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Abstract

Osteoporosis, characterized by low bone density and deterioration, poses significant fracture risks, typically in older adults but also affecting children. Pediatric osteoporosis is a serious concern, requiring unique approaches distinct from adult treatments. This study addresses the gap in finite element analysis (FEA) models for pediatric bones by developing and validating a detailed model of the pediatric femur for children under 12 years old. Using scaled models to represent pediatric bones, this research demonstrates the unique biomechanical properties and fracture risks in children. The findings reveal that 2-year-old children's bones, with a higher density of 237.5 kg/m³ and a Young's modulus of 8.67 GPa, exhibit better stress management, resulting in lower deformation (8.31 mm) and von Mises stress
 (53.96 MPa), compared to 11-month-old bones. The results align closely with published data, with less than a 6% variance, highlighting FEA's accuracy in predicting stress patterns. The study concludes that pediatric osteoporosis significantly increases fracture risk, emphasizing the need for early detection and tailored treatment strategies.
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1. Introduction

Osteoporosis is a condition characterized by weakened bones due to low density and deterioration, occurring when bones lose minerals faster than the body can replace them, thus disrupting the normal bone renewal process. Commonly observed in older adults and often referred to as a "silent" disease due to its asymptomatic nature until fractures occur, osteoporosis also poses a serious risk in pediatric populations. Healthy bones are crucial for a child's growth, and weakened bones significantly increase the risk of fractures during developmental stages. While most research is focused on adult osteoporosis, pediatric cases require distinct approaches, as applying adult treatment methods to children often results in higher failure rates [1].

 A significant challenge in addressing pediatric osteoporosis is the absence of a comprehensive finite element model of pediatric bone. Unlike adults, children's bone properties differ markedly, influencing fracture patterns and treatment outcomes. Current methodologies, which primarily adapt adult-based approaches, fail to adequately consider the unique biomechanical characteristics of pediatric bone. A dedicated finite element model tailored to pediatric bone would provide essential insights into bone strength, fracture risk, and the efficacy of treatment strategies specific to children, potentially reducing the high failure rates associated with the application of adult-based approaches in pediatric cases.

Since Galileo's early observations [2], it has been recognized that mammalian limb bones scale closely to geometrical similarity with body size [3]. Despite this, only a limited number of studies have explored the allometric relationship of body measures in humans [4–7], with even fewer focusing on growing children [8,9]. Understanding the distinct growth patterns of bone length and cross-sectional area in children is essential for accurate interpretation of bone health assessments. The presence of smaller bone mass compared to adults does not necessarily indicate a physiological concern in young children, as scaling effects can play a significant role. To adjust for these scaling effects, 'unscaled' raw data is converted into 'scaled' data by raising two-, three-, and four-dimensional variables to powers of half, third, and fourth, respectively [7]. 

Dimensional scaling has a positive impact on analysis. When dimensionally scaled, children's measurements align proportionally with adult values, demonstrating the effectiveness of this approach in normalizing data across different ages [10]. This scaling facilitates accurate comparisons of bone and muscle variables by adjusting for size and developmental stage, revealing clear patterns of sex differences post-puberty [10]. Before puberty, growth in femur bone mass and strength does not substantially lag behind bone growth in length once geometrical scaling effects are considered. When adjusted dimensionally or functionally, prepubertal girls and boys exhibit similar bone geometry and muscle size [10]. Although males show greater bone and muscle metrics in absolute terms, young adult women demonstrate greater bone area relative to femur length, weight, and muscle size when adjusted [10]. Therefore, dimensional scaling enhances the ability to make meaningful comparisons by accounting for size differences and developmental changes.

Numerical models are invaluable for studying femur behavior under different loads, aiding in understanding fracture processes and assessing fracture risk from imaging. Accurately predicting bone fractures using these models presents challenges due to variability in bone properties influenced by factors such as age, disease, and nutrition [11-13]. The reliability of predictions depends on how realistically bone behavior is represented in the models. Research conducted by Marco et al. [14] has explored the influence of these varying factors on fracture load. Advances in computer modeling now enable the analysis of bone fractures at both micro- and macro levels [15]. The proximal femur, where hip fractures frequently occur, is a focal point of interest. Linear finite element models have proven effective in predicting the elastic response and fracture load of the human femur, achieving approximately 90% accuracy in predictions [16]. Artificial or composite femurs are commonly used in research to simulate real bone, as they replicate the biomechanical properties of young, healthy femurs [17-19]. These composite bones are tested for stiffness and failure strength using methods such as axial compression, bending, and torsion. Offering advantages like consistency in properties and reduced variability compared to biological tissues, composite bones are useful for controlled analyses and model validation [17,18]. Published studies indicate that their failure modes closely resemble those of human bones [18].

This study aims to develop an accurate and realistic finite element model of the pediatric femur bone, focusing specifically on children under 12 years old. By creating a detailed computational model tailored to pediatric bone properties, the research seeks to enhance the understanding of bone mechanics and fracture behavior in pediatric osteoporosis cases. 

2. Materials and Methods

The initial phase of this study involved the development of a pediatric femur model, with careful consideration given to the scaling process due to the existing lack of a comprehensive finite element model for pediatric bones. To address this gap, three distinct pediatric femur models were developed, each representing different sizes, to facilitate a thorough analysis. To ensure the accuracy and reliability of these models, the analysis was conducted in a systematic manner. The first step involved conducting validation studies to confirm that the three-dimensional (3D) models were accurate, reliable, and suitable for detailed analysis. The final phase of the study focused on comparing osteoporotic and normal pediatric bone conditions and predicting the likelihood of osteoporotic fractures.

2.1 Scaling of pediatric femur

     A critical aspect of developing the pediatric femur models was determining the appropriate size relative to an adult femur model. Assuming the adult femur model represents 100% size, scaling was applied to create pediatric models at 50%, 33%, and 25% of the adult femur's dimensions.

    The rescaling technique employed in this study follows the methodology outlined in the referenced work [10], ensuring consistency with established procedures for adjusting model dimensions and properties. By adhering to these best practices, the study ensures that the scaling is accurate and that the subsequent analysis remains valid.

    The scaled-down bone models were evaluated against anthropometric data, confirming that they fall within acceptable ranges on the anthropometric graph [20]. Specifically, the model scaled to 50% corresponds to the anthropometric measurements of a pediatric population approximately 2 years of age. The model scaled to 33% aligns with measurements typical of a 1-year-old pediatric population, and the model scaled to 25% corresponds to the measurements of an 11-month-old pediatric population as presented in Figure 1. This scaling approach ensures that the pediatric femur models are representative of the target age groups. 
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Figure 1: Dimensional scaling





2.2 Materials

   Human bone is heterogeneous and exhibits non-linear properties, making it challenging to assign different material characteristics along each direction. The analysis becomes more manageable by assuming isotropy where the material properties are considered uniform in all directions. This assumption strikes a practical balance between accuracy and computational efficiency. Table 1 summarised bone material properties assigned in the analysis. 

Table 1: Material properties of 3 different pediatric ages in normal conditions [26].

	Age
	Bone Density
(kg/)
	Young’s Modulus
(GPa)
	Poisson’s Ratio

	11-month-old
	346.6
	17.25
	0.342

	1-year-old
	346.6
	18.48
	0.342

	2-year-old
	480
	19.09
	0.342





2.3 Simulation setup

[bookmark: _Hlk173718480][bookmark: _Hlk173723273]   Static structural analysis is a strong tool for simulating the behavior of structures under static loads. Its goal is to forecast how a structure will deform and the stresses it will encounter under these loads. This will assist predict failure points. A convergence test is required for determining the size of components in infinite element modeling. In this study, the mesh size was reduced from 5 mm to 2 mm, where 2 mm element size seems suitable. Increasing mesh density does not significantly change the results. 

[bookmark: _Hlk173723310]The mesh uses triangular elements, which are better suited for fitting complex shapes than other elements like quadrilaterals. This is helpful for accurately modeling the detailed features of the femur. The "medium" smoothing quality means the mesh is reasonably smooth, offering a good balance between detail and computational efficiency. 

[bookmark: _Hlk173723286][bookmark: _Hlk173724453]Figure 2 shows boundary conditions were applied as free-fixed boundaries for the analysis of the femur bone. A uniformly distributed force is placed at the top section of the femur bone, and the femur bone is limited in all directions. This shows that the bone will undergo a compression load at 500 N for all ages. The applied force will act in a downward z direction. This setup simulates real-world loading conditions to observe changes in stress and deformation. The 500 N load is commonly used in biomedical studies to understand how bones and tissues respond to stress and to evaluate their mechanical properties, elasticity, and strength.
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Figure 2: Boundary condition

2.4 Validation of 3D bone model

    The first method involves conducting a static structural analysis of the femur bone using different plate materials, based on the investigation by Kirthana et al. [21]. The analysis utilized plate material properties including a density of 1750 kg/m³, a Young's modulus of 16.7 GPa, and a Poisson's ratio of 0.3. The femur was meshed with 5 mm triangular elements, and boundary conditions involved fixing the bone and applying a 2500 N load downward. The results showed maximum deformation at the femoral head and maximum stress at the shaft. The maximum equivalent stress was 51.862 MPa, with a 5% difference from literature values, and maximum deformation was 10.732 mm, with less than a 2% difference. These discrepancies fall within the acceptable 10% range, indicating consistency with published data [21].

The second method validates the model using finite element analysis to examine bone properties, such as isotropic qualities and density, with the femur meshed with 2 mm triangular elements and a 1471 N force applied downward by Fathima [22]. The maximum equivalent stress was found to be 35.913 MPa, with a difference of 0.697 MPa, or less than 2%, also within the 10% threshold, confirming compatibility with published data [22].

3. Results and Discussion

3.1 Analysis of Pediatric Normal Bone

Under compression, the femoral head and greater trochanter region of the 11-month-old, 1-year-old and 2-year-old femora were subjected to compressive stresses. The femoral shaft underwent compression due to the orientation of the lower supports and loading points. Table 2 shows the analysis results of von Mises stress and maximum total deformation under compression. 

Table 2: Table of pediatric normal bone conditions.

	Age

	Bone density
(kg/)
	Total Deformation Maximum
(mm)
	Von Mises stress
(MPa)

	11-month-old
	346.6
	8.35
	244.10

	1-year-old
	346.6
	5.85
	136.16

	2-year-old
	480.0
	3.77
	53.96



The study observed a decrease in the magnitude of von Mises stress in response to applied stresses from the 11-month-old femur to the 2-year-old femur. This decrease was anticipated due to the increase in both the bone's cross-sectional area and the elastic modulus as the femur matures from 11 months to 2 years of age. These findings suggest that younger children are more prone to fractures, as their bones are less developed and more susceptible to stress.

Under the applied conditions, which included a free-fixed boundary setup, the compression analysis revealed that pediatric femora reach their maximum total deformation under relatively small loads. For children aged 1 to 2 years, the maximum deformations were recorded at 5.85 mm and 3.77 mm, respectively. The percentage difference in deformation between the 1-year-old and 2-year-old femurs was 43.2%, indicating that the deformation increases by 43.15% as the child's age decreases. In contrast, the femur of an 11-month-old exhibited a greater deformation of 8.35 mm, which is significantly higher than that observed in the femurs of 1- and 2-year-olds. The percentage difference in deformation between the 11-month-old and the 1-year-old femurs was 35.2%, reflecting a 35.2% increase as age decreases from 1 year to 11 months. 

These results suggest that both von Mises stress and total deformation are higher in the femurs of 11-month-old children compared to those of 2-year-olds, likely due to differences in growth and development, physical activity, body proportions, and environmental factors. The smaller size and less developed bones and tissues of 11-month-olds make them more vulnerable to deformation under stress. Moreover, as physical activity and muscle development increase with age, they provide better support to bones and joints, thereby reducing stress and deformation during daily activities. The distinct body proportions of 11-month-olds, including larger heads and shorter limbs, also contribute to the distribution of forces, leading to higher equivalent stress in specific areas. Environmental factors, such as nutrition and exposure to physical activity, further influence bone density and strength, impacting how stress is distributed and managed in the pediatric population.

3.2 Analysis of Pediatric with Osteoporotic Bone

According to Table 3, there are no significant changes in von Mises stress among the three pediatric age groups. However, slight variations in total deformation were observed when the bones were subjected to compressive forces, compared to normal conditions. The femoral head experienced compression due to the orientation of the loading points. The amplitude of the maximum total deformation decreased as the age of the femur increased.

Table 3: Table of pediatric with osteoporotic bone.

	[bookmark: _Hlk170568452]Age

	Bone density
(kg/)
	Total Deformation Maximum
(mm)
	Von Mises stress
(Mpa)

	11-month-old
	170.2
	18.402
	244.10

	1-year-old
	171.5
	12.885
	136.16

	2-year-old
	237.5        
	8.3151
	53.96



This reduction was anticipated, given the increase in bone cross-section and elastic modulus in the 2-year-old femur compared to the 11-month-old femur. These findings may suggest potential issues related to changes in bone structure, such as increased stress or strain on certain components, raising concerns about the possibility of failure or excessive deformation under load.

3.3 Comparison between osteoporosis and normal conditions                                  

When subjected to mechanical loading, normal bones typically undergo elastic deformation, meaning they can bend and return to their original shape without sustaining permanent damage. The total deformation under physiological loading is relatively small. In contrast, osteoporotic bones exhibit significantly increased total deformation under similar loading conditions due to their weakened structure, making them less capable of withstanding mechanical stresses. This leads to more pronounced deformations, even during normal activities, and increases the likelihood of permanent deformation, which further compromises the structural integrity of the bone. As shown in Table 4, bones affected by osteoporosis are much more prone to fracture than normal bones.

Table 4: Comparison between normal and osteoporosis conditions.
	Age

	Maximum total deformation (mm)

	
	Normal
	Osteoporosis

	11-month-old
	8.3583
	18.402

	1-year-old
	5.8523
	12.885

	2-year-old
	3.7766
	8.3151



    At 11 months old, osteoporotic bones exhibit a maximum total deformation of approximately 18 mm, compared to around 8 mm for normal bones. This indicates that osteoporotic bones are already significantly weaker at the onset of analysis. As both bones are subjected to stress over time, the osteoporotic bone deforms much more rapidly. By the age of 2 years, the osteoporotic bone reaches a maximum total deformation of approximately 8 mm, while the normal bone only shows around 3 mm of deformation.

    These findings conclude that osteoporotic bones experience higher total deformation, reflecting a decline in structural strength and durability compared to normal bones. This heightened deformation suggests that osteoporotic bones are far more susceptible to fractures under stress. The differences in deformation underscore the physical weakness of osteoporotic bones and emphasize the importance of maintaining bone density and strength through a balanced diet, regular exercise, and appropriate medical supervision.

3.4 Prediction of osteoporotic fracture

Predicting fracture risk in osteoporosis often involves advanced stress analysis techniques. Von Mises stress analysis, in particular, provides insights into how stress is distributed within bone structures under load, helping to identify areas most likely to fail. By pinpointing where cracks might initiate and propagate, this analysis enhances understanding of bone strength and informs risk assessments, preventive strategies, and treatment plans aimed at reducing fracture risk. Figure 3 illustrates the crack patterns in an 11-month-old pediatric femur, which are more pronounced compared to those in 1- and 2-year-olds.
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Figure 3: Crack on the femoral shaft and head in shading view and mesh view

This is attributed to the decreased bone strength and increased fragility observed in younger bones. In severe cases of osteoporosis, fractures can occur with minimal trauma or even spontaneously. The larger and more localized nature of the cracks suggests that the femoral region experienced higher stress concentrations, making it particularly prone to fracture once the maximum von Mises stress and total deformation thresholds are exceeded. The crack patterns identified in this study align with the findings of M. Marco et al. [23], who reported similar fracture patterns. This agreement reinforces the validity of the applied force regions used in this study and suggests that when trabecular bone is compromised by osteoporosis, the fracture path typically traverses the central zone of the femoral neck [24]. In cases where cortical bone is affected, fractures tend to occur in the central zone of the femoral neck, leading to an extracapsular fracture [24].

As crack growth progresses, the likelihood of fracture increases, as the expanding crack further weakens the bone. Eventually, the crack may grow large enough to cause the bone to break. Thus, it can be inferred that osteoporotic bones will develop larger cracks compared to normal bones due to differences in bone properties and cross-sectional geometry.

    Overall, pediatric femurs at 2 years old demonstrate better stress management by more evenly distributing stress and benefiting from stronger bone structure due to a higher Young's modulus. Consequently, any small cracks that form may serve as early warning signs, allowing for timely intervention before a complete fracture occurs. This understanding can assist healthcare professionals in predicting the risk of future fractures and tailoring prevention strategies accordingly.

4. Conclusion

	The study effectively demonstrated that the diaphyseal region of pediatric femora responds distinctly to axial stress, a factor often overlooked in favor of adult bone deformation studies. By applying a scaling technique to adapt adult bone attributes for pediatric models, the research provided a validated finite element analysis (FEA) model that aligns closely with published data, showing a discrepancy of less than 6%. This validation underscores the accuracy of FEA in predicting stress patterns in pediatric bones, offering valuable insights for medical professionals in forecasting femur fractures in children. The FEA model successfully accounted for variables such as age, material properties, and bone geometry, accurately predicting fracture risk in pediatric patients. The findings reveal that children with osteoporotic bone conditions are significantly more susceptible to fractures compared to those with normal bone density. This emphasizes the critical need for early detection and intervention in pediatric osteoporosis to minimize fracture risk and improve the quality of life for affected children.
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