  d i sp l ace ment 

distribution in biomechanical 

simulations. 

3. The concentration of strain in the 

femur varies for each specific 

loading angle in the fall 

configuration (FC). As the 

adduction angle (α) increases 

from 60° to 120° and the rotation 

angle (β) increases from –30° to 

45°, the fracture risk also 

increases, progressing from FC1 to 

FC6. 

The findings of this study provide 

significant insights into the fracture risk of 

the hip, with applications in clinical diagnosis 

and protective strategies such as hip protectors. 

Early prediction can also decrease the fracture 

rate of the hip by guiding preventive health 

strategies. Future research should focus on 

heterogeneous materials, validating 

simulations with clinical data, including 

diverse populations, and investigating time- 

dependent bone remodelling to strengthen 

FEA as a predictive tool in orthopaedics. 
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