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1. ABSTRACT

The objective of this work is to formulate a material model for bone, which can predict 
stresses and fracture for wide range of strain rates. Impactor force-data recorded in 3-pt 
bending impact tests on human humerus was used. A total of twelve samples were 
tested at impact velocities of 3.23, 4.43 and 5.42 m/s. Detailed FE mesh of the specimen 
was obtained using CT scans. In order to capture the non-homogeneity of the material, 
the mesh was divided into twenty material sets based on Hounsfield Number from CT 
Scans and material properties were assigned to them. A user defined material model was 
developed that incorporates the rate dependency of stiffness, yielding and failure. A 
Drucker-Prager plastic model was chosen as it captures dilation of bone and asymmetry 
in yielding. A phenomenological damage model was chosen to capture the shear failure 
mechanism. The sums of the errors between the simulation and the experimental result 
for the three drop heights were minimized using constrained Genetic Algorithm. A 
single material model was thus obtained that well predicts the result (correlation >0.9) 
in all cases. A logarithmic relation was used to model strain-rate dependency of elastic 
modulus, yield and damage initiation. The quasistatic modulus of bone is found to vary 
between 0.7 and 6 Gpa for cancellous and between 7 and 19 Gpa for cortical bone. For 
bone with Hounsfield Number of 1600 the modulus is found to vary from 19 to 50 Gpa 
as strain rate varies from 0.001 to 300/s. 

2.INTRODUCTION

Human body organs like any other structures develop internal forces when external 
forces are applied. These internal forces try to restore the organ’s original shape and 
size. But these internal forces (or stresses) are limited, after which the organ fails. To 
prevent injuries it is very important to understand the forces and the mechanisms that 
are causing the injuries. In biomechanics literature this is done in three ways, 
experimentally traumatizing cadavers [1], using Anthropomorphic Test Devices (ATD 
or commonly known as dummies)[2] and using Finite Element Models [3]. Generally 
information from cadaver experiments is used to validate both ATDs and finite element 
models. Nearly 30% of the cost of a consumer vehicle can be traced back to engineering 
and testing efforts [4]. Automakers are trusting in the ability of math-based simulation 
tools to reduce engineering costs, hence increasing profits. Safety testing is a very 
expensive business, as millions of dollars of space and equipment are needed to perform 
experiments. Validated finite element (FE) models facilitate to move away from 
expensive laboratory tests toward cost efficient math-based simulations. These FE 
models help to perform research in places where sophisticated labs are not present, 
especially in developing countries. For the purpose three types of validated finite 
element models are generally required, namely vehicle model, dummy model and 
human body model. To have an accurate human body model, it is necessary to have 
accurate FE models of human body parts. The aim of this work is to develop a finite 
element model for long bones, which will predict the response including fracture that 
are observed in laboratory experiments.



3. MATERIALS AND METHOD

3.1. Experiment

Twelve isolated human humerus were collected through All India Medical Sciences, 
India. All specimens were tested in three point bending mode in the anterior to posterior 
direction. An instrumented drop tower was used to impact the bone. The drop tower 
consists of a carriage of mass 31 kg that can fall freely through guided slots. The height 
of the carriage can be adjusted to vary impact velocity. A strain gauge was fixed on the 
tensile side of the specimen to measure the uniaxial surface strain. data are recorded in a 
digital oscilloscope at the rate of 430 kilo samples per second. The data are filtered 
using CFC 1000 low pass filer to remove high frequency components. Two high-speed 
video cameras along with flicker free lights were used to record the fracture event. 
Three drop heights, namely 0.5, 1.0 and 1.5 m were used to generate an initial velocity 
of 3.23, 4.43 and 5.42 m/s respectively.

3.2.Finite element model

Prior to experiments all specimens were CT scanned. Materialise MimicsTM was used to 
generate a finite element mesh (Figure 1(a)). Since optimisation methods were to be 
used later, the simulation time must be kept minimum. So the mid diaphysis, where the 
bending moment was expected to be maximum was meshed finely (Figure 1(b)). To 
predict bending stresses accurately it is necessary to compute the second moment of 
area correctly in the mid diaphysis of the long bone [5]. Since second moment of area 
depends on the geometry, the mid diaphysis region was meshed finely. Also since the 
impact happens in the mid diaphysis, to approximate Hertzian stress reasonably the 
mesh was made fine. Density values were mapped from Hounsfield numbers from CT 
scans [6, 7]. 
A total of 20 material sets were used. Five sets were used to represent cancellous and 
fifteen sets were used to represent cortical bone. Comparing the mass of FE model with 
the physical mass validated the model. The error was less than 2% in the eleven cases.
In earlier studies conducted by the authors[8, 9] a dilatational cut-off stress[10] based 
failure criterion was used to predict fracture. Though the fracture patterns were 
predicted closely, the peak forces were over predicted. In a more recent study [11], a 
Von Mises plastic model with Cowper-Symonds yield stress scaling constitutive model 
was used. Plastic strain was used as a failure criterion. An optimisation workflow 
similar to the current work was used to derive material parameters. Though the  
structural response agreed very well with experiments, the failure of long bones was not 
predicted. This situation warrants the use of more realistic material models to capture 
yielding, damage and failure of long bones. Drucker-Prager plastic model[12] was used 
to capture yielding and failure in bones. As bone failure is not instantaneous but 
progressive. The stiffness of bone degrades gradually due to the progressive failure of 
collagen fibers and due to the presence of micro cracks [13]. A detailed experimental 
analysis [14] showed that shear damage and failure is the primary mechanism in 
fracture of cortical bone, hence a phenomenological damage model based on shear 
failure was used to capture the fracture event. Theory of the material models is not 
discussed here for brevity.
Density to Young’s modulus relation is modeled as a bilinear curve Figure 2(a). The 
feasible space for the optimization routine to choose candidate variables is shown in 

Figure 2(b). To maintain a C 0
continuity between the two lines of the bilinear model, 



the intercept of the second line is assumed to be a dependent variable. 

(a) (b)
Figure 1(a) Pictorial representation of mesh generation workflow (b) Finite element mesh
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3.3. User material development

Rate dependency of elastic modulus, yielding and failure is a well-documented behavior 
of bone [15, 16]. These studies suggested to model elastic modulus, yielding and failure 
as logarithmically related to strain rate. The following relation was assumed to model 
the material behavior, which is similar to Johnson-Cook’s 
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of the material parameters discussed above respectively, e
.

is the strain rate and Ci is a 
parameter. The reference strain rate for quasi-static response was assumed to be 0.001/s.
Unfortunately a constitutive model that can take into account of this behavior is not 
readily available in commercial packages. Therefore a VUSDFLD subroutine was 
written in Abaqus/ExplicitTM. Most material properties in ABAQUS/Explicit can be 
defined as functions of field variables, fi. Subroutine VUSDFLD allows the user to 
define fi at every integration point of an element. The subroutine has access to solution 
data i.e. fi(σ, ε, εpl, ε ̇, etc.); therefore, the material properties can be a function of the 
solution data. The computed material properties inside VUSDFLD routine are then 
passed to the main code for stress updation. The user subroutine was validated using 
single element simulations. The user subroutine was compiled along with the main 
model. It is a good practice to compile the user subroutine as a double precision 
executable while using with double precision explicit solver.



3.4. Optimisation module

Genetic algorithm (GA) is widely used to generate best available solutions to search and 
optimisation problems. It uses procedures motivated by evolution such as selection, 
inheritance, mutation and crossover. When the solution of the problem is little known, 
GA can be used to extract the best available solution. For the current study an open 
source C++ GA code developed by Sastry and Goldberg [17] (download link in the 
reference) was used. In a very few studies optimization techniques were used to derive 
material parameters for bones under impact [18, 19]. However subject specific material 
assignment was done in neither of the study, however the geometry of the FE model 
was generated from CT scans. A schematic diagram of the workflow of the optimisation 
procedure is shown in Figure 3.

Figure 3 Schematic diagram of the workflow of the optimisation procedure.

4. RESULTS AND DISCUSSIONS

A set of material parameter was optimised by following the procedure given in Figure 3. 
The obtained material properties are listed in Error! Reference source not found.. 
Using the obtained material parameters individual tests were simulated by developing a 
subject-specific finite element model and the results are plotted in Figure 4. All the 
simulation results agreed very well with the experimental results. Hence by capturing 
both the inhomogeneity using material mapping and the geometry of the specimen using 
the CT scan data, along with an optimisation technique; an accurate finite element 
model was obtained. 

Sets Bone type Youngs Modulus
(Mpa)

Yield stress (Mpa) 
(Tension)

1

Cancellous

734 5
2 2097 13
3 3460 21
4 4823 30
5 6186 38
6 7549 47
7 8403 52
8 9257 57
9 10111 63



10

Cortical

10945 68
11 11799 73
12 12653 78
13 13507 84
14 14361 89
15 15215 94
16 16069 100
17 16903 105
18 17757 110
19 18611 115
20 19465 121

C1 Y.P C2 εf (%) C3 uf (mm)

0.3045 0.0062 0.1882
8

1.81 -0.16 0.24

Table 1 Optimised parameters

Figure 4 Finite element simulations with optimised material properties

Fracture types from experiments and simulation
Eleven fractures were oblique and one fracture was transverse in nature. Eight of the 
oblique fractures were of the pattern as shown in Figure 5(a), where there is a crack 
diversion in the compression side of impact. These fractures are observed only in 1.5 m 
and 1.0 m drop experiments. The other three were of the pattern as shown in Figure 
5(b), where there is no crack diversion in the compression side of impact. This pattern is 
observed only in 0.5 m drop tests.

       
(a) (b)

Figure 5 Fracture types observed in experiments. Each black rectangle is 20 mm.



Error! Reference source not found. shows the comparison between high-speed video 
and simulation results on selected frames for the most frequently occurs fracture type.

                   
Figure 6 Comparison between high-speed video frame and simulation. (a) At time t=0.26 ms: 
Fracture initiation in lhu13. (b) At time t=0.37 ms (c) At time t=1.1 ms

The fracture type that was observed in 0.5 m drop experiments is shown in Error! 
Reference source not found..  The main difference between this fracture and the one 
observed in 1.5 m and 1.0 m drop experiments is that there is no crack diversion seen in 
the concave (compression) side. 

Figure 7 Fracture type observed in 0.5 m drop experiments

5. CONCLUSION

Currently there are no finite element material models for bones, which can predict both 
force response as well as fracture types.  However models based on critical plastic strain 
have been used in human body finite element models, which can predict force response 
but not fracture details [3, 20]. In this study a methodology was presented which utilized 
experimental observations, subject specific material mapping, subject specific geometry 
generation and optimisation tools to derive a single material model for a wide range of 
strain rates. 
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1. ABSTRACT

The objective of this work is to formulate a material model for bone, which can predict stresses and fracture for wide range of strain rates. Impactor force-data recorded in 3-pt bending impact tests on human humerus was used. A total of twelve samples were tested at impact velocities of 3.23, 4.43 and 5.42 m/s. Detailed FE mesh of the specimen was obtained using CT scans. In order to capture the non-homogeneity of the material, the mesh was divided into twenty material sets based on Hounsfield Number from CT Scans and material properties were assigned to them. A user defined material model was developed that incorporates the rate dependency of stiffness, yielding and failure. A Drucker-Prager plastic model was chosen as it captures dilation of bone and asymmetry in yielding. A phenomenological damage model was chosen to capture the shear failure mechanism. The sums of the errors between the simulation and the experimental result for the three drop heights were minimized using constrained Genetic Algorithm. A single material model was thus obtained that well predicts the result (correlation >0.9) in all cases. A logarithmic relation was used to model strain-rate dependency of elastic modulus, yield and damage initiation. The quasistatic modulus of bone is found to vary between 0.7 and 6 Gpa for cancellous and between 7 and 19 Gpa for cortical bone. For bone with Hounsfield Number of 1600 the modulus is found to vary from 19 to 50 Gpa as strain rate varies from 0.001 to 300/s. 

2.INTRODUCTION

Human body organs like any other structures develop internal forces when external forces are applied. These internal forces try to restore the organ’s original shape and size. But these internal forces (or stresses) are limited, after which the organ fails. To prevent injuries it is very important to understand the forces and the mechanisms that are causing the injuries. In biomechanics literature this is done in three ways, experimentally traumatizing cadavers 1[]
, using Anthropomorphic Test Devices (ATD or commonly known as dummies)2[]
 and using Finite Element Models 3[]
. Generally information from cadaver experiments is used to validate both ATDs and finite element models. Nearly 30% of the cost of a consumer vehicle can be traced back to engineering and testing efforts 4[]
. Automakers are trusting in the ability of math-based simulation tools to reduce engineering costs, hence increasing profits. Safety testing is a very expensive business, as millions of dollars of space and equipment are needed to perform experiments. Validated finite element (FE) models facilitate to move away from expensive laboratory tests toward cost efficient math-based simulations. These FE models help to perform research in places where sophisticated labs are not present, especially in developing countries. For the purpose three types of validated finite element models are generally required, namely vehicle model, dummy model and human body model. To have an accurate human body model, it is necessary to have accurate FE models of human body parts. The aim of this work is to develop a finite element model for long bones, which will predict the response including fracture that are observed in laboratory experiments.

3. MATERIALS AND METHOD

3.1. Experiment

Twelve isolated human humerus were collected through All India Medical Sciences, India. All specimens were tested in three point bending mode in the anterior to posterior direction. An instrumented drop tower was used to impact the bone. The drop tower consists of a carriage of mass 31 kg that can fall freely through guided slots. The height of the carriage can be adjusted to vary impact velocity. A strain gauge was fixed on the tensile side of the specimen to measure the uniaxial surface strain. data are recorded in a digital oscilloscope at the rate of 430 kilo samples per second. The data are filtered using CFC 1000 low pass filer to remove high frequency components. Two high-speed video cameras along with flicker free lights were used to record the fracture event. Three drop heights, namely 0.5, 1.0 and 1.5 m were used to generate an initial velocity of 3.23, 4.43 and 5.42 m/s respectively. 


3.2.Finite element model


Prior to experiments all specimens were CT scanned. Materialise MimicsTM was used to generate a finite element mesh (Figure 1(a)). Since optimisation methods were to be used later, the simulation time must be kept minimum. So the mid diaphysis, where the bending moment was expected to be maximum was meshed finely (Figure 1(b)). To predict bending stresses accurately it is necessary to compute the second moment of area correctly in the mid diaphysis of the long bone 5[]
. Since second moment of area depends on the geometry, the mid diaphysis region was meshed finely. Also since the impact happens in the mid diaphysis, to approximate Hertzian stress reasonably the mesh was made fine. Density values were mapped from Hounsfield numbers from CT scans 
 ADDIN EN.CITE 
[6, 7]
. 


A total of 20 material sets were used. Five sets were used to represent cancellous and fifteen sets were used to represent cortical bone. Comparing the mass of FE model with the physical mass validated the model. The error was less than 2% in the eleven cases.8[

 SEQ MTSec \h \* MERGEFORMAT 

 In earlier studies conducted by the authors MACROBUTTON MTEditEquationSection2 Equation Section (Next), 9]
 a dilatational cut-off stress10[]
 based failure criterion was used to predict fracture. Though the fracture patterns were predicted closely, the peak forces were over predicted. In a more recent study 11[]
,  a Von Mises plastic model with Cowper-Symonds yield stress scaling constitutive model was used. Plastic strain was used as a failure criterion. An optimisation workflow similar to the current work was used to derive material parameters. Though the  structural response agreed very well with experiments, the failure of long bones was not predicted. This situation warrants the use of more realistic material models to capture yielding, damage and failure of long bones. Drucker-Prager plastic model12[]
 was used to capture yielding and failure in bones. As bone failure is not instantaneous but progressive. The stiffness of bone degrades gradually due to the progressive failure of collagen fibers and due to the presence of micro cracks 13[]
. A detailed experimental analysis 14[]
 showed that shear damage and failure is the primary mechanism in fracture of cortical bone, hence a phenomenological damage model based on shear failure was used to capture the fracture event. Theory of the material models is not discussed here for brevity. 


Density to Young’s modulus relation is modeled as a bilinear curve Figure 1(a). The feasible space for the optimization routine to choose candidate variables is shown in Figure 1(b). To maintain a [image: image1.emf]
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Figure 1(a) Pictorial representation of mesh generation workflow (b) Finite element mesh
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3.3. User material development

Rate dependency of elastic modulus, yielding and failure is a well-documented behavior of bone 15[, 16]
. These studies suggested to model elastic modulus, yielding and failure as logarithmically related to strain rate. The following relation was assumed to model the material behavior, which is similar to Johnson-Cook’s equation
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 is the strain rate and Ci is a parameter. The reference strain rate for quasi-static response was assumed to be 0.001/s. Unfortunately a constitutive model that can take into account of this behavior is not readily available in commercial packages. Therefore a VUSDFLD subroutine was written in Abaqus/ExplicitTM. Most material properties in ABAQUS/Explicit can be defined as functions of field variables, fi. Subroutine VUSDFLD allows the user to define fi at every integration point of an element. The subroutine has access to solution data i.e. fi(σ, ε, εpl, ε ̇, etc.); therefore, the material properties can be a function of the solution data. The computed material properties inside VUSDFLD routine are then passed to the main code for stress updation. The user subroutine was validated using single element simulations. The user subroutine was compiled along with the main model. It is a good practice to compile the user subroutine as a double precision executable while using with double precision explicit solver.

3.4. Optimisation module

Genetic algorithm (GA) is widely used to generate best available solutions to search and optimisation problems. It uses procedures motivated by evolution such as selection, inheritance, mutation and crossover. When the solution of the problem is little known, GA can be used to extract the best available solution. For the current study an open source C++ GA code developed by Sastry and Goldberg [17]
 (download link in the reference) was used. In a very few studies optimization techniques were used to derive material parameters for bones under impact 
 ADDIN EN.CITE 
[18, 19]
. However subject specific material assignment was done in neither of the study, however the geometry of the FE model was generated from CT scans. A schematic diagram of the workflow of the optimisation procedure is shown in Figure 2.
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Figure 2 Schematic diagram of the workflow of the optimisation procedure.


4. RESULTS AND DISCUSSIONS


A set of material parameter was optimised by following the procedure given in Figure 2. The obtained material properties are listed in Table 1. Using the obtained material parameters individual tests were simulated by developing a subject-specific finite element model and the results are plotted in Figure 3. All the simulation results agreed very well with the experimental results. Hence by capturing both the inhomogeneity using material mapping and the geometry of the specimen using the CT scan data, along with an optimisation technique; an accurate finite element model was obtained. 

		Sets

		Bone type

		Youngs Modulus


(Mpa)

		Yield stress (Mpa) (Tension)



		1

		Cancellous

		734

		5



		2

		

		2097

		13



		3

		

		3460

		21



		4

		

		4823

		30



		5

		

		6186

		38



		6

		Cortical

		7549

		47



		7

		

		8403

		52



		8

		

		9257

		57



		9

		

		10111

		63



		10

		

		10945

		68



		11

		

		11799

		73



		12

		

		12653

		78



		13

		

		13507

		84



		14

		

		14361

		89



		15

		

		15215

		94



		16

		

		16069

		100



		17

		

		16903

		105



		18

		

		17757

		110





		19

		

		18611

		115



		20

		

		19465

		121





		C1

		Y.P

		C2

		εf (%)

		C3

		uf (mm)



		0.3045

		0.0062

		0.18828

		1.81

		-0.16

		0.24





Table 1 Optimised parameters
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Figure 3 Finite element simulations with optimised material properties

Fracture types from experiments and simulation

Eleven fractures were oblique and one fracture was transverse in nature. Eight of the oblique fractures were of the pattern as shown in Figure 4(a), where there is a crack diversion in the compression side of impact. These fractures are observed only in 1.5 m and 1.0 m drop experiments. The other three were of the pattern as shown in Figure 4(b), where there is no crack diversion in the compression side of impact. This pattern is observed only in 0.5 m drop tests.
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(b)


Figure 4 Fracture types observed in experiments. Each black rectangle is 20 mm.

Figure 5 shows the comparison between high-speed video and simulation results on selected frames for the most frequently occurs fracture type.


[image: image14.jpg]



[image: image15.png]



         [image: image16.jpg]



[image: image17.png]P





          [image: image18.jpg]



[image: image19.png]: —
= B
< g8






Figure 5 Comparison between high-speed video frame and simulation. (a) At time t=0.26 ms: Fracture initiation in lhu13. (b) At time t=0.37 ms (c) At time t=1.1 ms

The fracture type that was observed in 0.5 m drop experiments is shown in Figure 6.  The main difference between this fracture and the one observed in 1.5 m and 1.0 m drop experiments is that there is no crack diversion seen in the concave (compression) side. 
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Figure 6 Fracture type observed in 0.5 m drop experiments


5. CONCLUSION

Currently there are no finite element material models for bones, which can predict both force response as well as fracture types.  However models based on critical plastic strain have been used in human body finite element models, which can predict force response but not fracture details 3[, 20]
. In this study a methodology was presented which utilized experimental observations, subject specific material mapping, subject specific geometry generation and optimisation tools to derive a single material model for a wide range of strain rates. 
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