
Abstract Long bone injuries often result from trauma, necessitating prolonged rehabilitation that significantly 
affects daily activities. Accurate finite element (FE) models are crucial for understanding bone behaviour under 
impact. However, prior strain-rate-dependent models treated bone as homogeneous, lacking subject-specific 
material properties. The objective of this work is to optimise a subject-specific and strain-rate-dependent material 
model for the human femur that can predict the structural response over a range of impact velocities. Human 
femur samples were tested under dynamic three-point bending at impact velocities of 1.5 m/s, 3.0 m/s, and 5.0 
m/s. Subject-specific FE mesh of the specimen was obtained using CT scans and heterogenous material mapping 
was performed based on Hounsfield Number. A bilinear strain-rate-dependent material model was developed 
that incorporates the rate dependency of yielding and pre- and post-yield behaviour of bone using a user-defined 
material model in LS-DYNA™. The material model parameters were optimised to minimise deviation from the 
experimental force-time response using a genetic algorithm-based inverse FE characterisation. A single material 
model was thus obtained that reasonably predicts the structural response in all cases. Cortical bone’s quasi-static 
elastic modulus ranged from 7.5 to 19.3 GPa, and quasi-static yield stress varied from 63 to 118 MPa. 

Keywords Dynamic three-point bend, genetic algorithm, human femur, inverse characterisation, strain-rate-
dependent.  

I. INTRODUCTION

Long bone trauma frequently occurs during accidents and sports activities [1], with the femur and tibia being 
the most frequently fractured due to high-energy impacts [2-3]. These fractures often necessitate lengthy 
rehabilitation, significantly affecting a patient’s ability to perform daily activities [4]. Finite Element (FE) models 
have proven essential for understanding bone behaviour under impact [5-6], but their accuracy depends on 
robust numerical models capable of capturing bone’s dynamic response. 

Previously proposed strain-rate-dependent models have treated bone as a homogeneous material without 
subject-specific material property assignment [7]. However, the literature presents a wide range of material 
properties [8], and subject-specific material property assignment is known to increase the accuracy of the 
material models [9-11]. The objective of this work is to derive a subject-specific and strain-rate-dependent 
material model for the human femur that can predict the structural response over a range of impact velocities. 

II. METHODS

Experimental Testing 
Three human femurs were obtained from un-embalmed post-mortem human subjects (PMHS) aged 40–60 years 
from the All India Institute of Medical Sciences (AIIMS) and Jai Prakash Narayan Apex Trauma Centre, New Delhi, 
following approval from their standing ethics committee, and were subjected to dynamic three-point bending 
tests. Samples were frozen at -20oC and were thawed to room temperature before testing, and all soft tissues 
were removed. All the bones were scanned using a micro-CT scanner (Scanco XtremeCT II™, Scanco Medical AG, 
Switzerland). The CT data were used to develop subject-specific finite element (SSFE) models and to determine 
the specimens’ geometric properties. 

To prevent the rotation of the bone from the intended impact direction, both extremities of the bone were 
potted in hollow aluminum mounts using quick-setting bone cement (Poly Methyl Methacrylate, PMMA). 
Dynamic three-point bend tests were performed utilising a custom-built drop tower apparatus (Fig. 1) [12]. A 
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piezoelectric load cell (Dytran 1053V6, Hottinger Brüel & Kjaer, United Kingdom) was fixed between the crosshead 
and the impactor to measure the load during the impact event. The potted femur specimens were positioned 
freely on the cylindrical roller support fixtures with a bending span of 200 mm, as illustrated in Fig. 1. The femurs 
were impacted at the mid-shaft (impactor weight 30.5 kg) at velocities of 1.5 m/s, 3.0 m/s, and 5.0 m/s in the 
lateral to medial direction until failure. A high-speed digital camera (MotionPro® Y-Series) was used to record the 
displacement of the impactor and crack propagation. An external triggering mechanism was employed using a 
thin copper tape to initiate and synchronise the data acquisition system and high-speed digital camera recording. 

Fig. 1. Custom-built drop tower apparatus used for performing dynamic three-point bend test on human 
femur. 

Computational Modeling 
CT images of bones were processed using Mimics® 24.0 (Materialise, Leuven, Belgium). The preliminary 
segmentation employed a grayscale threshold filter. The segmented model was carefully refined using manual 
editing, region growing, and erasing tools. Subsequent to surface mesh generation, HyperMesh (v. 2022, Altair 
Engineering, Inc., USA) was employed to create a tetrahedral volumetric mesh, which was further refined.  

The volumetric SSFE meshes were imported into Mimics to assign isotropic heterogeneous material properties 
based on grey-scale information obtained from CT scan data. A linear relationship was established between 
Hounsfield units (𝐻𝐻𝐻𝐻) and bone apparent density (𝜌𝜌) using the standardised hydroxyapatite phantom (Q1 Scanco 
phantom). According to the HU values, bone apparent density was divided into 100 distinct material bins based 
on [13]. To replicate the experimental setup, SSFE models were first exported to HyperMesh and then imported 
into the LS-DYNA™ solver, and boundary conditions were applied for conducting finite element (FE) simulations 
(model is illustrated in Fig. 2). 

Fig. 2. LS-DYNA™ SSFE model replicating the dynamic three-point bend test of human femur. 

Strain-rate-dependent Material Model 
In this study, trabecular bone was modeled using a bilinear elastic-plastic material. The initial parametric 
sensitivity analysis indicates that trabecular bone minimally affects the dynamic response of bone under three-
point bending. Therefore, its material properties (Table I) were adopted from [14], with only the cortical bone’s 
material properties characterised in this study. The existing elastic-plastic constitutive model (MAT_24) in LS-
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DYNA™ solely accounts for strain-rate effects on yield stress. Therefore, an elastic-plastic strain-rate-dependent 
model was implemented using the user-defined material (UMAT) model in LS-DYNA™ to incorporate strain-rate 
dependency of pre- and post-yield behaviour of bone.  

For each element, quasi-static elastic modulus (𝐸𝐸0) and yield stress (𝜎𝜎𝑦𝑦0) were mapped using the power law 
relationships in accordance with the assigned 𝜌𝜌 value (Equations 3 and 5). Previous studies reported correlations, 
including exponential, logarithmic, and polynomial functions, to address the implementation of strain-rate 
dependency [12][15-16]. In this study, the strain-rate-dependent elastic modulus (𝐸𝐸) and yield stress (𝜎𝜎𝑦𝑦) were 
obtained using a combined exponential and logarithmic function (Equations 4 and 6), based on the quasi-static 
strain rate (𝜀𝜀0̇) and the target strain rate (𝜀𝜀̇). A von Mises criterion was used to capture yielding. The tangent 
modulus (𝐸𝐸𝑡𝑡) was taken to be a factor ‘𝑡𝑡’ times the strain-rate-dependent elastic modulus (𝐸𝐸), as shown in 
Equation 7. In this study, the fracture phenomenon of bone is not considered, therefore only the pre-fracture 
behaviour is modeled, and simulations are conducted until the time when fracture is observed in the tests. The 
material parameters shown in Table II were optimised using the inverse FE methodology. 

 
TABLE I 

MATERIAL PROPERTIES OF TRABECULAR BONE 
Young’s modulus 

(GPa) Poisson’s ratio Yield stress (GPa) Tangent modulus 
(GPa) 

Cowper Symonds 
model parameters 

0.445 0.3 0.0053 0 C = 0 & P = 0 

 

Inverse FE characterisation 
In this study, the genetic algorithm (GA)-based inverse FE optimisation was implemented using the GA toolbox in 
MATLAB (version R2022b, MathWorks, Inc.). The material parameters are altered iteratively using the 
optimisation method to reduce the error between simulation and experimental force response. The variation 
between the experimental and SSFE force-time responses for individual impact velocity was determined using a 
normalised root mean square error function (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗) (Equation 1). 
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where the 𝐹𝐹𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒,𝑗𝑗  and 𝐹𝐹𝑖𝑖
𝑓𝑓𝑓𝑓𝑓𝑓,𝑗𝑗  are the experimental and FE force values corresponding to the individual impact 

velocity (𝑗𝑗); the index 𝑗𝑗 corresponds to the different impact velocities (1.5 m/s, 3.0 m/s, and 5.0 m/s); and 𝑛𝑛𝑗𝑗  is 
the number of data points according to the corresponding test. The root mean square error function is normalised 
using the maximum experimental force value (𝑚𝑚𝑚𝑚𝑚𝑚. (𝐹𝐹𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒,𝑗𝑗)) corresponding to the specific impact velocity. The 
objective function for the GA is the summation of uniformly weighted 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 values for all individual velocities, 
as expressed in Equation 2.  
 

Objective function, 𝑓𝑓 ∶  𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗3
𝑗𝑗=1             (2) 

 
A single set of optimised material model parameters was obtained that can reproduce the force response from 

1.5 m/s to 5.0 m/s. The design parameters and their range used in the overall optimisation study are presented 
in Table II. 

 
 

III. RESULTS 

The peak load at failure varied with impact velocity and was measured to be 4.7 kN, 6.78 kN, and 3.27 kN for 
1.5 m/s, 3.0 m/s, and 5.0 m/s, respectively (see Fig. 4). Fracture initiation times decreased with increasing velocity, 
recorded as 2.6 ms, 1.8 ms, and 1.0 ms. The initial force-time slope showed a velocity-dependent trend, peaking 
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at 10.63 kN/ms for 5.0 m/s and dropping to 3.62 kN/ms for 1.5 m/s. Oblique fractures were observed in all 
experiments. 

Force-time data and SSFE models were used to optimise material parameters by minimising the objective 
function of Equation 2. Objective function convergence (Fig. 3) occurred by the 9th iteration, with a slight fall at 
the 18th iteration (objective function value: 0.281). Simulations (Fig. 4) show a reasonable agreement with 
experimental load-time responses (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 errors: 0.072, 0.102, and 0.107 for 1.5 m/s, 3.0 m/s, and 5.0 m/s). 
Optimised parameters are detailed in Table II. The quasi-static elastic modulus and yield stress of cortical bone 
range from 7.5 GPa to 19.3 GPa and from 63 MPa to 118 MPa, respectively. 

TABLE II 
DESIGN PARAMETERS, THEIR RANGES AND THEIR OPTIMISED VALUES OBTAINED FROM INVERSE FE OPTIMISATION 

Material 
parameters 

Equation 
Design 

parameter 
Range 

Optimised 
value 

Quasi-static elastic 
modulus 𝐸𝐸0 = 𝒂𝒂𝜌𝜌𝒃𝒃 (3) 𝑎𝑎 1.0 12 9.76 

𝑏𝑏 0.1 2.5 0.98 
Strain-rate-

dependent elastic 
modulus 

𝐸𝐸 =
1
2
𝐸𝐸0 �1 + 𝑩𝑩𝟏𝟏

𝑙𝑙𝑙𝑙𝑙𝑙� 𝜀̇𝜀𝜀̇𝜀0
�� (4) 𝐵𝐵1 0.5 1.5 1.32 

Quasi-static yield 
stress 

𝜎𝜎𝑦𝑦0 = 𝒄𝒄𝜌𝜌𝒅𝒅 (5) 𝑐𝑐 0.01 0.1 0.08 
𝑑𝑑 0.1 2.5 0.64 

Strain-rate-
dependent yield 

stress 
𝜎𝜎𝑦𝑦 =

1
2
𝜎𝜎𝑦𝑦0 �1 + 𝑩𝑩𝟐𝟐

𝑙𝑙𝑙𝑙𝑙𝑙� 𝜀̇𝜀𝜀̇𝜀0
�� (6) 𝐵𝐵2 0.5 1.5 0.62 

Tangent modulus 𝐸𝐸𝑡𝑡 = 𝒕𝒕 × 𝐸𝐸 (7) 𝑡𝑡 0.001 0.10 0.047 

Fig. 3.  GA Convergence plot. Fig. 4. Experimental and optimised force-time 
response. 

IV. DISCUSSION

The peak load at failure was lowest at an impact velocity of 5.0 m/s, which could be due to the density of the 
specimen or to its geometric characteristics. The inertial moment (𝐼𝐼𝐼𝐼) of the cross-section at the fracture site 
significantly influences the bone’s structural response under three-point bending [17]. CT-derived 𝐼𝐼𝐼𝐼 values, 
computed using a custom MATLAB script, indicate a lower 𝐼𝐼𝐼𝐼 for the femur tested at 5.0 m/s compared to other 
specimens. 

Cortical bone behaviour, including material orthotropy, compression-tension asymmetry and complex failure 
processes, is not fully represented in the current model. Additionally, fracture initiation and propagation are not 
simulated. Future improvements are required to address these aspects while balancing the number of design 
parameters and the computational efficiency.   
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V. CONCLUSION 

The present study characterised the structural response of the human femur under dynamic three-point 
bending loads. The material model parameters of the strain-rate-dependent model were optimised through the 
experimental force-time response utilising a genetic algorithm-based inverse FE characterisation. The simulation 
results demonstrate a reasonable agreement with the experimental load-time responses, with the greatest 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 error across all impact velocities being 0.107. Further improvements in the material model are required 
to incorporate fracture initiation and propagation simulation functionalities. 
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