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Structure and Function of Bone 

Our skeletal system produces blood and serves as storage pool for important minerals. 

It also provides us with the strength and mobility that is required during normal 

activities and protects the vital organs in our head and chest from external threats. 

Bones, which make up the skeleton, come in various sizes and shapes that can be 

roughly characterized as long, short, flat and irregular. Flat bones are usually 

associated with protection and consist of layers of cortical bone, connected to porous 

bone, called trabecular. This type of bone consists of rods and plates, the so-called 

trabeculae, which are some 200 µm thick and 1 mm long. Trabecular bone can also be 

found in vertebral bodies and near joints in long bones, such as the femur (Fig. 1). 

Although the bone-tissue composition of both types is essentially the same (i.e. mostly 

collagen and mineral in the form of hydroxyapatite crystals), the obvious difference is 

caused by their degrees of porosity. Cortical bone volume fraction ranges between 85 – 

95 %, as opposed to 5 – 60 % for trabecular bone (Jee, 1983). The shape of trabeculae 

is related to porosity and changes from slender rods to thick plates where increased 

strength is desired. Besides bone porosity, trabecular orientation is influenced by 

mechanics as well. Already in 1867 von Meyer published an article containing a line 

drawing of the observed trabecular orientation in the human proximal femur (von 

Meyer, 1867). Culmann, a leading structural engineer at the time, related that drawing 

to stress trajectories in a homogenous structure with a similar geometry analyzed with 

graphical statics. Based on this observation, Wolff would later formulate a bone 

remodeling law (Wolff, 1892). Investigators today still refer to “Wolff’s law”, despite 

critique by many (Cowin, 2001). The present ideas about bone remodeling (functional 

adaptation to mechanical loads) originate from the work of Roux (1881), who 

recognized the influence of bone cells and their local stress state. 

 

 
 

 

 

 

 

 

 

 

 

 
Fig. 1 Histological section showing the 

trabecular architecture in the human 

proximal femur. Adapted from van der 

Meulen, M.C.H., Carter, D.R. and Beaupré, 

G.S. Skeletal development. In: Osteoporosis 

Vol. 1, 2
nd

 edition. Marcus, R., Feldman, D. 

and Kelsey, J (Eds.), 2001. 
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 Although bones seem lifeless at first sight, the cells make it a true living organ, 

capable of growing and healing sustained fractures. The bone tissue is continuously 

renewed by bone-resorbing (osteoclasts) and bone-forming cells (osteoblasts). This 

process is called “bone remodeling” and is active during our entire life, even in fully 

grown bones without fractures. The remodeling cycle starts with the arrival of 

osteoclasts. These cells create a local acidic environment that enables resorption of 

bone tissue. The resulting cavities are subsequently filled with new bone tissue by 

osteoblasts. They produce the organic matrix (ostoid) that is later mineralized to form 

bone. Some of the osteoblasts are trapped during this process and differentiate to 

osteocytes. They maintain connections to other osteocytes and to the osteoblasts that 

reside at the bone surface (these cells are flattened and called lining cells). Osteocytes 

remain viable and are sensitive to mechanical stimuli. It is hypothesized that 

mechanically-induced cell signals are transported through the osteocyte network to the 

bone surface and stimulate local bone gain and loss (Burger and Klein-Nulend, 1999). 

As a result, bone morphology changes and adapts to the mechanical environment. This 

process is called modeling, although computer analyses indicated that it is essentially 

the same as the remodeling of bone tissue (Huiskes et al., 2000). Both processes ensure 

the maintenance of a structure that is optimized with respect to the strength and the 

amount of material required. 

Osteoporosis 

Bone adapts to its mechanical environment. This means that a reduction in physical 

activities or, even worse, immobilization, results in a reduction in bone density. 

Eventually this might result in “osteoporosis”, a condition characterized by decreased 

bone-mineral density (BMD) and increased fracture risk. Besides disuse and other 

obvious causes, such as hormone-related diseases and nutrition, osteoporosis can be 

related to age as well. Growth at young age is accompanied by increasing bone mass. 

At a certain age (approximately 30 years), peak bone mass is reached, followed by a 

gradual decrease (Fig. 2). Besides the gradual decrease connected with age (senile or 

type II osteoporosis), an additional reduction in bone strength can be expected for post-

menopausal women due to decreases in estrogen levels (post-menopausal or type I 

osteoporosis). As a result, osteoporosis is commonly associated with the elderly, and 

elderly women in particular. 

 Although osteoporosis can be a result of many factors, it manifests itself in one 

particular way, through bone fractures. These fractures most commonly occur in the 

spine, lower forearm and hip, and are commonly associated with falls (Grisso et al., 

1991; Hedlund and Lindgren, 1987). When it comes to hospitalization and disability, 

spine and forearm fractures are relatively harmless. In fact, many vertebral fractures 

cause no symptoms and are discovered only by accident (Cummings et al., 1985). Hip 

fractures, on the other hand, can be quite devastating. The chances of full recovery are 

less than 50 % and 20 % of the patients even die as a result of this injury (Parkkari et 

al., 1999; Resnick and Greenspan, 1989). Currently, the estimated medical costs 

associated with osteoporosis are estimate at 500 million euros in the Netherlands 
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(Polder et al., 2002). Due to estimated growths in populations, increasing life 

expectancy and exponential increase in fracture incidence rates with age (Melton, 

1996), it is expected that the incidence and high medical costs involved will increase 

with more 33 % in the next 20 years (de Laet et al., 2002).  
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Fig. 2 Average bone mass as a function of age in men and women. Adapted from Riggs, B.L. 

and Melton, J.L. III. Evidence for two distinct syndromes of involutional osteoporosis. 

American Journal of Medicine 75:899-901. 

Diagnosis of bone strength 

Given the dramatic consequences of osteoporotic fractures, their prevention should be 

the primary treatment goal of osteoporotic patients. This requires accurate diagnoses of 

bone strength. Presently, the diagnosis of bone strength is based on measurements of 

bone mass and density, using dual-energy X-ray absorptiometry (DXA). This 

technique is associated with low radiation, low cost and high precision. However, such 

a scan results in a two-dimensional projection; a gray-scale image that indirectly 

represents BMD through X-ray absorption. Although these BMD values can be related 

to experimental data on bone stiffness and strength in vitro (Carter and Hayes, 1977; 

Keller, 1994; Cheng et al., 1997), the three-dimensional structures are invisible. 

Computed tomography (CT), on the other hand, results in three-dimensional images. 

This technique is based on the same principle of energy absorption, but now the object 

is rotated and scanned from different angles, which enables reconstruction of the three-

dimensional BMD distribution. It has been stated, however, that measurements of bone 

density alone are not very accurate predictors for patient-specific bone strength 

(Melton et al., 1989; Rüegsegger, 1996). First of all, the resolution of CT scans is not 

high enough to visualize individual trabeculae. This means that the anisotropic 

trabecular structure and its corresponding anisotropic strength (Mosekilde et al., 1987) 

are reduced to single density values and isotropic strengths, respectively. A second 

limitation of using only BMD to estimate bone strength in vivo is the influence of the 

applied loads. For example, the load required to fracture a femur in vitro is more than 
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doubled when the femur is repositioned from a stance loading configuration to a fall 

loading configuration (Keyak, 2000). However, it is still the same femur with the same 

BMD distribution. 

 Besides experimental and analytical approaches, numerical methods became 

accepted research tools. An example is the well-known finite element (FE) computer 

method. Although first named “finite elements” in 1960 (Clough, 1960), it was 

introduced as a numerical method 17 years earlier (Courant, 1943). At present, this 

technique is widely used for a variety of problems, among which the evaluation of 

mechanical properties of bones. FE analysis requires, as expected, a finite number of 

elements. Each element represents a small part of the complete structure and is 

assigned certain material properties. This “divide and conquer” approach can be ideally 

combined with three-dimensional CT data. For example, each voxel, or groups thereof, 

can be converted to an element with its material properties based on the corresponding 

gray-value. The resulting voxel meshes 

(Fig. 3) are commonly used for patient-

specific analysis of the proximal femur 

(Cody et al. 1999; Keyak et al, 1990; 

Viceconti et al., 1998) and vertebral 

bodies (Crawford et al., 2003). As a 

result of the limited resolution, 

however, the porous and anisotropic 

trabecular structure must be approx-

imated by a continuum with isotropic 

properties. Good results have been 

reported for these continuum-level FE 

models, when it comes to stiffness 

predictions (Cody et al., 1999). Failure 

predictions, on the other hand, are a 

greater challenge (Keyak et al, 2001). 

This is not surprising, since density 

alone is a poor predictor of trabecular 

bone failure behavior (Keaveny et al., 

1999). 

 The recently introduced micro-CT scanners enable scanning of bone samples 

and even small living animals at high-resolution (10 – 30 µm), which enables detailed 

visualization of trabecular bone. Using the same voxel-conversion technique, high-

resolution (or micro-) FE models can be created. These micro-FE models incorporate 

the full trabecular architecture and, as such, are capable of predicting anisotropic 

elastic behavior (Kabel et al., 1999). Together with the advancement in computer 

hardware and solving strategies (van Rietbergen et al., 1995; Adams et al., 2000) it is 

now possible to analyze the elastic behavior of large bone pieces with micro-FE 

models (Bayraktar et al., 2004; Homminga et al., 2004; Pistoia et al., 2002; van 

Rietbergen et al., 1999, 2003). Failure predictions, on the other hand, require multiple 

 
Fig. 3 Continuum-level voxel mesh of a 

human proximal femur. 
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analyses, due to geometric and material nonlinearities of bone. This means that the 

required CPU-time for failure analyses is still considerable. A second difficulty is to 

obtain the bone tissue properties. Due to experimental difficulties, little is known about 

the stiffness properties of the tissue itself. As a result, present failure analyses are 

focused on small pieces of trabecular bone with tissue properties based on cortical 

bone (van Rietbergen et al., 1998; Niebur et al., 2000, Stölken and Kinney, 2003). 

Although the apparent yield point of trabecular bone samples can be accurately 

predicted with micro-FE models (Niebur et al., 2000), full failure analyses are merely 

performed to test the feasibility of the method, rather then to predict the complete 

failure behavior of trabecular bone. 

Aim and outline of this thesis 

Prevention of fractures requires accurate predictions of bone strength. In the case of 

osteoporotic fractures, accurate prediction of trabecular bone failure behavior is 

essential, since osteoporotic fractures occur at sites mainly occupied by trabecular 

bone. The research project presented in this thesis focused on the failure behavior of 

trabecular bone, not only to study its behavior as part of the whole organ, but also to 

understand its behavior at the tissue level. From the previous sections, it is clear that 

the trabecular bone mechanical properties depend on micro-architecture. Therefore 

high-resolution CT scans of trabecular bone were used to 

1. estimate failure properties of large pieces of trabecular and cortical bone with 

linear-elastic micro-FE models, 

2. investigate bone-tissue properties by comparing results from nonlinear micro-FE 

models with those from experiments and 

3. measure tissue-level strains with a novel three-dimensional digital image 

correlation technique developed for the strain measurements in porous structures 

and to enable validation of the nonlinear micro-FE models. 

 

The specific objectives of this project have led to the studies that are described in the 

following five chapters. In the second and third chapters analyses of healthy and 

osteoporotic human proximal femurs during a fall using FE models are described. For 

the second chapter two micro-FE models were utilized that were also analyzed earlier 

for a normal physiological load (van Rietbergen et al., 2003) in the stance phase of 

walking. However, osteoporotic fractures in the femur rarely occur during walking, but 

are usually caused by a fall. The same models were therefore used to simulate a fall to 

the side, a type of fall with high fracture risk (Greenspan et al., 1998), to determine the 

contribution of the trabecular core during the abnormal load of a fall to the side, and to 

estimate yield and ultimate loads from a linear FE analysis. These voxel models 

incorporate the detailed anisotropic trabecular structure. For chapter three continuum-

level voxel models were generated from the aforementioned micro-FE models. 

Comparison of the results to those obtained for the complete micro-FE models enabled 

us to study the effects of decreased scan resolution. More specific goals of this study 
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were to determine the influence of the voxel size and the relation for the conversion of 

bone density to isotropic element stiffness. 

 The small size of the trabeculae complicates determination of the trabecular-

tissue mechanical properties. Several studies have been reported in which elastic 

properties were determined with ultrasound, nano-indentation, and compression and 

tension tests on single trabeculae (Lucchinetti et al., 2000). However, the yield and 

post-yield (failure) behavior of individual trabeculae and trabecular-bone tissue have 

not been reported. For the fourth and fifth chapters we studied the failure behavior of 

trabecular bone samples that were extracted from bovine proximal tibiae using micro-

FE simulations and compression experiments. In chapter four we sought an answer to 

the question: “Can the effective failure properties of trabecular tissue be based on 

cortical bone properties?”. Based on the results presented, it was decided to iteratively 

adjust the tissue properties for a better description of bovine trabecular bone failure. 

This study is described in chapter five. The specific goals of this study were to 

investigate whether trabecular bone failure can be modeled with micro-FE models and 

to determine the tissue failure properties indirectly. 

 Micro-FE simulations might be able to predict the apparent failure behavior of 

trabecular bone. However, this does not necessarily mean that the deformation of the 

individual trabeculae and the local strains are predicted accurately as well. In an 

attempt to measure the strain in porous structures at the level of the individual 

trabeculae from high-resolution CT scans, we developed a three-dimensional digital 

image correlation technique. For this study aluminum foam samples were used, instead 

of real trabecular bone, to eliminate experimental difficulties and to create high-quality 

CT scans. Scans with different resolutions were made of specimens in their original 

state and after an applied deformation. Correlating each CT-scan pair enabled us to 

study the influence of CT-scan resolution and image correlation settings. The results 

are presented in chapter six, followed by a general discussion of the studies in this 

thesis in chapter seven. 
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Abstract 

Due to remodeling of bone architecture an optimal structure is created that minimizes 

bone mass and maximizes strength. In the case of osteoporotic vertebral bodies, 

however, this process can create over-adaptation, making them vulnerable for non-

habitual loads. In a recent study, micro-finite element models of a healthy and an 

osteoporotic human proximal femur were analyzed for the stance phase of gait. In the 

present study, tissue stresses and strains were calculated with the same proximal femur 

micro-finite element (micro-FE) models for a simulated fall to the side onto the greater 

trochanter. Our specific objectives were to determine the contribution of trabecular 

bone to the strength of the proximal femurs for this non-habitual load. Further, we 

tested the hypothesis that the trabecular structure of osteoporotic bone is over-adapted 

to habitual loads. For that purpose we calculated the load distributions and estimated 

the apparent yield and ultimate loads from linear analyses. Two different methods were 

used for this purpose, which resulted in very similar values, all in a realistic range. 

Distributions of maximal principal strain and effective strain in the entire model 

suggest that the contributions to bone strength of the trabecular and cortical structures 

are similar. However, a thick cortical shell is preferred over a dense trabecular core in 

the femoral neck. When the load applied to the osteoporotic femur was reduced to 

approximately 61 % of the original value, strain distributions were created similar in 

value to those obtained for the healthy femur. Since a comparable reduction factor was 

found for habitual load cases, it was concluded that the osteoporotic femur was not 

‘over-adapted’. 

Introduction 

According to ‘Wolff’s Law’ bone morphology and strength are adapted to the normal – 

habitual – loads of daily life. In addition, we experience non-habitual – or ‘error’ –  

loads in accidents and physical exercises. This brings us to the apparent contradiction 

that those who engage in sports, for instance, have higher risks for accidents, but at the 

same time are better protected against fractures. While those who do not, have lower 

risks for accidents, but are less protected against their occurrence. This condition was 

earlier baptized over-adaptation (Weinans, 1998), and demonstrated for osteoporotic 

vertebral bodies in micro-FE analyses of stress transfer (Homminga et al., 2004). It 

implies that bone microstructure is well adapted to daily loads, but vulnerable for 

‘error’ loads. The purpose of the present study was to investigate if it can also be 

demonstrated for the proximal femur.  

 Using micro-FE models, van Rietbergen et al. (2003) evaluated load transfer in a 

healthy and an osteoporotic proximal human femur during the stance phase of gait. 

They concluded that the trabecular strain distributions in healthy and osteoporotic 

bones were quite different, but if the load acting on the osteoporotic femur was reduced 

to 59 % of the normal load, the strain results were quite similar. This suggests that the 

osteoporotic bone might have been adapted to lower load levels, but is not ‘over-

adapted’. Homminga et al. (2004) found that strain distributions in healthy and 

osteoporotic human vertebral bodies were very similar for physiological loading 
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conditions. However, when non-habitual ‘error’ loads were applied, stresses and strains 

in the osteoporotic vertebrae were much higher than those in the healthy one, 

suggesting a considerably reduced strength due to ‘over-adaptation’. For the present 

work we asked the question whether similar effects of over-adaptation could be found 

in the proximal femur. 

 A second question concerns the role of the cortical bone shells around the 

trabeculae. Obviously, proximal femoral strength depends on both cortical and 

trabecular contributions. Pistoia et al. (2003) investigated stresses and strains in the 

bone tissue of a human radius, using a micro-FE model in which they created bone loss 

according to several scenarios. They found that reduction of trabecular bone mass had 

only a small effect on predicted bone strength, whereas a reduction in cortical bone 

thickness had a major effect. Hence, cortical bone might play a larger role in load 

transfer and bone strength than often suggested and should be accounted for in 

analyses of bone strength. The question posed for this work was to what extend this is 

also a prominent feature in the proximal femur. 

 We tested cortical and trabecular stress transfer in the proximal femur of two 

bones, one normal and one osteoporotic, using micro-FE analysis. In each case two 

situations were compared: stress transfer due to the hip-joint forces of stance – a 

‘normal’ load – and stress transfer due to a fall to the side on the greater trochanter, an 

‘error’ load. For that purpose we re-used the results of van Rietbergen et al. (2003), 

representing the case of normal loads, and compared those to the effects of ‘error’ 

loads due to a fall to the side, using the same micro-FE models. We asked the questions 

(1) is the trabecular bone structure in the osteoporotic femur over-adapted to 

physiological loads? And (2) what are the roles of cortical versus trabecular bone for 

femoral strength during non-habitual loading? 

Materials and Methods 

Two micro-FE meshes were created from high-resolution computed tomography (CT) 

images of the proximal 10 cm of a healthy (T-score: -0.5) and a severely osteoporotic 

(T-score: -4.0) femur (van Rietbergen et al., 2003). Both femurs were from female 

donors and were selected from a group of 80 elderly cadavers from an anatomic 

dissection course. Bone-mineral density (BMD) measurements (DPX-L, DXA scanner, 

Lunar) indicated significantly different BMD values in neck and trochanter of the 

healthy (0.917 and 0.976 g/cm
2
) and the osteoporotic femurs (0.496 and 0.656 g/cm

2
). 

The donors had closely matched ages (healthy: 82, osteoporotic: 89 years), body 

weights (63 and 57 kg), lengths (1.60 and 1.61 m) and femoral-head diameters (45 mm 

each). Three-dimensional CT images were created in a µCT scanner (µCT-80, Scanco 

Medical, Bassersdorf, Switzerland), with an isotropic spatial resolution of 80 µm, 

subject to a modest Gaussian filter to reduce noise. The images were then segmented 

and the remaining bone voxels converted to equally-sized brick elements, rendering 

micro-FE meshes of 97 and 72 million elements and 130 and 100 million nodes for the 

healthy and the osteoporotic femurs, respectively. Elements were assigned a Poisson’s 
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ratio of 0.3 and an isotropic Young’s modulus of 15 GPa for trabecular and 22.5 GPa 

for cortical bone (Rho et al., 1993; Turner et al., 1999). 

 The boundary conditions applied represented a fall onto the greater trochanter 

(Fig. 1), based on experimental studies reported earlier (Cheng et al., 1997; Courtney et 

al., 1995; Courtney et al., 1994). The angle between the femoral shaft and the 

horizontal was 10 degrees and the femur was internally rotated by 15 degrees. The 

appropriate orientation of the resultant hip force was estimated for both femurs. An 

arbitrary hip force of 1.0 kN was distributed 

over the assumed contact areas between 

pelvis and femur, with the individual nodal 

forces directed towards the center of the 

femoral head, to simulate a friction-less 

cartilage layer. The distribution of nodal 

forces was first estimated for a perfect sphere 

(Ipavec et al., 1999; Ipavec et al., 2002) and 

then iteratively adjusted until the resultant hip 

force was pointing into the desired direction, 

with an error not larger than 1 degree. The 

surface nodes in a 0.5 cm layer perpendicular 

to the resultant hip force on the greater 

trochanter were fixed vertically to simulate 

constraints between the femur and a contact 

surface. Displacement of the nodes at the 

distal end of the femoral shaft was only 

allowed in the vertical direction (Fig. 1). 

 The linear-elastic micro-FE models were solved using an iterative element-by-

element solver (Scanco Medical AG, Bassersdorf, Switzerland). The computations for 

the healthy femur were sufficiently converged (relative errors in the residual forces and 

displacements were less than 1e-3; van Rietbergen et al., 1995, 1999) after 40,750 

iterations, requiring 17 gigabytes and 3 weeks of wall-clock time on a SGI Origin 3800 

supercomputer. The osteoporotic femur required 37,150 iterations and 13 gigabytes of 

memory. Tissue stresses and strains were used to compute strain-energy densities 

(SED), effective strains and maximal principal strains. 

 The elastic energies were computed from the SED-data for the trabecular cores 

and the cortical shells. The ratio of the elastic energies stored in each type of bone is a 

measure for the contribution of each type of bone to the total load-carrying capacity. 

The forces on the element nodes were determined in the middle of the femoral neck, in 

a plane perpendicular to the neck axis. The nodal forces, second moments of inertia 

and the trabecular and cortical areas were determined in the selected plane to assess the 

contribution of both types of bone on a local level. 

 The yield load of each femur was estimated based on a bone-tissue maximal 

principal strain criterion (Niebur et al., 2000). The maximal principal strain was 

computed in each voxel and subsequently smoothed to decrease the fluctuations at the 

 
Fig. 1 Applied boundary conditions 

for the micro-finite element models. 

The arrow represents the direction of 

the resultant hip force. 
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voxel-mesh boundaries and, therefore, improve local accuracy (Charras and Guldberg, 

2000). The yield strains of cortical bone in tension and compression were taken as 0.73 

% and 1.12 %, respectively (Bayraktar et al., 2004). The ratio of the yield strains over 

the maximal principal strain was considered the safety factor for the applied load of 1.0 

kN. Multiplying the applied hip force with this safety factor results in a yield load that 

indicates the onset of local failure. 

 The ultimate loads were estimated based on a failure criterion for micro-FE 

models of the human distal radius (Pistoia et al., 2002). It uses the effective strain 

distribution in the entire model, assuming that bone failure occurs when 2 % of the 

bone is loaded beyond 0.7 % strain. In contrast with the aforementioned method to 

determine the safety factor, scaling of the effective strain can result in tissue strains 

that exceed the assumed tissue yield strains. The estimated yield and failure loads were 

compared to those based on femoral neck and trochanteric BMD values (Courtney et 

al., 1994; Courtney et al., 1995; Cheng et al., 1997). 

 In the case that the trabecular structure of the osteoporotic femur is ‘over-

adapted’ (Weinans, 1998) its failure resistance against transverse loading – as in a fall 

– would be more reduced than its failure resistance against normal hip-joint loading. 

We know that the failure resistance against normal hip-joint loading for the 

osteoporotic femur is 59 % of the failure resistance of the healthy femur (van 

Rietbergen et al., 2003). Hence, the resistance of the osteoporotic femur against 

transverse loading was compared to this value, to investigate if this bone was indeed 

‘over-adapted’. 

Results 

In both femurs, the highest strains due to a fall occur in the cortex of the femoral neck 

(Fig. 2) and are opposite in sign to the strains that normally occur in musculoskeletal 

functions (van Rietbergen et al., 2003). The higher strains in the osteoporotic femur are 

evident (Fig. 3). The healthy maximal principal strain distribution was compared to a 

scaled version of the osteoporotic distribution. An external load reduction of 61.3 % 

resulted in the smallest error between both histograms. This scaled distribution, added 

to Fig. 3, simulated a reduced load on the osteoporotic femur of 613 N. 

 Broader histograms of the strain-energy density (SED) distribution were found 

for the osteoporotic femur. The portion of strain energy stored by the trabecular core in 

the entire models (67.8 % and 70.3 % for the healthy and osteoporotic femur, 

respectively) was roughly the same as the portion of trabecular tissue (70.4 % in the 

healthy femur and 73.6 % in the osteoporotic femur). 

 The bone area in the selected plane through the femoral neck (363.6 mm
2
 in the 

healthy case and 254.3 mm
2
 in the osteoporotic case) is 30.1 % less in the osteoporotic 

case. Since the amount of cortical bone is similar in both femurs (131.0 mm
2
 in the 

healthy case and 116.6 mm
2
 in the osteoporotic case), this difference is mainly due to 

resorption of the trabecular core. As a result, the second moments of area Ixx and Iyy, 

measures for the resistance to bending, are only 9.5 % and 11.8 % less in the 

osteoporotic femur (22,128 and 23,409 mm
4
 for the healthy femur and 20,023 and 
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20,647 mm
4
 for the osteoporotic femur). Plots of the maximal principal strains (Fig. 4) 

in the selected plane through the femoral neck and nodal forces perpendicular to this 

plane (Fig. 5) indicate that the cortical shell is subjected to higher strains and carries a 

larger portion of the load. 

 The maximal principal strains in the cortex were compared to the tissue yield 

strains. A hip force of 5.45 kN was needed for the tissue to reach the yield strain the 

healthy femur. Tensile yield was reached first in the inferior region of the neck. 

Increasing the load on the osteoporotic femur from 1 to 3.21 kN resulted in maximal 

principal strains equal to the tissue compressive yield strain in the superior region of 

the neck. 

 Failure loads were estimated based on the effective strain distribution (Pistoia et 

al., 2002). A failure load of 5.83 kN was needed to load 2 % of the tissue in the healthy 

femur beyond an effective strain of 0.7 %. The same criterion resulted in an estimated 

failure load of 3.29 kN for the osteoporotic femur. The failure load for the osteoporotic 

femur was also estimated from the scaled osteoporotic distribution (Fig. 6). Although a 

similar distribution was created when scaled with a factor of 0.605, the failure load 

after scaling (4.7 kN) was lower than the fracture load of the healthy femur. 

Discussion 

Our first objective was to quantify the stresses and strains in the bone tissue due to a 

non-habitual load. By comparing the calculated bone-tissue stress and strain 

distributions with those found in an earlier study for physiological loading conditions 

(van Rietbergen et al., 2003), it appears that during a fall to the side the stresses do not 

only increase, but also change, locally, from tensile to compressive, and vise versa. The 

portion of bone tissue loaded in tension is larger than found for physiological loading 
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Fig. 3 Maximal principal strain distributions in the healthy and osteoporotic proximal 

femurs. A reduced hip force of 613 N applied to the osteoporotic femur resulted in the 

scaled osteoporotic distribution. 
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conditions, leading to almost symmetric distributions for the tissue maximal principal 

strains in the osteoporotic femur (Fig. 3). The distributions in Fig. 3 are created from 

the entire meshes, and cannot be compared directly to those found in the earlier study 

for physiological loading, where only the femoral head was investigated. However, 

similar distributions were found in the present study when only the head region was 

included. The increased portion of bone loaded in tension is disadvantageous, since it 

is stronger in compression than in tension. In fact, the tissue yield point in the healthy 

femur is reached first in tension. When the load on the osteoporotic femur is reduced to 

approximately 60 % of the original value, maximal principal strain and effective strain 

histograms of the healthy and the osteoporotic bones are very similar. Interestingly, 

this value is about the same as found earlier (van Rietbergen et al., 2003) for 

physiological loading conditions. Hence, if the osteoporotic femur is adapted to a lower 

hip-joint force, as suggested in the previous study, the strength in the abnormal loading 

 

Fig. 4 Maximal principal strain in the selected plane though the femoral neck in the healthy 

(left) and osteoporotic (right) femurs. 

 

 

Fig. 5 Nodal force distributions in the selected planes though the femoral neck. The force 

component perpendicular to the plane is shown. Tensile forces are directed downwards. 
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direction is affected to a similar extent as in the physiological loading direction. In 

other words: there is no evidence that this osteoporotic femur is over-adapted to 

physiological loads. 

 A second objective was to determine the contribution of the trabecular core to 

bone strength and to estimate the apparent yield load of each of the bones. We found 

that the portion of strain energy absorbed by the trabecular core is roughly the same as 

the portion of trabecular bone tissue in the models. This could indicate that the 

trabecular and cortical tissues are of equal importance when it comes to energy 

absorption during a fall. However, the selected plane through the femoral neck shows 

that the trabecular core is hardly loaded in the osteoporotic femur. The greater part of 

the load is carried by the cortical shell, which is even more pronounced in the 

osteoporotic femur on the superior side. 

There are a few issues that warrant discussion. First, the boundary conditions 

applied might not be exactly the same as the conditions that occur during a fall on the 

side. Instead, they represent the boundary conditions as applied during commonly 

accepted mechanical tests for the measurement of bone failure load. As in these tests, 

however, we did not account for the possible role of muscle forces during the tests and 

only static loads were applied. Second, only the proximal 10 cm of the femurs were 

analyzed. It was found, however, that the maximal strain values were found in the 

cortex of the femoral neck, far away from the prescribed boundary conditions. Third, in 

this study only linear-elastic FE analyses were performed. Such linear models are 

reasonable only for loads up to the yield point. It has been stated that, in the case of 

excised trabecular-bone specimens, geometric nonlinearities should be taken into 

account, even for loads less than the yield load, since geometric nonlinearities could 

well precede tissue yielding (Stölken and Kinney, 2003). In our simulations, however, 

the highest strains were located in the cortical shell. The yield and ultimate loads were, 
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Fig. 6 Effective strain distributions in the healthy and the osteoporotic models. A 

reduced hip force of 605 N resulted in the scaled osteoporotic distribution. 
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therefore, largely based on the strain distribution in cortex, such that a geometric 

nonlinear model becomes of lesser importance. Nevertheless, for more realistic 

simulations of bone failure beyond the yield point, nonlinear finite element analyses 

are required. Presently, however, hardware requirements hinder the nonlinear 

(materially and geometrically) micro-FE analyses for large models as used in this 

study. Finally, the ultimate load was predicted based on the calculated tissue strains 

using a phenomenological method, optimized for compression experiments on the 

human distal radius. It uses the effective strain distribution, what makes it a robust 

method. However, it cannot distinguish between failure in tension and compression. 

Also, since the effective strain in a predefined portion of the tissue in the entire mesh 

(2 %) should exceed 0.007, the predicted failure load depends on the size of the 

modeled region as well. Surprisingly, the different methods resulted in predicted yield 

and ultimate loads that differed not more than 7 %. Moreover, it was found that both 

the predicted yield load and the predicted ultimate load were in a realistic range and 

corresponded well with reported values based on femoral neck and trochanteric BMD 

values; 5 – 10 kN and 1 – 5 kN for the healthy and osteoporotic proximal femurs, 

respectively (Cheng et al., 1997; Courtney et al., 1994; Courtney et al., 1995). 

 Based on the results of these and earlier (van Rietbergen et al., 2003) analyses, 

we conclude that the osteoporotic femur analyzed is not ‘over-adapted’. The cortical 

bone in the femoral neck is relatively highly loaded in the osteoporotic case. Although 

osteoporosis mainly affects trabecular bone, it has consequences for the loads in the 

cortical bone as well, in an indirect way. The fact that these highly loaded cortical bone 

regions remain intact suggests that the load-adaptive mechanisms are still active in the 

osteoporotic bone. 
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Abstract 

Continuum-level finite element (FE) models became standard computational tools for 

the evaluation of bone mechanical behavior from in-vivo computed tomography scans. 

Such scans do not account for the anisotropy of the bone. Instead, local mechanical 

properties in the continuum-level FE models are assumed isotropic and are derived 

from bone density, using statistical relationships. Micro-FE models, on the other hand, 

incorporate the anisotropic structure in detail. This study aimed to quantify the effects 

of assumed isotropy, by comparing continuum-level voxel models of a healthy and a 

severely osteoporotic proximal femur with recently analyzed micro-FE models of the 

same bones. The micro-model element size was coarsened to generate continuum FE 

models with two different element sizes (0.64 and 3.04 mm) using two different 

density-modulus relationships found in the literature for wet and ash density. All FE 

models were subjected to the same boundary conditions that simulated a fall to the 

side, and the stress and strain distributions, model stiffness and yield load were 

compared. The results indicated that the stress and strain distributions could be 

reproduced well with the continuum models. The smallest differences between the 

continuum-level and micro-level model predictions of the stiffness and yield load were 

obtained with the coarsest elements. Better results were obtained for both continuum-

element sizes when isotropic moduli were based on ash density rather than wet density. 

Introduction 

Continuum finite element (FE) models became standard computational tools for the 

evaluation of bone mechanical behavior. In its most common application, both cortical 

and trabecular bone are described as different materials with their geometries based on 

computed tomography (CT) scans. Such models can account for the trabecular bone 

density distribution by assigning an element stiffness that is related to the density of the 

element as obtained from the CT scan (e.g. Ford et al., 1996; Huiskes et al., 1992; 

Keyak et al., 1990; Lotz et al., 1991). A limitation of this modeling technique, 

however, is the fact that bone anisotropy due to the trabecular architecture is not 

accounted for, since it is not captured by the CT images. For this reason, in most 

studies done so far, bone tissues were described as isotropic. Another limitation is the 

requirement of stochastic relationships to couple CT-scan density values to element 

stiffness. Different relationships between bone density and stiffness were proposed in 

the literature (Carter and Hayes, 1977; Keller, 1994; Keyak et al., 1994; Morgan et al., 

2003; Rice et al., 1988; Snyder and Schneider, 1991); it is not clear to what extent the 

choice of a specific relationship will affect the results. 

 The limitations of continuum FE models can be overcome by using so-called 

micro-FE models. With this approach, the trabecular bone micro-architecture is 

quantified by a large number of sequential high-resolution micro-CT images. Using a 

voxel conversion technique, a micro-FE model is created that can represent the 

trabecular structure in detail by a very large number of 8-node brick elements (van 

Rietbergen et al., 1995, 1996). Recent studies demonstrated that this technique can be 

used to analyze whole bones or large regions thereof (Bayraktar et al., 2004; 
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Homminga et al., 2004; Pistoia et al., 2002; van Rietbergen et al., 1999, 2003; Verhulp 

et al. 2005). Since these models incorporate the full trabecular architecture, they also 

account for bone anisotropy related to the bone structure and they do not require any 

relationships to translate bone density to continuum-level bone stiffness. A 

disadvantage of this modeling approach, however, is that high-resolution micro-CT 

images are needed and this approach is computationally expensive. Although this 

approach can be applied in clinical studies to estimate bone mechanical properties 

(Pistoia et al., 2002; Pistoia et al., 2004; van Rietbergen et al., 2002), the application to 

bone is possible only for the peripheral skeleton. For other sites, in particular the femur, 

which is the most interesting site for prediction of osteoporotic fractures, no high-

resolution imaging techniques are available. Instead, the continuum FE approach 

mentioned earlier has to be used. It is unclear, however, to what extent the results of 

such continuum analyses can be affected by the assumptions of isotropic properties, the 

density-stiffness relationships selected and the actual size of the elements chosen in 

continuum voxel models, which is the type of model commonly used for automated 

patient-specific meshing (e.g. Cody et al. 1999; Keyak et al, 1990; Viceconti et al., 

1998).  

 In this study we quantified the effects of these assumptions by comparing results 

obtained from continuum voxel FE models of two human proximal femurs with those 

from micro-FE models of the same bone. The continuum FE models implemented 

density-based isotropic material properties and were generated from the micro-models 

by coarsening the image resolution until a continuum model was obtained. The purpose 

of this study was threefold. First, to establish differences in stiffness and in stress and 

strain distributions between continuum models with isotropic material properties and 

micro-FE models that use the complete structural anisotropy. Second, to investigate 

which of two different density-stiffness relationships based on ash (Keyak et al., 1998) 

and wet (Morgan et al., 2003, Snyder and Schneider, 1991) density produces the best 

agreement with the micro-FE results. Third, to establish the effect of the continuum-

model brick-element size. These analyses were performed for a healthy human femur 

and for an osteoporotic one, such that the effects of the bone quality on the results can 

be established as well. 

Materials and Methods 

Two micro-FE models from a healthy and osteoporotic human proximal femur, 

developed for a recent study (van Rietbergen et al., 2003), were used for the creation of 

the continuum-level (i.e. the voxel size exceeds the trabecular thickness) models in this 

study. The micro-FE models consist of 80 µm linear cube-shaped elements and contain 

the trabecular architecture in detail. Each element was assigned linear isotropic 

behavior with a Poisson’s ratio of 0.3 and a Young’s modulus of 15 or 22.5 GPa for 

trabecular and cortical tissue, respectively.  

 To create the continuum models, the original meshes were scaled down with 

two different factors. The resulting density for each coarser element was determined 

from the amount of cortical and trabecular tissue (elements) it contained (i.e. the 
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volume of each tissue type in a coarse voxel was multiplied by the appropriate wet and 

ash-density values (Gong, 1964)). In the first case, elements were scaled down by a 

factor of 8, resulting in cube-shaped elements with 0.64 mm edges. This element size 

was chosen since this is close to the best resolution that can presently be obtained with 

in-vivo whole-body imaging techniques. In the second case, a scaling factor of 38 was 

used, resulting in elements of 3.04 mm in size. The latter value is in agreement with 

scan settings used in earlier studies (Cody et al., 1999; Ford et al., 1996; Keyak et al., 

1998; Keyak, 2001; Keyak and Falkinstein, 2003). 

 Two different relationships between density and stiffness were used. The first 

one was based on the tissue wet density, the second one on the tissue ash density. The 

relationships for the wet density distribution were taken from Morgan et al. (2003) and 

Snyder and Schneider (1991) for low and high density values, respectively. The ash-

density relationships were based on the approach of Keyak et al. (1998) who connected 

two relationships, for low (Keyak et al., 1994) and high (Keller, 1994) density values, 

with a linear interpolation function. This function was used for ash densities between 

0.27 and 0.60 g/cm
3
. The relationships for high-density values (both wet and ash 

densities) were scaled in order to get a modulus of 22.5 GPa for voxels that were 

completely filled with cortical bone tissue. An overview of the relationships used can 

be found in Table 1. 

  The boundary conditions applied to the micro-FE models were chosen to 

represent loading conditions typically applied in an experimental setting to simulate a 

fall on the side (Cheng et al., 1997; Courtney et al., 1994; Courtney et al., 1995). In this 

setup the angle between the horizontal and the shaft axis is 10 degrees and the femur is 

internally rotated by 15 degrees. The appropriate hip force direction (Fig. 1) was 

determined for the FE models. An arbitrary magnitude of 1000 N was chosen, 

distributed over the femoral head. The individual nodal forces were directed towards 

Table 1 Modulus-density relationships used to compute element stiffness from apparent 

wet or ash density. 

Condition 
Modulus 

[MPa] 

Density range 

[g/cm
3
] 

Reference 

49.16850E wetρ=  68.1≤wetρ  Morgen et al. (2003) 
wet 

39.24293E wetρ=  68.1>wetρ  Snyder and Schneider (1991)
*
 

20.233900E ashρ=  27.0≤ashρ  Keyak et al. (1994) 

111211164E −= ashρ  60.027.0 << ashρ  − ash 

01.215597E ashρ=  60.0≥ashρ  Keller (1994)
*
 

*
 Scaled in order to obtain a modulus of 22500 MPa when completely filled with cortical 

bone tissue 
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the center of the femoral head to imitate a 

frictionless cartilage layer. The nodes on the 

surface of the trochanter, in a 5 mm layer 

perpendicular to the resultant hip force, were 

fixed in vertical direction and the nodes on the 

distal end of the femur were restricted to 

vertical movement only (Fig. 1). 

The continuum models were solved with the 

same computer hardware, convergence criteria 

and special purpose iterative element-by-

element solver (Scanco Medical, Bassersdorf, 

Switzerland) as described earlier (van 

Rietbergen et al., 2003). Contour plots of stress 

and strain distributions were created for a 

comparison between the continuum 

representations of the human proximal femur 

and the earlier micro-FE models, which served 

as gold standards. For the continuum models, 

the calculated stress values were divided by the 

local volume fraction in order to get an estimate for the average tissue-level stresses. 

 The maximal principal strains were calculated and filtered to decrease the 

fluctuations at the voxel-mesh boundaries and improve local accuracy (Charras and 

Guldberg, 2000). The highest value in the basicervical cortices was determined to 

estimate the yield load based on the applied hip force and the tissue tensile yield strain 

(Verhulp et al., 2005). Finally, the average displacement was calculated of the nodes 

on the femoral head that were externally loaded. The stiffness of the bones was 

determined based on the magnitude of the applied load and the average displacements 

along the direction of the resultant hip force. 

Results 

The original micro-FE models required approximately 20 gigabytes of memory and 

were solved in 330 hours using 32 processors (Verhulp et al., 2005). One processor 

was sufficient for the continuum models, both in respect to the amount of memory and 

the CPU-time. The models built with 0.64 mm voxels required approximately 200 

megabytes and were solved in 2.5 hours. The coarsest models required only 8 

megabytes. Convergence was reached in less than 10 seconds. 

 Contour plots of the maximal principal tissue stresses found for the various 

models (Fig. 2) demonstrated close similarities between the different stress 

distributions. The maximal principal strains (Fig. 3), however, compared less favorably 

in the trabecular core. 

The estimated yield loads and stiffnesses for the different models are 

summarized in Table 2. Interestingly, the smallest differences between the continuum 

 
Fig. 1 Orientation of the proximal 

femur during the simulated fall. The 

displacement boundary conditions are 

shown together with the direction of 

the resultant hip force. 



34    Chapter 3 

 

  

 

 

Fig. 2 Maximal principal stress [MPa] distributions in the micro-FE models and continuum 

models based on tissue ash density. The calculated stress values in the continuum models were 

divided by the local volume fraction in order to get an estimate for the average tissue-level 

stresses. These estimated tissue stresses are shown for a better comparison with the micro-FE 

models. The posterior halves are shown of the healthy (top) and osteoporotic (bottom) femurs. 

 

 

 

Fig. 3 Maximal principal strain [microstrain] distributions in the micro-FE models and continuum 

models based on tissue ash density. The posterior halves are shown of the healthy (top) and 

osteoporotic (bottom) femurs. 
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model and micro-FE model predictions were found for the coarser models (3.04 mm 

voxels). Better results were obtained when isotropic moduli were based on the ash 

density as compared to wet density. When tissue ash density was used, the coarsest 

models predicted yield loads that differed not more than 5 % from the values obtained 

with the micro-FE models for both the healthy and osteoporotic femurs. With a 

maximal error of 38 %, the estimated stiffness values for the same models were less 

accurate. 

Discussion 

The first goal of this study was to compare stiffness, and stress and strain distributions 

obtained from continuum models with isotropic density-based properties to those 

obtained from micro-FE models. The results demonstrate that the omission of bone-

tissue anisotropy has little effect on the calculated stress and strain distributions. A 

likely reason for this finding is that the orientation of the tabeculae generally coincides 

well with the direction of the highest stresses and strains, found in isotropic continuum 

models. Hence, the Young’s modulus that matters is the one in the principal loading 

direction, whereas transversal moduli will only play a minor role. Deviations from the 

principal loading direction will result in an overestimation of the continuum-voxel 

modulus. This might explain the increased stiffness of the continuum models. 

Overestimated stiffness was also observed for voxel models of the proximal femur in a 

stance configuration (Keyak , 2001). Local loading conditions in the cortex, however, 

are less affected, since the error for the predicted yield load was significantly lower 

than the error for the predicted stiffness. The second goal of this study was to compare 

two different density-modulus relationships. For the reasons mentioned above, the best 

Table 2 The predicted yield load and stiffness for the micro-FE models and derived 

continuum models. The differences are shown in percentages. 

Model 
0.08 mm voxels 

(micro-FE model) 
0.64 mm voxels 3.04 mm voxels 

Yield Load [N] 

Healthy 5448 
wet 

ash 

7185 (+32%) 

6766 (+24%) 

wet 

ash 

5831 (+7%) 

5721 (+5%) 

Osteoporotic 4398 
wet 

ash 

5480 (+25%) 

4831 (+10%) 

wet 

ash 

5041 (+15%) 

4244 (-4%) 

Stiffness [kN/m] 

Healthy 4145 
wet 

ash 

8672 (+109%) 

7464 (+80%) 

wet 

ash 

6790 (+64%) 

5714 (+38%) 

Osteoporotic 2934 
wet 

ash 

4757 (+62%) 

3731 (+27%) 

wet 

ash 

4790 (+63%) 

3207 (+9%) 
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relationship will be the one that best 

determines the longitudinal Young’s 

modulus. It was found that better 

results were obtained when the density 

relationship was based on the ash 

density. The relationship for low 

apparent ash densities is based on 

compression experiments on proximal 

tibial trabecular bone (Keyak et al., 

1994). Although the density-modulus 

relationship for trabecular bone 

samples depends on anatomic site 

(Morgan et al., 2003), the derived 

element moduli are quite similar up to 

a modulus of 4 GPa (Fig. 4). This 

means that the behavior of the voxels, 

that are completely filled with tra-

becular bone, is described identically 

by the chosen relationships. The 

moduli for the voxels that are 

completely filled with cortical bone 

are identical as well, since the relationships for high density values are scaled 

(Table 1). Larger differences, however, exist in the regions where elements are 

partially filled with cortical bone. Experimental data for partially filled or grossly 

mixed bone samples could not be found. Keyak et al. (1994) connected the relationship 

found for trabecular bone to the power-law given by Keller (1994) for femoral cortical 

bone with a straight line. Following this approach, good results were obtained in this 

study for the predictions of yield load and stiffness. 

 The third goal was to determine if continuum models built of small (< 1mm) 

elements would provide more accurate results than those typically used in earlier 

studies (~3 mm). The results show that the coarsest versions of the continuum models 

performed better with respect to predictions of yield load and stiffness. Although a 

voxel size of 0.64 mm resulted in smoother proximal femur surfaces, the continuum 

behavior was not accurately described. A possible explanation for this finding is that 

the elements in this model are too small to meet the continuum assumption, which 

requires an element size of at least 5 intertrabecular lengths (Harrigan et al., 1988). A 

possible solution would be to base the properties of the continuum-level voxels on a 

larger volume than the volume of the continuum voxel alone. 

 Because the continuum models are based on bone density alone, anisotropy of 

the bone is not accounted for. This would mean that continuum models are better 

suited to describe mechanical properties of healthy femurs than osteoporotic femurs, 

since the mechanical anisotropy of trabecular bone increases as osteoporosis progresses 

(Homminga et al., 2002; Mosekilde and Mosekilde, 1986). Although bone quality did 
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Fig. 4 Element modulus from wet density 

versus element modulus from ash density. 

Each data point is the result of the two 

different moduli from each element in the 

coarsest model of the healthy femur. For 

clarity a solid line is added with a slope equal 

to 1. 
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not have a pronounced effect on yield load and stiffness predictions, the predicted 

properties for the continuum model of the osteoporotic femur are generally in better 

agreement with the results from the micro-FE model of the same bone. 

 Some limitations of this study must be mentioned as well. First of all, only two 

bones were considered in this study. Nevertheless, these bones represented a clearly 

healthy and a clearly osteoporotic case. Since similar results were obtained for both 

bones, it seems reasonable to assume that the actual quality of a bone will not affect the 

results too much. Second, only one loading case was considered. It was expected, 

however, that bone anisotropy would play a more pronounced role in the case of 

unnatural loading cases, such as the fall condition analyzed here, than in the case of a 

more physiological loading condition. The reason for this expectation is the fact that, 

since bone structure is adapted to physiological loading conditions, the role of the 

transverse modulus would be less in the physiological loading case. Hence, it is 

expected that for more physiological loading situations, the effect of bone anisotropy 

would even be less. Third, the modulus-density relationships used were based on 

experimental data from human trabecular and cortical bone samples. The micro-FE 

model used two different values for the two tissue types, based on microscopic 

measurement techniques (Rho et al., 1993; Turner et al., 1999). The relationships for 

high apparent density values were scaled in order to produce a modulus of 22.5 GPa 

for voxels filled completely with cortical tissue. However, the modulus-density 

relationships chosen could not be corrected for the specific stiffness of the trabecular 

tissue. Fourth, micro-FE analyses are presently limited to linear material behavior due 

to hardware limitations. When it comes to accurate predictions of proximal femur 

strength, however, nonlinear FE analyses that can deal with large deformations and the 

evolution of tissue damage are preferred. Nonlinear continuum-level voxel models 

have been used before to study the mechanical behavior of the proximal femur beyond 

the yield point (Keyak, 2001; Keyak and Falkinstein, 2003). Although such models 

could predict the ultimate load more accurately than linear voxel models, the predicted 

stiffness and load-displacement curves were quite different from those measured. This 

discrepancy could be caused by the assumed material behavior or differences in the 

simulated and experimentally applied boundary conditions. It might also be that, in 

order to perform a nonlinear analysis, more information about the bone is needed than 

a density distribution from a quantitative computed-tomography scan. 
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Abstract 

Micro-finite element (micro-FE) analysis became a standard tool for the evaluation of 

trabecular bone mechanical properties. The accuracy of micro-FE models for linear 

analyses is well established. However, the accuracy of recently developed nonlinear 

micro-FE models for simulations of trabecular bone failure is not known. In this study, 

a trabecular bone specimen was compressed beyond the apparent yield point. The 

experiment was simulated using different micro-FE meshes with different element 

sizes and types, and material models based on cortical bone. The results from the 

simulations were compared with experimental results to study the effects of the 

different element and material models. On the microscopic level the results were 

similar for different meshes. Larger differences were obtained for the apparent load-

displacement curve. It was found that element size had little effect on predicted post-

yield behavior. Element type and material model had significant effects. Nevertheless, 

none of the models were able to predict the typical descent in the load-displacement 

curve seen during compression of trabecular bone. 

Introduction 

We investigated the applicability of nonlinear micro-finite element (micro-FE) models 

for trabecular-bone failure simulations. A compression experiment of a trabecular bone 

specimen to failure was simulated using different micro-FE meshes, in combination 

with different material models, based on the mechanical properties of cortical bone. 

Our specific objectives were to (1) determine the influence of element size and order 

(linear versus quadratic), and the character of the material model used, on simulated 

failure behavior and (2) validate the simulation results by comparing them to 

experimental results, at both the apparent level – by comparing stress-strain curves – 

and at the local level, by comparing microscopic deformations. 

 Micro-FE analysis became a popular tool for determining trabecular-bone 

mechanical properties. A three-dimensional reconstruction of trabecular bone, created 

from high-resolution cross-sectional images is typically used as the basis for the 

geometry of micro-FE models. The most common approach for creating the model is 

by simply converting voxels to equally-shaped brick elements (Hollister et al., 1994; 

van Rietbergen et al., 1995). It has been shown that, in addition to a single element 

shape, a single (effective) isotropic material description can be used to accurately 

predict the anisotropic elastic properties of trabecular specimens (van Rietbergen et al., 

1997; Kabel et al., 1999). It was also demonstrated that this approach can be used to 

predict trabecular bone yield properties when using materially nonlinear, rather than 

linear micro-FE analysis (Niebur et al., 2000). There are only very few studies, 

however, that used this technique to investigate the post-yield behavior of trabecular 

bone. Van Rietbergen et al. (1998) implemented an elastic-perfectly plastic model with 

a 10 % cut-off strain to describe the post-yield behavior of trabecular bone from the 

human femoral head, as measured in experiments. Although ultimate strain was 

underestimated, ultimate stress was well predicted. More sophisticated models that 

include geometric nonlinearities were developed recently (Stölken and Kinney, 2003; 
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Bayraktar and Keaveny, 2004; Kinney and Stölken, 2005). For these later studies, 

however, no experimental validation was available. Hence, their accuracy is unclear. 

 The simulation of trabecular-bone post-yield behavior is hampered by several 

difficulties. First, the CPU-time requirements for such geometrically and materially 

nonlinear analyses are a multiple of what is required for linear-elastic analyses. CPU-

time can be reduced by increasing element size and by using low-order (linear) 

elements. Studies with linear elements proved accuracy to be affected by element size 

(Guldberg et al., 1998; Ladd and Kinney, 1998; Niebur et al., 1999), but it is unknown 

to what extent this will affect nonlinear simulations. Second, very little information 

about yield and post-yield behavior of trabecular tissue is available. Hence, it is not 

known which failure model should be used, nor is it known what the values for the 

model parameters must be. As a result, failure models and their parameters are usually 

based on experimental data obtained for cortical bone. 

 In this paper, we address these problems by investigating effects of element size, 

order and material models on the results of post-yield trabecular bone simulations. A 

compression experiment of a trabecular bone specimen to failure was simulated using 

different micro-FE meshes and material models based on cortical bone. Experimental 

and simulated results were compared both at the apparent level, by comparing load-

displacement curves, and at the local level, by comparing microscopic deformations. 

Materials and Methods 

Bone-specimen preparation 

The proximal part of a bovine tibia was obtained fresh from a local slaughterhouse and 

kept frozen at –20 °C. A single frozen cylindrical specimen with a diameter of 5.35 

mm was harvested using a diamond-tipped coring drill (Synthes, Germany) under 

constant irrigation. The specimen was drilled in a superior-inferior direction and the 

ends were removed with a precision-cutting tool (Accutom-5, Struers, Denmark), 

resulting in a 9 mm-long specimen with parallel end-surfaces. Using radiopaque bone 

cement (Palacos R-40, Schering-Plough, Belgium) stainless steel end-caps were fixed 

at both ends of the specimen in order to reduce end-artifacts in compression 

experiments (Keaveny et al., 1997). To ensure a solid connection between bone and 

cement, the specimen was first thawed in a saline solution at room temperature and 

marrow was removed from the ends (~2 mm, the depth of the end-cap) with a soft 

brush. The specimens were then re-frozen and the cleaned volume, previously filled 

with marrow, was filled with cement when pushed in the end-caps. The specimen 

(nominal length of approximately 5 mm) was stored at –20 °C in an air-tight container 

until mechanical testing. 

Mechanical testing and micro-CT imaging 

Once thawed in a saline solution at room temperature, the specimen was placed in a 

micro-compression device (MCD) (Müller et al., 1998) and compressed with a 

standard materials testing device (Z010, Zwick, Germany). The applied load was 
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measured with a 2.5 kN load-cell (KAF-S, A.S.T., Germany) attached to the testing 

device. The displacement of the top end-cap, relative to the fixed base, was recorded 

with a previously developed setup, housing a linear variable differential transformer 

(MT-12, Heidenhain, Germany) with a resolution of 0.5 µm  (Wilson et al., 2006). The 

specimen was first fixed in the MCD by a low force (~ 15 N). A micro-CT scan of the 

specimen was then made with a micro-computed tomography (micro-CT) scanner 

(µCT-80, Scanco Medical, Switzerland). A three-dimensional reconstruction with a 

spatial resolution of 20 µm was generated for FE-mesh generation. The specimen was 

then placed in the testing machine, preconditioned by three loading cycles to 0.2 % 

strain, and compressed to an apparent strain of approximately 5 % at a constant rate of 

0.05 mm/min. Finally, the specimen, while still in its compressed state within the MCD, 

was placed again in the micro-CT scanner to generate a three-dimensional 

reconstruction of the deformed state. 

Finite element meshes and boundary conditions 

Three different FE meshes were created from the first three-dimensional scan by 

simply converting bone voxels to linear hexahedral elements (Hollister et al., 1994). 

An isotropic voxel size of 60 µm resulted in an FE mesh with 156,007 elements and 

254,539 nodes. To investigate the influence of element order, a second mesh was 

created with quadratic hexahedral elements by simply inserting nodes at the element 

edges. This resulted in a mesh with the same number of elements, but with 919,797 

nodes. The third high-resolution mesh was created with linear elements of 40 µm 

element size, consisting of 539,793 elements and 772,328 nodes. Fixed displacement 

boundary conditions were applied to the nodes at the top and bottom to simulate the 

compression experiment. The 5 % strain was divided into 100 equal displacement 

increments. 

Material models 

Three different isotropic material models were used to describe trabecular-tissue yield 

and post-yield behavior. The first model (bilinear) was developed by Niebur et al. 

(2000) and incorporates the expected strength asymmetry for trabecular bone tissue. 

This model is linear elastic. When the principal strain exceeds 0.60 % (tension) or 

-1.01 % (compression), however, the tissue has reached its yield point and the elastic 

properties are uniformly decreased by 95 %. This reduction is based on the post-yield 

behavior of cortical bone (Reilly and Burstein, 1975). 

 The second model (elasto-plastic) uses Hill’s yield function. Following the 

approach by Cezayirlioglu et al. (1985), the elements were divided in a tension and a 

compression group. Although Hill’s yield function was proposed specifically for 

anisotropic material plasticity, it was reduced to the isotropic form in this study. For 

both groups effective stress (σ ) functions were created of the form 

( ) ( ) ( )( ) ( )[ ] 2
1

222

2

222
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( ) 2

,1
2

1 −
= tensionyieldC σ   or  ( ) 2

,1
2

1 −
= ncompressioyieldC σ , 

( ) 2

,2

−
= shearyieldC σ  

Yield stresses for bovine femoral cortical bone (Cezayirlioglu et al., 1985) were used 

to describe the yield behavior of the trabecular tissue. The tensile, compressive and 

shear yield stresses were set to 132, 196 and 57 MPa, respectively. The tissue yield 

point is reached when the effective stress exceeds the effective (tensile or compressive) 

yield stress. The hardening modulus for the tension group was set to 0.98 GPa 

(Burstein et al., 1975) and a slope of 0.0 GPa (elastic-perfectly plastic) was assumed 

for the compression group, based on the idealized post-yield behavior of cortical bone 

(Reilly and Burstein, 1975). 

 The von Mises yield criterion is obtained when the constants C1 and C2 in 

Equation (1) are set to ½ and 1, respectively. This function was used in the third 

isotropic model (elasto-plastic). Although the same approach could be taken with two 

element groups, this model does not differentiate between tension and compression. 

Only the compressive properties of cortical bone were taken into account. 

 All the micro-FE analyses were performed with the FE package MSC.Marc 

(Version 2005, MSC.Software Corporation, US), incorporating large deformations 

(geometrical nonlinearity). To enable geometrically nonlinear analyses with the 

bilinear model by Niebur et al. (2000), it was incorporated in MSC.Marc as a hypo-

elastic model. Linear analyses were performed to determine the tissue effective elastic 

modulus for each FE mesh and to determine the loading mode (tension or compression) 

of each element. 

Validation 

The quality of the different models was determined based on the measured and 

simulated load-displacement curves, which validate the simulations at the macroscopic 

level. Comparison of deformed FE meshes to the scan of the deformed specimen 

(second CT scan), on the other hand, enables visual inspection of deformations at the 

microscopic level. To quantify the comparison, artificial CT scans were created from 

the deformed FE meshes and subsequently aligned with the CT scan of the deformed 

specimen using image registration based on the correlation coefficient (Hajnal et al., 

2001). To improve the registration, the CT scan of the deformed specimen was meshed 

with the same element size (40 or 60 µm), and an artificial CT scan was created in the 

same way. The performance of the different FE models was evaluated on the basis of 

the amount of bone voxels shared by the aligned images, shown as a percentage of the 

total amount of the artificial CT scan of the deformed specimen. In addition, a 

deformed FE mesh was created from a linear analysis using 60 µm linear elements to 

determine to what extent the nonlinear analyses could improve the prediction of the 

deformed state. 
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Fig. 1 Measured and simulated load-displacement curves. The FE-model labels are 

composed of the used material model (VM=von Mises plasticity, HI=Hill plasticity, 

HY=hypo-elastic), element size in µm and element type (Lin=linear, Quad=quadratic). 

 

 

Fig. 2 Original (A) and deformed (B) specimen compared with the artificial CT scans 

created from the FE model with linear 60 µm elements and Hill plasticity (C and D). 

A B 

C D 
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Results 

The full nonlinear simulation with 60 µm linear elements required 1.7 gigabytes of 

memory and could be solved in 14 hours on a computer with a single processor. 

Remeshing with 40 µm linear or 60 µm quadratic elements resulted in FE models that 

could only be solved on super-computer systems due to memory requirements (~ 8 

gigabytes). Assuming perfect scalability of the FE software, this would have resulted in 

CPU-times of 130 – 140 hours when solved on the same single-processor computer. 

 Based on the results of the initial linear analyses an effective tissue modulus of 

7.09 GPa was found for the FE meshes with the linear 60 µm elements. Decreasing the 

element size to 40 µm resulted in an effective modulus of 6.77 GPa. The FE mesh 

consisting of quadratic elements required an effective tissue modulus of 7.65 GPa. 

Element size and order also had effects on the percentage of elements loaded in 

tension: 7.53 and 7.88 % for the linear 60 µm and 40 µm elements, and 9.27 % for the 

quadratic elements. 

 Element size had only a minor effect on the predicted load-displacement curves 

(Fig. 1). When using quadratic elements, however, considerably lower forces were 

found. Besides element type, the predicted results also largely depended on the selected 

material model. Best predictions were obtained when the expected asymmetric strength 

of the tissue was included in the elaso-plastic models (Hill model). When using the 

asymmetric hypo-elastic.models, on the other hand, predicted results were a lot weaker 

than in the tested specimen. Due to convergence problems occurring soon after 

reaching the apparent yield point, the hypo-elastic models could not be compressed 

beyond an apparent strain of 1.5 % with the solution strategy used. 

Table 1 Image registration results. 

FE model 
*
 Correlation Coefficient Voxels in common [%] 

VM/60/Lin 0.9018 80.9 

VM/60/Quad 0.9006 81.5 

VM/40/Lin 0.9102 83.4 

HI/60/Lin 0.9004 80.8 

HI/60/Quad 0.8969 81.1 

HI/40/Lin 0.9091 83.3 

60/Lin, linear analysis 0.9018 80.6 

* 
The FE-model names are composed of the used material model (VM=von Mises 

plasticity, HI=Hill plasticity, HY=hypoelastic), element size in µm and element type 

(Lin=linear, Quad=quadratic). For comparison, the deformations from a linear analysis 

were scaled and the deformed mesh (60 µm elements) was aligned with the CT scan of 

the deformed specimen. 
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Artificial CT scans were created from the deformed FE meshes and aligned with 

similar CT scans of the deformed specimen. An example of such an artificial scan can 

be seen in Fig. 2, together with the real scans. The resulting correlation coefficient and 

number of voxels that the meshes had in common with the artificial CT scan of the 

deformed specimen (in percentages) are shown in Table 1. Although the material 

model and the element type had a significant effect on the apparent load-displacement 

curves, small differences were found for the predicted deformations. The deformed 

meshes that consisted of the 40 µm linear elements correlated best with the scan of the 

deformed specimen. Surprisingly, the linear and nonlinear analyses predicted the local 

deformations equally well. 

Discussion 

In this paper the effects of element size and order, and the effects of different material 

models on the micro-FE prediction of trabecular bone post-yield behavior were 

investigated. This study is novel in the sense that the simulations were validated both 

locally and globally by comparing the local deformations and the apparent load-

displacement curves, respectively.  

 It was found that element size had little effect on the predicted post-yield 

behavior when compared to element order and material model. When using quadratic 

elements the predicted forces were considerably lower than those predicted for linear 

elements. The major effect for the results, however, was the material model used. For 

the present study, these models were based on effective tissue properties measured for 

cortical bone. Neither of the investigated models, however, could accurately describe 

the post-yield behavior of trabecular bone. Although the predicted apparent yield 

behavior for some of the models was close to the experimental reality, they failed to 

predict the typical descent in the load-displacement curve seen during compression of 

trabecular bone specimens (Røhl et al., 1991; Fyhrie and Schaffler, 1994; Keaveny et 

al., 1999).   

 Nonlinear behavior of trabecular bone on the macroscopic level can be the result 

of nonlinear tissue behavior or structural failure due to buckling of trabeculae. Since 

the specimen analyzed had a plate-like structure, buckling of trabeculae is likely to be 

preceded by tissue failure. This was also observed during time-lapsed imaging of 

trabecular bone failure (Nazarian et al., 2004). It was found that the plate-like 

structures in the whale bone specimens failed in a brittle manner, while aluminum 

foam specimens showed extreme bending and buckling. This means that an accurate 

description of tissue behavior could be more important than an accurate description of 

morphology and deformation. This idea is supported by the fact that element size had 

little effect on the predicted load-displacement curve, and by the observation that the 

yield behavior of high-density trabecular bone specimens can be accurately simulated 

with both geometrically linear and nonlinear models (Bevil et al., 2005). Since the 

accuracy in the predicted local deformations of the linear analysis was similar to that of 

the nonlinear analysis (Table 1), geometrically linear models can also be used to 

analyze the post-yield behavior of trabecular bone specimens with plate-like structures. 
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In fact, a single linear analysis suffices to estimate local failure based on both the 

highly stressed (Nagaraja et al., 2005) and strained regions in the bone tissue. 

 The hypo-elastic material model in this study was based on the one developed 

by Niebur et al. (2000). Although their model was able to accurately predict the yield 

strain of bovine trabecular bone specimens, inadequate results were obtained in this 

study where the apparent yield stress and strain were severely underestimated. When 

the reported tissue yield strains (0.60 % and -1.01 % (Niebur et al., 2000)) were 

replaced with values derived from the effective elastic tissue modulus and cortical bone 

yield stresses (Cezayirlioglu et al., 1985), the results were improved significantly and 

were similar to those obtained with the other material models (not shown). Niebur et al. 

found a mean tissue modulus of 18.7 GPa, which is approximately 2.5 times higher 

than the values found in the present study. This corresponds to tissue yield stresses of 

112.2 and -188.9 MPa in tension and compression, respectively. Hence, the tissue yield 

stresses were similar in both studies. However, the altered tissue yield strains did not 

improve the convergence behavior of the hypo-elastic model. Different computational 

strategies were tested, but the convergence problems could not be solved. They are 

most likely inherent to the hypo-elastic model (Simo and Hughes, 1998).  

 A few limitations of this study have to be discussed. First, only hexahedral 

elements were used and only two different element sizes were investigated. Although 

the accuracy of these elements was established for micro-FE meshes in linear analyses, 

it is not known if the recommended element size – one fourth of the mean trabecular 

thickness (Guldberg et al., 1998; Niebur et al., 1999); 40 µm for the specimen analyzed 

in this study – is adequate for failure predictions. Lower forces were found for the 

models with quadratic elements, especially for strains beyond the apparent yield strain. 

 

Fig. 3 A slice from the CT scan of the specimen (left) and the corresponding slice in the CT 

scan of the same specimen in deformed state (right). Some of the cracks are indicated with 

arrows. 
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This suggests that smaller (or higher order) elements are required for trabecular-bone 

failure simulations. Second, crack growth was not incorporated in the FE models, 

although cracks are likely to occur when trabecular bone is compressed in the post-

yield region (Moore and Gibson, 2002). Cracks were also observed in the deformed 

specimen analyzed in this study (Fig. 3), which most likely resulted in differences in 

the predicted and measured local deformations. Although it is not known to what 

extent the deformations will be affected by the incorporation of crack growth, it could 

improve the predicted behavior on both the local and apparent level. Finally, only one 

bovine trabecular bone specimen was analyzed. Nevertheless, it seems reasonable to 

expect that the effect of different parameters investigated here would be similar for 

other specimens. Although we cannot judge the accuracy of the material models used 

here in a quantitative sense, we can conclude that the curves do not provide good 

estimates of the failure curves in a qualitative sense, since the softening typically seen 

during compression of trabecular bone specimens was not predicted. This suggests that 

trabecular post-yield behavior is not well described by established material models for 

cortical bone. 
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Abstract 

Trabecular-bone strength is marked not only by the onset of local yielding, but also by 

post-yield behavior. To study and predict trabecular bone elastic and yield properties, 

micro-finite element (micro-FE) models were successfully applied. However, 

trabecular-bone strength predictions require micro-FE models incorporating post-yield 

behavior of trabecular bone tissue. Due to experimental difficulties, such data is 

currently not available. Here we used micro-FE modeling to determine failure behavior 

of trabecular bone tissue indirectly, by iteratively fitting FE-simulation to experimental 

results. Failure parameters were fitted to an isotropic plasticity model based on Hill’s 

yield function, using materially and geometrically nonlinear micro-FE models of seven 

bovine trabecular bone specimens. The predictive value of the averaged effective tissue 

properties was subsequently tested. The results showed that the apparent failure 

behavior of the individual specimens could be accurately reproduced when 

compression softening was introduced for each specimen separately. Predictions based 

on the averaged and fixed tissue properties were less accurate, due to inter-specimen 

variations in the tissue failure properties. 

Introduction 

Osteoporotic fractures usually occur at sites with relatively large amounts of trabecular 

bone, such as the hip, distal radius and vertebral bodies. Contrarily to fractures of hip 

and radius, vertebral fractures do seldom require medical care, because fractured or 

collapsed vertebrae can still resist normal loading conditions. This implies that 

trabecular bone loaded in the post-yield range can still carry considerable loads, as also 

confirmed in experimental studies (Hayes and Gerhart, 1985; Hansson et al., 1986; 

Fyhrie and Schaffler, 1994). These site-specific differences in osteoporotic fractures – 

spine versus hip or radius – are likely related to differences in loading pattern, bone 

density, micro-architecture and mechanical properties of bone tissue. A better 

understanding of these factors could lead to more accurate predictions of trabecular 

bone post-yield behavior, such as impact related fracture and vertebral collapse. 

 In this study trabecular bone post-yield behavior was investigated using micro-

finite element modeling. High-resolution cross-sectional images were converted to FE 

models incorporating the micro-architecture of trabecular bone in detail. It was 

demonstrated in many earlier studies that this technique can predict the elastic 

properties of trabecular bone specimens by simulating compression experiments with 

linear-elastic FE models (e.g. van Rietbergen et al., 1997; Ladd et al, 1998; Kabel et 

al., 1999). It was also demonstrated that the same approach can be used for 

geometrically nonlinear FE models to accurately predict the yield properties of 

trabecular-bone specimens (Niebur et al., 2000; Bayraktar et al., 2004). However, only 

few studies have reported micro-FE analyses of trabecular bone beyond the yield point. 

In only one study predicted behavior was compared to experimental data (van 

Rietbergen, et al., 1998). In their study, which used a rather simple material model, it 

was found that such analyses could predict the ultimate stress but not the ultimate 

strain of the tissue (van Rietbergen, et al., 1998). Other studies, using more advanced 
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material models, were published, but none of those involved prediction of trabecular 

bone post-yield behavior. However, they did demonstrate the importance of 

geometrically nonlinear models for trabecular-bone failure simulations (Stölken and 

Kinney, 2003; Bayraktar and Keaveny, 2004). 

 The accuracy of micro-FE predictions for trabecular bone post-yield behavior 

largely depends on the choice of material model used, the modeling approach (e.g. 

mesh density, element type) and the material parameters. In earlier studies 

investigating yield or post-yield behavior the material models and parameters were 

often based on cortical bone tissue. This is mainly because no reliable data is available 

for trabecular bone tissue. In an earlier study (Chapter 4, page 41 of this thesis) we 

investigated the effects of element type, material models and material parameters. We 

found that the use of cortical bone parameters did not produce accurate predictions of 

trabecular bone post-yield behavior with any of the investigated element types and 

material models. In particular the softening behavior, typically seen in compression 

experiments of trabecular bone specimens, was not reproduced (Røhl et al., 1991; 

Fyhrie and Schaffler, 1994; Keaveny et al., 1999). 

 The purpose of this study was to determine trabecular-bone effective-tissue 

post-yield properties. The novelty of the approach is that these properties were 

iteratively adjusted to fit the predicted apparent behavior with results from 

compression experiments in the post-yield region. The effective tissue properties were 

determined for seven different trabecular bone specimens. Our specific objectives were 

to determine the variation in the determined effective tissue properties and to test the 

predictive value for the averaged tissue behavior for trabecular bone failure simulations. 

Since micro-FE models and time-lapsed high-resolution computed tomography (CT) 

scans were available for all specimens, it was also possible to compare local 

deformation modes at the microscopic level. 

Materials and Methods 

Mechanical testing 

Seven specimens with diameters of 5.35 mm were extracted from a single bovine 

proximal tibia in superior-inferior direction. The lengths of the specimens were 

reduced to 9 mm and marrow was removed from the end with a soft brush. Stainless 

steel end-caps were fixed to the ends with radiopaque bone cement (Palacos R-40, 

Schering-Plough, Belgium) to reduce end-artifacts (Keaveny et al., 1997). This resulted 

in nominal lengths of approximately 5 mm. The specimens were kept stored at –20 °C 

in air-tight containers until mechanical testing. Once thawed in a saline solution at 

room temperature, the specimens were fixed in a micro-compression device (MCD; 

Müller et al., 1998) and scanned in a micro-CT scanner (µCT-80, Scanco Medical, 

Switzerland). Three-dimensional reconstructions with a spatial resolution of 20 µm 

were stored for FE mesh generation. The specimens were placed in a testing machine 

(Z010, Zwick, Germany) and mechanically pre-conditioned, using three cycles to 0.2 

% strain, and then compressed to an apparent strain of approximately 5 % at a constant 
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rate of 0.05 mm/min. After fixation in the MCD in deformed state, the specimens were 

scanned a second time. 

Finite element models 

FE meshes were created from the initial CT scans of the seven specimens using linear 

hexahedral elements at 60 µm per side. All elements were assigned isotropic elastic 

material properties with an arbitrary tissue modulus of 1 GPa and a Poisson’s ratio of 

0.3. The models were subjected to a linear analysis in order to determine the loading 

mode (tension or compression) of the elements and the effective elastic modulus 

required to obtain the correct apparent elastic behavior (van Rietbergen et al., 1995). 

Based on earlier results (Chapter 4, page 41 of this thesis) an isotropic elasto-plastic 

model based on Hill’s yield function (reduced to the isotropic form) described the 

behavior of the bone tissue. The elements were divided in two groups with different 

isotropic effective stress (σ ) functions, depending on the loading mode 
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 The yield stresses for bovine femoral cortical bone (Cezayirlioglu et al., 1985) 

were used as initial estimates for the yield behavior of the trabecular tissue. Hence, the 

tensile, compressive and shear yield stresses were set to 132, 196 and 57 MPa, 

respectively. The hardening modulus for the tension group was set to 0.98 GPa 

(Burstein et al., 1975) and elastic-perfectly plastic behavior was assumed for the 

compression group, based on idealized post-yield behavior of cortical bone (Reilly and 

Burstein, 1975). The effective tissue-failure properties were then adjusted in order to 

improve apparent behavior. Seven manual fit procedures were performed, based on the 

load-displacement curves. Only the properties of the compression group were altered, 

since typically only a small part of the elements is loaded in tension during 

compression experiments. First, the yield stress was varied to create a load-

displacement curve with the right yield point. The hardening modulus was 

subsequently varied and line segments were added to the initially bilinear (e.g. for 

elastic-perfectly plastic materials two line segments are required to describe the 

relation between stress and strain) model, until the coefficient of determination 

between the experimental and simulated load-displacement curves (R
2

fit) was greater 

than 0.99. The effective tissue properties fitted for the individual specimens were 

represented as stress-strain curves and averaged to determine average effective-tissue 

behavior. To test the predictive value, the same compression experiments were 

simulated again with averaged and fixed tissue properties. 



Indirect determination of trabecular bone effective tissue properties    57 

 

 

 

σ
u

_
F

E
 

[M
P

a
] 

2
8

.2
9

 

2
0

.3
7

 

1
8

.4
2

 

1
4

.5
2

 

2
0

.5
1

 

2
3

.6
2

 

8
.6

1
 

σ
u
 

[M
P

a
] 

2
4

.6
2

 

2
1

.3
4

 

1
8

.2
0

 

1
4

.5
5

 

1
9

.1
0

 

2
1

.8
5

 

1
0

.2
8

 

ε
u

_
F

E
 

[%
] 

3
.5

3
 

3
.4

5
 

3
.4

7
 

3
.0

3
 

3
.2

0
 

2
.8

4
 

3
.7

8
 

ε
u
 

[%
] 

2
.8

1
 

2
.6

9
 

2
.6

3
 

2
.3

2
 

4
.1

8
 

3
.0

5
 

3
.5

9
 

σ
y

_
F

E
 

[M
P

a
] 

2
5

.1
4

 

1
7

.7
3

 

1
5

.7
0

 

1
2

.5
8

 

1
8

.1
9

 

2
1

.6
0

 

7
.2

1
 

σ
y
 

[M
P

a
] 

2
2

.7
7

 

1
9

.7
6

 

1
6

.6
9

 

1
3

.8
9

 

1
6

.7
7

 

1
9

.8
7

 

9
.2

8
 

ε
y

_
F

E
 

[%
] 

2
.1

8
 

1
.7

2
 

1
.9

2
 

1
.7

9
 

1
.9

9
 

1
.9

9
 

1
.9

7
 

ε
y
 

[%
] 

2
.0

2
 

1
.9

0
 

1
.8

6
 

1
.7

8
 

2
.7

3
 

1
.9

4
 

2
.4

4
 

R
2

a
v
 

[–
] 

0
.8

1
8
0

 

0
.9

5
1
3

 

0
.9

7
2
8

 

0
.9

6
5
1

 

0
.7

8
5
4

 

0
.9

6
7
6

 

0
.8

5
6
9

 

R
2

fi
t 

[–
] 

0
.9

9
9
6

 

0
.9

9
8
5

 

0
.9

9
8
8

 

0
.9

9
7
6

 

0
.9

9
9
2

 

0
.9

9
9
8

 

0
.9

9
7
9

 

E
ti

ss
u

e 

[G
P

a
] 

6
.5

7
 

7
.8

2
 

7
.3

4
 

6
.9

9
 

4
.3

3
 

6
.3

5
 

6
.3

6
 

B
T

/T
V

 

[%
] 

3
4

.1
 

3
1

.5
 

2
8

.5
 

3
5

.6
 

3
4

.3
 

3
0

.3
 

1
8

.4
 

T
a

b
le

 1
 T

ra
b

ec
u

la
r 

b
o

n
e 

sp
ec

im
en

 c
h

ar
ac

te
ri

st
ic

s 
an

d
 s

im
u

la
ti

o
n

 r
es

u
lt

s.
 

 

S
p

ec
im

e
n

 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

 



58    Chapter 5 

 

 The FE package MSC.Marc (Version 2005, MSC.Software Corporation, US) 

was used to simulate the compression experiments with geometrically nonlinear 

models. Fixed boundary conditions were applied at the top and bottom nodes to mimic 

the experimental conditions. The total displacement applied to each specimen was 

obtained from the measured load-displacement curves and divided into 100 equal 

displacement steps. 

Results 

The mean (± S.D.) volume fraction (BV/TV) of the seven bone specimens was 30.4 ± 

0.06 % (Table 1). Micro-FE meshing of the CT scans resulted in 86,701 to 162,012 

elements. Linear analyses showed that 9.2 ± 4.2 % of the elements were loaded in 

tension and that an effective elastic tissue modulus (Etissue) of 6.54 ± 1.11 GPa (Table 

1) was required to match the initial stiffness of the FE models of the trabecular bone 

specimens. 

 The fit procedure required between 6 and 16 micro-FE analyses for each 

specimen and resulted in coefficients of determinations (R
2

fit) between 0.9976 and 

0.9998 (Table 1). The resulting tissue properties are shown in Fig. 1. Compression 

softening had to be included to obtain the typical descent in the load-displacement 

curves. In order to avoid numerical difficulties due to softening, minimal values for the 

post-yield stresses were set. This value was initially set to 50 % of the yield stress and 

adjusted where necessary. Averaging of the seven stress-strain curves resulted in the 

average effective tissue properties (Fig. 1). The accompanying yield strain and stress 

were 3.02 % and 201 MPa, respectively. The ultimate point at 5.20 % strain and 223 

MPa was followed by a softening branch with an initial modulus of -350 MPa. The 

slope of the following curve segments slowly decreased to zero between 25 and 55 % 

strain, resulting in a minimal effective stress of 108 MPa. 

 

 
Fig. 1 Fitted tissue properties for the seven specimens (gray). Averaging of the curves 

resulted in the average effective tissue properties (black). 
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Fig. 2 Apparent load-displacement curves of the seven specimens from the compression 

experiments (solid) and FE simulations (dotted) that incorporated the specimen-specific 

tissue properties (A) and averaged tissue properties (B) from the fit procedure. 

A 

B 
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The average tissue properties resulting from the fit procedure were used to simulate the 

compression experiments a second time. The resulting load-displacement curves had 

coefficients of determination (R
2

av) between 0.7854 and 0.9728 (Table 1). The 

simulated load-displacement curves that resulted from specimen-specific and averaged 

tissue properties, respectively, are shown in Figs. 2a and 2b. Good agreement was 

obtained between measured and simulated yield stress (σy) and strain (εy), and ultimate 

stress (σu) and strain (εu) (Table 1). Average tissue behavior resulted in mean errors (± 

S.D.) of 9.99 ± 9.68 % and 10.80 ± 5.28 % in yield strains and stresses, respectively. 

Although the mean error (± S.D.) in the ultimate stress (7.52 ± 6.22 %) was less than 

the error in the yield stress, the error in the predicted ultimate strains were less 

favorable (21.72 ± 10.99 %). 

 The deformed meshes were compared to the CT scans of the deformed 

specimen to study the results on a local level. The initial and second CT scans of the 

specimen with median volume fraction, and the deformed FE mesh, are shown in Fig. 

3. Applied deformation clearly resulted in heavily strained regions and even cracks in 

 
Fig. 3 Rendered CT scans of the specimen with median volume fraction in its initial (A) and 

deformed (B) state. The deformed FE mesh (C) is shown for comparison. Local 

deformations in the CT scans compared well with deformations or high equivalent strain 

values in the FE mesh. 

 

 
Fig. 4 Fitting of the tissue failure properties resulted in higher equivalent strains in the 

region of the crack. 
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the specimen. These deformations are also found in the FE mesh, at the same locations. 

Since the FE models do not include actual crack growth, differences exist between 

scanned and predicted local deformations. However, high strains are found at crack 

locations, particularly after fitting of the tissue-failure properties (Fig. 4). 

Discussion 

The purpose of this study was to determine the effective post-yield properties of 

trabecular-bone tissue by iteratively fitting results of micro-FE simulations to 

experimental results. This resulted in accurate reproductions of the apparent behavior 

of the individual specimens tested. The tissue properties fitted included compression 

softening and were, therefore, different from the initially assumed elastic-perfectly-

plastic behavior for cortical bone (Reilly and Burstein, 1975). Although more data on 

compressive post-yield properties of cortical bone could not be found, it strongly 

suggests that the failure properties of trabecular bone tissue differ from cortical bone. 

This is consistent with differences observed at the microscopic level (Guo, 2001). 

 An average tissue modulus of 6.54 GPa was found in this study, which is at 

least three times lower than the value expected for bovine cortical bone (Burstein et al., 

1975; Reilly and Burstein, 1975; Kotha and Guzelsu, 1993; Currey, 2004). Although 

this value is consistent with those reported earlier for similar mixed experimental-

numerical approaches (Mente and Lewis, 1989; van Rietbergen et al., 1997; Hou et al., 

1998; Ladd et al., 1998), significantly higher values were also found for bovine (18.7 

GPa, Niebur et al., 2000) and human trabecular bone tissue (18.0 GPa, Bayraktar et al., 

2004). These differences can be explained by local variations in the tissue properties 

due to, for instance, differences in the degree of mineralization, the presence of micro-

cracks, or by differences between boundary conditions applied in experimental tests 

and simulations. In the latter case, this could have led to underestimating the stiffness 

and, as a direct result, overestimation of the yield and ultimate strains. 

Fitting of the tissue properties showed that the apparent behavior of the 

specimens could be reproduced with a relatively simple description of the tissue 

properties. Tissue properties were determined by 4 parameters: initial tissue modulus, 

yield stress, post-yield modulus and minimal post-yield stress, although the latter 

parameter was introduced for computational reasons. Fig. 1 shows the inter-specimen 

variations in these tissue properties determined. As a result of the variation, differences 

existed between the measured load-displacement curves and those predicted using the 

averaged effective tissue properties (Fig. 2b). Inter-specimen variations were also 

reported earlier in the effective elastic and yield properties (Hou et al., 1998; Kabel et 

al., 1999; Niebur et al., 2000; Bayraktar, et al., 2004) and could be the result of local 

differences in the degree of mineralization. Tissue properties based on X-ray 

absorptiometry (Homminga, et al., 2001) might further improve the prediction of 

trabecular bone post-yield behavior. 

 In this study the failure behavior of trabecular bone tissue was described with a 

plasticity model based on Hill’s yield criterion. In using this model the load-

displacement curves of the individual specimens could be accurately reproduced by 
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iteratively adjusting the yield and post-yield parameters of trabecular tissue. However, 

differences occurred at local levels, with the absence of cracks in the simulations (Figs. 

3 and 4) as the most obvious difference. Cracks appear when trabecular bone is 

compressed beyond apparent strain values of 2 % (Moore and Gibson, 2002), and are 

the result of crack formation and growth at the microscopic level (micro-damage). 

Strain localization and softening behavior could be accurately reproduced when a 

softening modulus was used. However, this also resulted in numerical difficulties; a 

minimal post-yield stress had to be introduced. Since softening behavior is influenced 

by element size and type (Vonk, 1992), it might be advisable to approach the failure of 

trabecular bone with a numerical model that can deal with the discontinuous nature of 

cracks, in addition to the geometric nonlinearities (Stölken and Kinney, 2003; 

Bayraktar and Keaveny, 2004; Kinney and Stölken, 2005). 

 This study is limited in certain ways. First, since compression experiments were 

performed, only a small part of the elements were loaded in tension. The assumed 

tensile properties were based on properties of cortical bone found in the literature, 

although trabecular bone may behave differently in tension. For a complete 

determination of yield and post-yield behavior of trabecular bone tissue, tensile tests on 

trabecular bone specimens are be necessary as well. Second, the tissue failure 

properties were determined for the seven trabecular bone specimens and subsequently 

averaged. Since the predictive value of the average tissue behavior was determined for 

the same group, the error between measured and predicted curves is minimal for the 

specimens analyzed. The error might be larger if the failure behavior of other 

trabecular bone specimens from bovine proximal tibiae is predicted using the average 

behavior determined for this group of specimens. Finally, although the results from an 

earlier study (Chapter 4, page 41 in the thesis) indicated that the type of the hexahedral 

elements (linear or quadratic) affects the apparent behavior of the FE model, only 

linear hexahedral elements were used in this study. The main reason for this choice 

was the CPU-time required. A single, nonlinear analysis with quadratic hexahedral 

elements took approximately 30 hours when solved using four 1.3 GHz processors 

with 2 gigabytes of internal memory per processor. If linear elements were used, the 

same analysis was solved on one processor in approximately one-third of that time. 

Since the number of iterations for the fitting procedure could not be estimated in 

advance, we decided to fit the tissue properties with linear elements. 

 In summary, failure of bovine trabecular bone specimens was simulated using 

geometrically and materially nonlinear micro-FE models. By iteratively fitting 

simulated apparent behavior to experimental results, failure behavior of trabecular 

bone tissue was determined indirectly for seven bovine trabecular bone specimens. 

Averaging of the effective tissue failure parameters enabled prediction of both 

trabecular bone apparent yield and ultimate properties. The results indicate that 

trabecular bone tissue properties differ from those of cortical bone. 
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Abstract 

A three-dimensional digital image correlation technique is presented for strain 

measurements in open-cell structures such as trabecular bone. The technique uses high-

resolution computed tomography images for displacement measurements in the solid 

structure. In order to determine the local strain-state within single trabeculae, a 

tetrahedronization method is used to fill the solid structure with tetrahedrae. 

Displacements are calculated at the nodes of the tetrahedrae. The displacement data is 

subsequently converted to a deformation tensor in each of the tetrahedral element 

centers with a least-squares estimation method. Because the trabeculae are represented 

by a mesh, it is possible to deform this mesh according to the deformation tensor and, 

at the same time, visualize the calculated local strain in the deformed mesh with a finite 

element post-processing tool. In this way, the deformation of a single trabecula from an 

aluminum foam sample was determined and validated with rendered images of the 

three-dimensional sample. A precision analysis showed that a rigid translation or 

rotation does not affect the accuracy. Typical values for the standard deviation in the 

displacement and strain components are 2.0 µm and 0.01, respectively. 

Introduction 

The mechanical properties of trabecular bone are intensively studied for clinical 

applications, as in age-related fractures and bone and joint replacements. The majority 

of the experimental, analytical and numerical studies published focused on the 

macroscopic, or continuum-level, properties of this cellular material. Certain 

continuum-level properties, however, are largely determined by conditions at the local 

(tissue) level. For example, a local increase in stress and strain in trabecular bone can 

start biological (e.g. remodeling) and mechanical (e.g. micro-damage) processes, which 

affect the structure as a whole. Hence, for a better understanding of the 

mechanobiology of trabecular bone both the tissue properties and the local 

stress/strain-states are needed. 

 Although optical methods have been used to measure displacements of markers 

on individual trabeculae near the surface of deformed samples (Odgaard and Linde, 

1991), no methods have been reported that enable detailed measurements of local 

deformation at the level of bone trabeculae, not even for excised bone samples. As an 

alternative approach, micro-finite element (µFE) analyses have been used to calculate 

local strains in finite element models that represent the actual trabecular architecture 

(Hollister et al., 1994; van Rietbergen et al., 1995, 1999; Niebur et al., 2000). Such 

models, however, calculate strains as a function of bone loading, architecture and 

assumed tissue material properties, and hence do not provide direct measurements of 

strains in bone tissue. 

 Several years ago, a digital image correlation technique was developed that 

enables strain measurement by correlating the position of pixels in images of 

undeformed and deformed objects. Although this technique has been applied to 

measure local deformations from two-dimensional cortical bone images (Nicolella et 

al., 2001), only continuum-level strain distributions have been reported from two-
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dimensional (Bay, 1995) and three-dimensional (Bay et al., 1999) trabecular bone 

images. Although such measurements provide information about the distribution of the 

homogenized strains, they do not quantify strains in the bone tissue itself. 

 In this study a three-dimensional digital image correlation technique is presented 

that measures local strain in single trabeculae, imaged with micro-computed 

tomography (µCT). A two-dimensional digital image correlation technique (Sutton et 

al., 1986) was extended to three dimensions and adjusted for strain measurement in 

porous trabecular bone-like materials. The aim of the study was to determine the 

precision for local strain measurements of the extended image correlation technique. 

Materials and Methods 

Displacement measurement 

The three-dimensional digital image correlation technique presented is based on a two-

dimensional technique developed by Sutton et al. (1986). Their optimized image 

correlation technique maximizes the correlation coefficient R by minimizing the 

function 
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where u and v are the displacement components at the center of subset a in the x and y-

directions, respectively. This means that, in two dimensions, S is a function of six 

independent variables denoted by the vector 
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The image correlation technique was extended to three dimensions for strain 

measurements based on CT images. In three dimensions a similar function of twelve 

variables has to be minimized to find the vector  
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 The minimization step depends on the initial starting point of this vector, 3D,0w . 

First, to improve the convergence behavior, only translation is taken into account. As a 
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result, the partial derivatives in Eqs. (2a), (2b) and (3) vanish, and simple convolution 

remains. The location of the peak of the simplified function corresponds to the 

estimated displacement components u0, v0 and w0 in whole voxels. Then, the Broyden-

Fletcher-Goldfarb-Shanno (BFGS) algorithm, a quasi-Newton method (Press et al., 

1994), is started with ( ),0,0,0,0,0,0,0,0,0,, 0003D,0 wvu=w . Four-point cubic interpolation 

with continuous second derivatives (Lehmann et al., 1999) is used to evaluate image 

values between adjacent voxels to enable displacement calculations with sub-voxel 

accuracy. 

 The displacement is only ascribed to the center of subset a. This subset is filled 

with voxel values or, through interpolation, with intermediate values at the sub-voxel 

level. This means that the displacement can be calculated anywhere in the reference 

image, provided that subsets a and b fit entirely in the images. In the two-dimensional 

case a uniform rectangular grid of points is often selected in the reference image, and 

displacements are calculated in each grid point. However, if the reference image 

represents a volume that is partially filled with a porous material, grid points are not 

necessarily located at the surface (where the strains are highest) and a certain amount 

of the grid points can be placed in the space between the trabeculae, as well. To create 

a suitable distribution of points in the solid structure and simultaneously enable easy 

visualization of the three-dimensional results, the meshing technique described in Frey 

et al. (1994) is used. It is based on the marching-cubes algorithm (Lorensen and Cline, 

1987) that creates an iso-density surface. The method developed by Frey et al. fills the 

volume that is enclosed by the iso-density surface, with tetrahedrae, creating a 

volumetric FE mesh. Relaxation was subsequently applied to the nodes in the mesh 

based on the position of the surrounding nodes (Perzl, 1997). The displacement can 

a b

 

Fig. 1 Two-dimensional 36 µm CT-slice (inverted) of a 6101-T6 open-cell aluminum foam 

sample. The matrices a and b are used to calculated the displacement in the center of matrix 

a (indicated by the cross). They are schematically drawn in the reference (left) and an 

artificially deformed image (right). 
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now be calculated in each node with the three-dimensional digital image correlation 

technique. A three-dimensional mesh with displacement data is the result. 

Strain calculation and visualization 

Due to noise, a limited resolution of the images and a finite numerical precision in the 

minimization procedure, errors will occur in the displacement components calculated. 

Several methods are known to directly smooth the displacement data (Sutton et al., 

1991) and convert this data to strains. However, a large portion of the nodes is located 

at the surface of the trabeculae, which complicates the smoothing procedure. Instead of 

filtering the displacement data, the deformation tensor XxF ∂∂=  was determined from 

the unfiltered data. The tensor, which relates a vector dx in the deformed image with a 

vector dX in the reference image, is estimated in each element center with a least-

squares fit through a certain amount of displacement data (Peters, 1987). The distance 

from the surrounding nodes to the element center, the so-called estimation radius, 

determines the amount of data that is taken into account. With a deformation tensor 

calculated in each element, the tetrahedron mesh is rebuilt. A single first node is fixed, 

and one-by-one each tetrahedron is added according to the estimated deformation 

tensor F̂ . This tensor and the unit tensor I  are used to compute the Green-Lagrange 

strain tensor ( )IFFe −⋅= ˆˆˆ C

2
1  in each element. The deformation and strains can be easily 

visualized with an arbitrary finite element post-processing tool. Here Mentat 

(MSC.Software Corporation, Santa Ana, US) was used to visualize the original and 

deformed FE meshes. The original and deformed structures were also rendered with 

µCT Ray (V3.0, Scanco Medical, Bassersdorf, CH). This enabled a qualitative 

validation of the image correlation technique. 

Material and image acquisition 

A Duocel open-cell aluminum foam (ERG Materials and Aerospace Corp., Oakland, 

US), with a trabecular bone-like architecture was used as test material in this study. 

Two cubic samples, with an edge length of approximately 5 mm, a volume density of 

0.07 and mean trabecular thickness of 0.3 mm, were sectioned from a larger piece of 

foam using a circular diamond saw.  

 Complete three-dimensional reconstructions of these samples were obtained by 

stacking sequential images created with a micro-computed tomography device. In this 

study, two different devices were used, a Scanco µCT-80 (Scanco Medical, 

Bassersdorf, CH) for the first specimen and a Scanco µCT-40 for the second specimen. 

In all cases, the noise in the images was reduced with a three-dimensional Gauss-filter. 

A finite kernel size of 3 voxels and a function width (σ) of 0.6 voxels were chosen. 

 Because minimizing the function S (Eq. 1) in three dimensions is time-consuming 

(with a subset size equal to 17×17×17 voxels, analyzing the displacement in a single 

node required approximately 40 seconds on an 800 MHz personal computer), further 

analyses concentrated on a single trabecula near the surface of each specimen. This 

particular trabecula is clearly, but moderately deformed, which ensures a successful 
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correlation, but also enables visual validation. The first sample and its selected 

trabecula are shown in Fig. 2a. A similar trabecula was selected for the second 

specimen. 

 

Accuracy and sensitivity study 

To the authors' best knowledge, full three-dimensional digital image correlation 

techniques for strain measurements, as described in this section, were not reported in 

the literature. Therefore, several 

studies were done in order to 

establish the accuracy and sensitivity 

of the method. The applied settings 

for these studies are summarized in 

Table 1. 

 In a first study, the first 

specimen was scanned two times in 

the µCT-80 device at an isotropic 

spatial resolution of 36 µm. This 

resulted in two identical images of 

which the first image was used as a 

reference image. The selected 

trabecula was meshed with 

tetrahedral elements as described 

above. A cube edge length (Frey et 

al., 1994) of 72 µm was used, which 

resulted in a mesh representation of 

this selected trabecula with 5752 

elements and 2130 nodes (Fig. 3) for 

the reference image. Since both 

1 mm 1 mma b  
Fig. 2 Rendered parts of the first aluminum foam sample before (a) and after (b) the applied 

deformation. Three-dimensional digital image correlation is applied to the trabecula in the 

white box. 

28

2
6

16 x

z

y

 
Fig. 3 Mesh representation of the selected 

trabecula. The solid part in a sub-volume of 

28×16×26 voxels was filled with tetrahedral 

elements. Interior and surface (except for the 

cutting edges) relaxation was applied to the 

mesh that consists of 5752 elements and 2130 

nodes. 
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images were obtained for the same specimen positioned in the same way, the 

correlation procedure should results in the calculation of a zero displacement and strain 

fields. In this first study, the subset size N was set to 7, 13 and 21 voxels to study the 

effect of this parameter on the calculated displacement field. The displacements 

obtained were subsequently converted to strains using estimation radii of 72, 108 and 

144 µm to study the effect of the estimation radius on the calculated strain field for 

each of the chosen subset dimensions. 

 In a second study, the influence of a combined rigid translation/rotation on the 

calculated displacement and strain fields for the selected trabecula was determined. 

The sample was rotated about the vertical axis by approximately 8.5° and scanned a 

third time in the µCT-80 device at the same resolution of 36 µm. Displacements were 

calculated for the 2130 nodes using a subset size of 13×13×13 voxels, corresponding to 

468 µm. The distributions of the strain components in the original and rotated 

situations were calculated using an estimation radius of 90 µm. 

 In a third study, two additional meshes were created to study the influence of the 

tetrahedron size on the calculated strain field. Cube edge lengths of 36 and 108 µm 

resulted in meshes with 25486 and 2454 elements, and 9459 and 917 nodes, 

respectively, for the selected trabecula. The estimation radius was first held at a 

constant size of 144 µm and later adjusted in such a way that the number of nodes in 

the estimation volume was held constant at 47. 

 In a fourth study, the influence of spatial resolution was studied. Using the second 

sample, two sets of images were created at a resolution of 12, 20 and 36 mm using the 

µCT-40 scanner in a similar way as done for the first sample. A cube edge length of 72 

µm resulted in meshes consisting of 1541, 1503 and 1452 nodes and 5804, 5647 and 

5368 elements for the reference images with spatial resolutions of 12, 20 and 36 µm, 

respectively. To determine the influence of spatial resolution alone, the physical size of 

the subset region was first held constant at a size of about 255 µm. This resulted in 

subset sizes of 7×7×7, 13×13×13 and 21×21×21 voxels for the 36 µm, 20 µm and 12 

µm resolution images, respectively. Following, the subset region was held constant at a 

dimension of 7×7×7 voxels. 

 In a finally study, the first sample was loaded to a continuum-level strain value of 

0.2 and then unloaded, after which it was scanned a last time using the µCT-80 device 

at a resolution of 36 µm. A subset size of 17×17×17 voxels was used to calculate the 

displacement in the tetrahedron nodes (Fig. 3). An estimation radius of 90 µm, 

approximately one half of the minimal width of the selected trabecula, was chosen for 

the strain calculation. The mesh is deformed according to the estimated strain tensors 

in the tetrahedral elements. 

Results 

The displacements (mean ± standard deviation) obtained from the first study are shown 

in Fig. 4. These results show that an offset of almost 10 µm in the z-direction exists 

between the first and the repeated measurement. Because the sample was not removed 

from the device between the creations of the two images, this offset must be caused by 
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the finite positioning precision of the micro-CT device. This offset-displacement does 

not affect the strain measurements. The strain results presented in Fig. 6, however, 

show that the zz-component of the Green-Lagrange strain has a larger variance than the 

other components, which means that there is also a random error in the vertical 

positioning when scanning sequential slices. Although this random positioning error is 

small (less than a micron), it directly affects the accuracy of the strain calculation in the 

z-direction. Fig. 6 also shows that a rigid translation and rotation, as was done for the 

third study, does not affect the precision of the strain calculation. Very similar 

histograms were found for the specimen in the original and rotated positions.  

 The mean of the six strain components for the first study is shown in Fig. 5 as a 

function of the subset size. Doubling the subset size N resulted in a standard deviation 

of approximately 30 % of the original value. The estimation radius had a large effect 

on the standard deviation of the strain distribution as well. Estimation radii of 72, 108 

and 144 µm led to a deformation tensor in each element center that is estimated from 

the displacement data in 24.7 ± 3.0, 60.8 ± 7.3 or 113.7 ± 15.0 nodes, respectively. 

Doubling the amount of nodes in the estimation volume decreased the standard 

deviation by roughly 35 %. 

 When the edge length is varied, as done in the third study, while holding the 

estimation radius at a constant size (in µm), more nodes are used to estimate the strain 

components. The results for the third test (Fig. 7) show that the use of more nodes did 

not affect the precision. When the number of nodes was held constant, however, the 

standard deviation increased with increasing edge length. 

 The influence of image resolution on the standard deviation in the average 

displacement, tested in the fourth study, is shown in Fig. 8. When the physical 

dimension of the subset was held constant, the standard deviation changed less than a 

micrometer with increasing resolution. However, the precision of the calculated 

displacement field deteriorated when the number of voxels in the subset size was held 

constant, although the correlation was based on the same amount of data. 

 The shape of the selected trabecula, in rendered and mesh representation, before 

and after the applied deformation, is presented in Fig. 9. The deformed mesh was 

obtained by applying the estimated deformation to the original mesh. The calculated 

equivalent Green-Lagrange strain is shown in the deformed meshes. 

Discussion 

This article presents a three-dimensional digital image correlation technique that uses 

CT images of open-cell structures for strain measurements in single trabeculae. Three-

dimensional digital image correlation has been used earlier for strain measurements in 

trabecular bone samples by Bay et al. (1999). However, only homogenized strains were 

calculated with their technique, which neglects the deformation of the subset. For 

better understanding the deformations of trabecular bone or trabecular tissue, local 

strains are needed. The method presented uses tetrahedronization (Frey et al., 1994) 

and linear deformation of the subset (Sutton et al., 1983) to enable the calculation and 

visualization of local strains in single trabeculae. 



74    Chapter 6 

 

 

 

0

0.05

0.10

0.15
yyee

xye yze
zxe

-0.05 0 0.05 -0.05 0 0.05

xxe

0

0.05

0.10

0.15

zze

-0.05 0 0.05  

Fig. 6 Histograms of the Green-Lagrange strain components in the 5752 elements. A 
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distributions are found for both the baseline test (solid line) and rotation test (dotted line). 
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Fig. 4 Calculated displacement components 
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Fig. 9 Comparison between the calculated deformation and the rendered 36 µm CT-scan 

images (R = rendered image, M = mesh). The equivalent Green-Lagrange strain 

e:e ˆˆe
3
2

GL =  is shown in the deformed FE meshes. The deformation tensor is estimated in 

each element center from the surrounding displacement data in a sphere with a radius of 90 

µm (39.9 ± 4.8 nodes). The deformed mesh is obtained by applying each deformation tensor 

to the accompanying tetrahedral element. 
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 The CT images of the aluminum alloy showed little variation in gray-values 

within the structure compared to the speckle images (e.g. Sutton et al., 1983), 

trabecular texture images (e.g. Bay, 1995) and cortical bone images (e.g. Nicolella et 

al., 2001). This means that the correlation procedure is mainly based on the surface of 

the rods. Nevertheless, a reasonable precision can be achieved for the displacement 

components compared to the expected precision in two (Sutton et al., 1986) and three 

dimensions (Bay et al., 1999). In the present study, trabecular bone was replaced with 

an open-cell aluminum foam sample with a structure similar to low-density trabecular 

bone. In general, the aluminum rods are, however, thicker than the trabeculae in real 

trabecular bone (50-250 µm, Mullender et al., 1996). In addition, the structure of the 

aluminum foam is predominantly rod-like, where trabecular bone can be plate-like as 

well. Although CT images of trabecular bone might reveal more information about the 

internal structure, it is not known if the accuracy is improved when trabecular bone is 

analyzed with the image correlation technique instead of aluminum foam. 

 Local strains in trabeculae in situ can be quantified with the three-dimensional 

digital image correlation technique. Typical values for the standard deviation in the 

displacement and strain components are 2.0 µm and 0.01, respectively. These values 

are based on the precision tests involving undeformed samples. When dealing with 

deformed samples, the precision is likely to decrease due to complex (nonlinear) 

deformation patterns. Nonetheless, visual agreement exists between the rendered 

images and the, through the estimated deformation, deformed meshes. Rigid 

translations do not cause any problems, as long as the images contain the structure 

before and after the translation. However, it is not known to what extent rotations and 

deformations can be accurately estimated. 

 The standard deviations in the estimated strain limit the technique to strain 

measurements beyond the yield point of bone tissue (based on bovine cortical bone 

tissue (Burstein et al., 1975). This might be a problem when certain biological and 

mechanical processes are studied. However, this technique can be used to determine 

the local strains, which can exceed 20 % (Yeh et al., 2001; Dannemann and Lankford 

Jr., 2000), in experimentally deformed single trabeculae (Yeh et al., 2001) or to 

validate the nonlinear finite element models that are used to simulate failure of 

trabecular bone (Niebur et al., 2000) and aluminum foam structures (Verhulp et al., 

2003). The precision can be increased by increasing 1) the subset size, 2) the finite 

element size or 3) the estimation radius. However, this also decreases the resolution in 

the strain map. From pilot studies it was concluded that four-point cubic interpolation 

(Lehmann et al., 1999) and a linear method for the deformation tensor estimation 

(Peters, 1987) were both fast and accurate. Using six-point cubic interpolation 

(Lehmann et al., 1999) and/or a higher order estimation method (Geers et al., 1996) did 

not have a significant effect on the precision. However, a higher resolution in the 

computed tomography images or other scanning methods such as synchrotron radiation 

could be an answer. Increasing the resolution might reveal the distinct casting features 

on the surface of the aluminum alloy (Nieh et al., 2000; Zhou et al., 2002). In case of 

trabecular bone, the heterogeneous internal structure of the trabecular bone tissue (Choi 
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and Goldstein, 1992) could become visible. In that case the procedure is not only based 

on the surface of the rods and should, therefore, enable a more accurate strain 

measurement. 
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The mechanical properties of bones have been extensively studied in order to 

understand their complex reaction to external loads. Properly understanding the 

mechanical behavior of bones is of clinical importance. Not only to prevent fractures, 

but also to influence other processes that are influenced by mechanics, such as bone 

remodeling around implants and fracture healing. Even today, these processes are not 

completely understood. The reason for this deficiency is twofold. First of all, bones are 

composed of a collagen-mineral mixture with mechanical properties that seem to differ 

between species and even anatomical sites (Ashman and Rho, 1988; Zysset et al., 

1999). Second, besides bone-material composition, mechanical properties are 

determined by morphology. The porous structure of trabecular bone, in particular, 

causes problems. Although bone density may be related to mechanical properties 

determined from experiments on trabecular bone in vitro, these are poor predictors for 

the anisotropic properties of trabecular bone. With techniques based on the three-

dimensional architecture, however, the elastic anisotropic properties can be determined 

more accurately. Micro-finite element modeling is such a technique. It has been used to 

study the elastic properties of trabecular bone samples and, more recently, the inelastic 

properties. 

In this research project numerical and experimental techniques were used to 

analyze trabecular bone failure. Analyses of bone specimens led to improved 

knowledge about the function of trabecular bone, and to new approaches to study the 

properties of the bone tissue. Application of these techniques to whole bones in future 

analyses should result in improved bone-strength predictions. Osteoporotic fractures 

might be prevented through identification and treatment of people with decreased bone 

strength. 

 

Finite element (FE) modeling has become a popular, accepted tool in the field of 

orthopaedic biomechanics. Bone can be studied with FE models in ways that are 

simply not possible with present experimental techniques. For example, complex 

multi-axial boundary conditions can be applied, structural failure of an object can be 

simulated more than once, with different settings, and stresses and strains can be 

computed at the level of the bone tissue with so-called micro-FE models. In the latter 

case, high-resolution computed tomography (CT) scans that incorporate the trabecular 

structure in detail are converted to FE meshes (Hollister et al., 1994; van Rietbergen et 

al., 1995). In the second chapter a study is presented in which a healthy and an 

osteoporotic proximal femur were analyzed using these micro-FE models, with 

boundary conditions simulating a fall to the side. This enabled us to study cortical and 

trabecular bone during an abnormal load with a high risk for an osteoporotic fracture 

(Greenspan et al., 1998). However, the actual fracture of the femurs could not be 

simulated, only estimated, since only linear analyses were performed. The nonlinear 

nature of femoral failure (Courtney et al., 1995; Keyak, 2001) requires multiple 

loading steps, as described in chapters four and five. Nevertheless, predicted failure 

loads compared well with measured ultimate loads. Although trabecular and cortical 

bone-failure properties depend on strain rate (Carter and Hayes, 1977; Linde et al., 
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1991), femoral fracture load seems unaffected by loading rate in the range of 2 to 100 

mm s
-1

 (Courtney et al., 1994). This could explain the similarity between experimental 

and simulation results. However, extrapolation of our FE model predictions to an 

actual fall of a person must be done with caution, since muscle forces were not 

incorporated and impact velocities can be as high as 2.75 m s
-1

 (van den Kroonenberg 

et al., 1996). 

Solving FE models requires the mechanical behavior of the elements to be known 

in advance. In the case of FE analyses of bones, this can be a serious drawback, since 

the bone tissue properties are not well known. However, hypotheses for those 

mechanical properties can be tested, which can lead to important information about 

their actual properties. For example, for the study presented in chapter three, we tested 

different density-modulus relationships found in the literature for continuum-level FE 

models and compared the results with the full micro-FE models that were described in 

chapter two. The results showed that the detailed anisotropic structure of trabecular 

bone can be successfully homogenized when it comes to linear analyses of the human 

proximal femur. For chapter four, we tested the hypothesis that the failure properties of 

trabecular bone are similar to those of cortical bone using different FE meshes and 

material models. The results indicated that this was not the case and it was decided to 

determine the yield and post-yield properties of the tissue indirectly. The element 

properties were iteratively adjusted in order to match the results from micro-FE 

simulations of trabecular bone failure with the experimentally obtained results. Using 

this iterative procedure it was possible to determine the yield and post-yield properties 

of trabecular bone tissue indirectly. This could not have been done with experiments, 

due to the small sizes and irregular shapes of trabeculae. However, as with all models, 

FE models require certain assumptions, resulting in a simplification of reality. This 

means that the results can only indicate a possible explanation for the phenomena 

observed. 

In an attempt to directly determine trabecular bone tissue strains, a novel three-

dimensional image correlation technique was developed. With this tool displacements 

and strains could be determined from high-resolution CT scans at the level of 

trabeculae. The method was developed with the idea to measure trabecular strains in 

order to validate micro-FE models simulating trabecular bone failure. This does not 

mean that the method is restricted to trabecular bone. All sorts of porous structures can 

be studied using this method. In fact, the accuracy of the method was based on CT 

scans from aluminum foam. For example, combining the image correlation technique 

with time-lapsed imaging of trabecular bone failure (Nazarian et al., 2004) enables 

determination of the ultimate strain of the tissue. Other failure parameters, such as 

yield strain and stress, on the other hand, cannot be determined without certain 

assumptions about the material. 

 

Bone tissue consists of clearly visible patterns (Choi and Goldstein, 1992; van der 

Linde et al., 2001), the so-called trabecular packets. They are separated by cement 

lines, consisting of angular groupings of lamellae, preferably aligned with the 
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trabeculae, and are a result of the bone remodeling process (Guo, 2001). Cortical bone 

tissue is known to be anisotropic. For example, the modulus and strength in the 

longitudinal direction can exceed those in the transverse direction with factors greater 

than 2 (Reilly and Burstein, 1975). Little is known about the anisotropy of trabecular-

bone tissue, although it is likely that the tissue properties are inhomogeneous and 

anisotropic, due to the orientation of the collagen in the lamellae and differences in the 

degree of mineralization. Our micro-FE models of the human proximal femur and 

trabecular bone samples from the bovine proximal tibia consist of elements with 

isotropic and homogenous properties. Since the cortical shell and trabeculae are 

supposedly loaded primarily in tension, compression and bending, the modulus in the 

direction of the fibers (trabecular axis) may be sufficient to describe the bone-tissue 

elastic behavior, which justifies the assumption of isotropy. The effect of the irregular 

distribution of mineral is not completely known, although analyses of micro-FE models 

showed that the expected inhomogeneity could have an effect on the apparent stiffness 

(van der Linde et al., 2001; Jaasma et al., 2002). Since elements with isotropic 

properties and a single effective tissue modulus have been used successfully in linear 

FE models of trabecular bone (Kabel et al., 1999), the assumptions are valid for linear 

analyses. However, compression experiments on trabecular bone to failure results in 

extreme deformations and fractures. In this case, it may be that bone tissue cannot be 

assumed homogeneous and isotropic, since trabeculae are loaded abnormally during 

structural failure. In the case of trabecular bone, newly formed bone is less mineralized 

and, therefore, less stiff and weaker (based on tensile test of cortical bone; Currey, 

2004). The distribution of other biological defects, such as cement lines and lacunae, 

may also become important. Choi et al (1990) found that the measured stiffness of 

cortical bone specimens decreased when specimen size was decreased. This size-

dependency is likely to exist for trabecular bone tissue as well. A variable tissue 

modulus based on trabecular thickness might be more suitable to capture the elastic 

properties than a constant effective tissue modulus. 

In this research project, failure of trabecular bone was analyzed using FE models 

and three-dimensional image correlation based on high-resolution CT scans of 

trabecular bone or similar porous structures. Although high-resolution scans enable 

detailed analyses, considerable computer power is required to solve the resulting 

micro-FE models or to evaluate the displacement in each node through correlation of 

the images. The small amount of specimens analyzed in the various studies is a direct 

consequence of this requirement. First of all, only two proximal femurs were analyzed 

with linear micro-FE models. Although the predicted yield and ultimate loads 

compared well with data found in the literature, based on mineral density, more 

proximal femurs should be analyzed to conclude whether linear micro-FE models can 

be used for accurate strength predictions of the proximal femur. Second, a single 

trabecular bone sample was analyzed in the study presented in chapter four, using 

different FE meshes and material models. The 60 µm 8-node hexahedral elements 

resulted in rather small FE models, compared to micro-FE models of the proximal 

femur. The models required two gigabytes of memory at the most and could, therefore, 
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be solved on a regular up-to-date personal computer. Remeshing with 40 µm linear or 

60 µm quadratic hexahedral elements, however, resulted in FE models that could only 

be solved on super-computer systems. Third, in the study presented in chapter five, the 

effective failure properties of trabecular bone tissue were indirectly determined by a fit 

procedure based on the apparent behavior of bovine trabecular bone samples. Multiple 

nonlinear analyses were performed to determine the effective tissue failure properties 

using linear elements that measured 60 µm on a side. Although the results in chapter 

four showed that element order influences simulation results, low order (linear) 

elements were used to reduce the computation time required. Finally, aluminum foam 

samples were used to test the image correlation tool described in chapter six. The 

accuracy was based on the analysis of a single trabecula. However, for a more 

complete evaluation of the applicability of the method, other materials should be tested 

as well, with a variety in trabecular thicknesses and shapes. 

 

In 1965, Moore observed that the density of transistors on a computer chip had 

approximately doubled every year since the chip was invented (Moore, 1965). 

Although the pace has slowed down in subsequent years, computer power is expected 

to double every two years (the current interpretation of Moore's “law”) for at least 

another two decades. This should result in decreased computation times in the near 

future, which means that more specimens can be analyzed in the same amount of time. 

This also means that more sophisticated models can be developed. For example, the 

linear analyses of the proximal femurs can be extended to nonlinear analyses 

incorporating the tissue failure properties determined in this research project. Another 

example is the addition of contact options in the FE models. Not only is a fall to the 

side better simulated with contact boundary conditions than fixed boundaries, it is also 

required to simulate progressive failure of, for example, vertebral bodies. Vertebral 

fracture implies that one or more trabecular layers collapse. However, the vertebrae can 

still function and can carry, although reduced, loads (Kopperdahl et al., 2000). 

 Provided that the required computer power is available, the linear and nonlinear 

micro-FE approaches described in this thesis can be easily combined in a single study 

in which whole bone failure is simulated. However, failure of trabecular bone largely 

depends on the material model chosen (Chapter 4, page 41 of this thesis). This means 

that, for accurate failure predictions of trabecular bone specimens or whole bones, the 

material properties of the bone tissue have to be known in detail. In the study presented 

in chapter five, we showed that the material properties can be obtained with the mixed 

numerical-experimental approach. Future research into trabecular bone failure should 

follow the same approach and extend the materially and geometrically nonlinear model 

(Chapter 5, page 53 of this thesis) to a more realistic model; one that takes into account 

the growth of fractures during loading and the specific unloading behavior of 

trabecular bone (e.g. Keaveny et al., 1999). 

 

Apart from the continuum-level approach presented in chapter three, the numerical and 

experimental techniques presented in this dissertation rely on high-resolution CT scans 
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of small specimens in vitro. Recent developments have enabled CT scanning at high-

resolution of small animals and human peripheral sites in vivo. Presently, the human 

femur and vertebral bodies cannot be scanned at high-resolution in vivo due to the 

limited specimen size. However, the trabecular structure in the distal radius, a site that 

is also associated with osteoporotic fractures, can be obtained in detail. Hence, the 

techniques presented are not only applicable to the laboratory settings described in this 

dissertation, but they can also be used in clinics for the diagnosis of bone strength in 

vivo. Although trabecular bone was the subject of research in this project, the 

approaches presented can be applied to all sorts of natural and man-made cellular 

solids. 
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Summary 
 

Osteoporosis is a common condition among the elderly. It is characterized by 

decreased bone mass and increased fracture risk. Trabecular bone, the porous type of 

bone that consists of micro-scale rods and plates, the so-called trabeculae, is primarily 

affected by this condition. Trabecular bone strength decreases as a result of decreasing 

bone density. This can lead to fractures at sites with relatively large amounts of 

trabecular bone, for example in vertebral bodies and at the end of long bones. The 

combination of decreased bone strength and increased fall risk for the elderly mainly 

results in fractures of the vertebrae, distal radius and femur. These fractures, with hip 

fractures in particular, are associated with high medical costs and personal trauma. 

Therefore, it is important to understand the mechanical properties of trabecular bone, 

not only to identify those at risk, but also to prevent such osteoporotic fractures. 

The objective of this research project was to improve our knowledge about the 

failure behavior of trabecular bone, in order to enable accurate predictions of trabecular 

and whole-bone strength. Failure of trabecular bone was analyzed with numerical and 

experimental techniques to investigate its function as part of the whole organ and to 

determine the mechanical properties of trabecular bone tissue itself.  

 

Bone mass decreases due to osteoporosis. The effect on bone strength could be reduced 

with selective resorption of bone tissue that is not highly loaded in normal situations. 

As a result, the bones can resist normal-day loading, but are vulnerable for non-

habitual loads, such as a fall. This phenomenon has been demonstrated for vertebral 

bodies. In a recent study, micro-finite element models of a healthy and an osteoporotic 

human proximal femur were analyzed for the stance phase of walking. In the first study 

described in this thesis, the same models were analyzed for a simulated fall to the side, 

to determine the contribution of the trabecular bone to bone strength in the proximal 

femurs and to estimate the yield and ultimate loads for the femurs. The results 

suggested that the contributions to bone strength of trabecular and cortical bone are 

similar. However, a thick cortical shell is preferred in the femoral neck over a dense 

trabecular structure. The osteoporotic femur did not seem to be more vulnerable to 

non-habitual loads. 
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Micro-finite element models incorporate the trabecular structure in detail. Although 

this enables accurate analyses, a lot of computer time and memory is required to solve 

those models. Increasing the element size reduces the demands on computer hardware, 

but the anisotropic trabecular structure is lost. The aforementioned micro-finite 

element models of the proximal femurs were coarsened to create continuum-level 

models. Such models are usually created from low-resolution computed-tomography 

scans and became a standard for the study of human bones in vivo. Instead of the full 

anisotropic trabecular structure, the reduced resolution results in isotropic bone-density 

values that cannot be uniquely related to mechanical properties. Therefore, different 

models were created to study the influence of element size and the chosen relation for 

the conversion of bone density to an isotropic stiffness. By comparing the results of the 

continuum-level and micro-finite element models, we determined the effects of the 

reduced resolution. It was found that very similar results could be obtained for both the 

healthy and the osteoporotic femur. 

 

Linear finite element models were used to estimate femoral strength in the 

aforementioned studies. Accurate predictions of bone strength, however, require 

models that incorporate geometric and material nonlinearities, due to the nonlinear 

nature of bone failure. This means that the failure behavior of the tissue must be 

included in the models. Due to the small sizes and irregular shapes of trabeculae, 

experimental data on the failure properties of trabecular tissue does not exist. Existing 

nonlinear models are, therefore, based on the assumption that trabecular bone tissue is 

similar to cortical bone tissue. To test this hypothesis, different meshes were combined 

with different material models based on cortical bone. A bovine trabecular bone 

specimen was compressed beyond its apparent ultimate point and the results were 

compared with those from the simulated compression experiment. The material model 

chosen, element type and size had an effect on the apparent simulated behavior, but 

none of the finite element models were able to produce the typical descent in the load-

displacement curve seen during compression of trabecular bone. 

Based on these findings, we tried to determine the failure properties of trabecular- 

bone tissue indirectly, by iterative adjustment of the assumed properties. Seven 

specimens were compressed using similar compression experiments. The tissue 

properties of the specimens were fitted to minimize the error between measured and 

simulated apparent load-displacement curves. The tissue properties determined were 

subsequently averaged and used to study their predictive value. The results showed that 

the correct apparent behavior could be obtained for the selected specimens when 

compression softening was introduced. When the averaged tissue properties were 

incorporated in the same finite element models of the seven trabecular bone specimens, 

larger differences were found between predicted and measured apparent load-

displacement curves, suggesting specimen-specific tissue properties. Further research 

is necessary to investigate whether the variation in the tissue properties determined can 

be reduced by adjustment of the material model. 
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Presently, it is not possible to measure strains at the level of trabeculae, due to 

experimental difficulties. This prevents the determination of mechanical trabecular 

bone properties and the validation of nonlinear finite element models for bone strength 

predictions. Therefore, a three-dimensional digital image correlation technique was 

developed for strain measurements in open-cell structures, such as trabecular bone. The 

technique uses high-resolution computed-tomography images for displacement 

measurements at selected positions in the solid structure. The displacement data was 

subsequently converted to local deformation and strain tensors. A precision analysis 

with computed-tomography images of aluminum foam specimens showed that the 

method is currently limited to strain measurements beyond the expected yield strain of 

trabecular bone tissue. The method is applicable to all sorts of porous structures and 

may be used to validate nonlinear micro-finite element simulations of trabecular bone 

failure. 

 

Accurate diagnoses of bone strength require detailed analyses of the trabecular 

structure. With the methods presented, this resulted in considerable hardware 

requirements. To reduce processing time, small amounts of specimens were analyzed 

in the various studies presented in this thesis. With the expected increase in computer 

power, however, our techniques can be used for analyses of larger pieces of trabecular 

bone and, perhaps, whole bones in the near future. 
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Samenvatting 
 

Osteoporose is een veel voorkomende conditie onder ouderen. Het leidt tot een afname 

van de botmassa en een toename van de kans op botbreuken. Het trabeculaire bot, het 

poreuze bot dat bestaat uit botweefsel in de vorm van microscopisch kleine staafjes en 

plaatjes (trabekels), wordt vooral aangetast door deze conditie. Als gevolg daarvan 

neemt de sterkte af, wat kan leiden tot breuken op plaatsen waar relatief veel 

trabeculair bot voorkomt, zoals in de wervels en aan het einde van lange botten. De 

combinatie van deze afname in sterkte met een toenemende valkans voor ouderen 

resulteert vooral in wervel-, pols- en heupfracturen. Deze fracturen, en heupfracturen in 

het bijzonder, zorgen voor hoge behandelkosten en veel persoonlijk leed. Daarom is 

het belangrijk dat de mechanische eigenschappen van trabeculair bot bekend zijn, niet 

alleen voor de identificatie van personen met een verhoogd risico, maar ook om 

fracturen te kunnen voorkomen. 

Het doel van dit onderzoeksproject was het verbeteren van onze kennis van het 

faalgedrag van trabeculair bot om nauwkeurige voorspellingen mogelijk te maken van 

de sterkte van trabeculair bot en hele botten. Het falen van trabeculair bot werd daarom 

geanalyseerd met numerieke en experimentele technieken om de mechanische 

eigenschappen van het botweefsel en de invloed van het trabeculaire bot, als deel van 

een heel orgaan, te bestuderen. 

 

De botmassa neemt af als gevolg van osteoporose. Het effect op de sterkte kan 

verkleind worden door selectieve resorptie van botweefsel dat nauwelijks belast wordt 

tijdens normale situaties. Hierdoor kunnen botten echter minder goed tegen abnormale 

belastingen, zoals een val. Dit fenomeen is aangetoond voor wervels. In een recent 

onderzoek werden micro-eindige-elementenmodellen van een gezond en een 

osteoporotisch menselijk proximaal femur geanalyseerd tijdens een normale belasting. 

In het huidige onderzoeksproject werden dezelfde modellen geanalyseerd tijdens een 

val op de zijkant van de heup om de contributie van het trabeculaire bot op de 

botsterkte te bepalen en om de vloeirek en maximale rek te schatten voor deze 

belasting. De resultaten suggereren dat de contributie op de botsterkte van het 

trabeculaire en cortikale bot gelijk zijn. Echter, in de nek van het femur heeft een dikke 
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corticale wand de voorkeur boven een dicht trabeculair netwerk. Het osteoporotische 

femur lijkt niet kwetsbaarder voor abnormale belastingen. 

 

Micro-eindige-elementenmodellen bevatten de gedetailleerde trabeculaire structuur. 

Hoewel dit nauwkeurige studies mogelijk maakt, vergt de analyse veel rekentijd en 

computergeheugen. Het vergroten van de elementen vermindert de benodigdheden, 

maar de anisotropie van de structuur gaat verloren. De eerdergenoemde micro-

modellen van het proximale deel van het femur werden grover gemaakt om continuüm-

eindige-elementenmodellen te creëren. Deze modellen worden over het algemeen 

gemaakt aan de hand van computertomografie-scans met een lage resolutie en worden 

gebruikt voor de evaluatie van menselijke botten in vivo. Door de lage resolutie wordt 

de anisotrope structuur vervangen door een isotrope botdichtheidswaarde die niet 

eenduidig aan mechanische eigenschappen kan worden gekoppeld. Daarom werden 

verschillende modellen gecreëerd om de invloed van elementgrootte en gekozen 

dichtheid-stijfheidrelatie te bestuderen. Door het vergelijken van de resultaten van deze 

modellen met die van de micro-modellen hebben we het effect van de lagere resolutie 

bepaald. Het bleek dat zeer vergelijkbare resultaten konden worden verkregen voor de 

micro- en continuümmodellen. 

 

Lineaire eindige-elementenmodelen werden gebruikt om de botsterkte te schatten in de 

eerdergenoemde studies. Nauwkeurige faalsimulaties vergen echter modellen die 

rekening houden met de niet-lineairiteit van de geometrie en het materiaal. Dit betekent 

dat de modellen het faalgedrag van het botweefsel moet beschrijven. Trabekels zijn 

klein en hebben een onregelmatige vorm, wat experimenten compliceert. Hierdoor zijn 

de faaleigenschappen van het trabeculaire weefsel niet goed bekend. Bestaande niet-

lineaire modellen zijn daarom gebaseerd op de aanname dat trabeculair botweefsel lijkt 

op corticaal botweefsel. Om deze hypothese te testen werden eindige-

elementenmodellen gecreëerd met verschillende elementen en materiaalmodellen 

gebaseerd op het gedrag van corticaal bot. Een trabeculair koeienbotsample werd 

gecomprimeerd voorbij het punt van maximale spanning en het resultaat werd 

vergeleken met de simulatie hiervan. Het elementtype en het gekozen materiaalmodel 

hadden invloed op het gesimuleerde gedrag, maar de verschillende modellen waren 

niet in staat om de typische daling van de kracht-verplaatsingscurve te voorspellen. 

Vervolgens werden de faaleigenschappen van trabeculair botweefsel indirect 

bepaald door de aangenomen eigenschappen iteratief te veranderen. Zeven samples 

werden gecomprimeerd met de eerdergenoemde methode. De weefseleigenschappen 

van de samples werden aangepast door de fout tussen de gemeten en gesimuleerde 

kracht-verplaatsingscurve te minimaliseren. De bepaalde weefseleigenschappen 

werden vervolgens gemiddeld en gebruikt om de voorspellende waarde van de analyse 

te bepalen. De resultaten toonden aan dat het correcte globale gedrag voor de samples 

verkregen kon worden wanneer ‘compression softening’ werd geïntroduceerd. 

Wanneer de gemiddelde weefseleigenschappen gebruikt werden in de modellen van de 

zeven samples, werden grotere verschillen aangetroffen tussen de gemeten en 
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gesimuleerde globale kracht-verplaatsingscurve. Verder onderzoek is nodig om te 

bepalen of de variatie in de bepaalde weefseleigenschappen verkleind kan worden door 

het materiaalmodel aan te passen. 

 

Het is momenteel niet mogelijk om rekken te meten op het niveau van de trabekels 

vanwege experimentele moeilijkheden. Dit hindert het bepalen van de mechanische 

eigenschappen van trabeculair bot en het voorspellen van botsterkte met eindige-

elementenmodellen. Daarom werd een driedimensionale beeldcorrelatiemethode 

ontwikkeld voor rekmetingen in poreuze structuren, zoals trabeculair bot. De methode 

maakt gebruik van computer-tomographybeelden van hoge resolutie voor 

verplaatsingsmetingen op geselecteerde plaatsen in de structuur. De verplaatsingsdata 

werden vervolgens geconverteerd naar lokale deformatie- en rektensoren. Een 

precisieanalyse met computer-tomografiebeelden van aluminium schuimsamples 

toonde aan dat de methode beperkt is tot rekken groter dan de verwachte vloeirek van 

trabeculair botweefsel. Echter, de methode is blijft niet beperkt tot trabeculair bot en 

kan mogelijkerwijs gebruikt worden om niet-lineaire eindige-elementensimulaties van 

het falen van trabeculair bot te valideren. 

 

Nauwkeurige diagnosen van botsterkte vereisen gedetailleerde analysen van de tra-

beculaire structuur. In het geval van de hier gepresenteerde methoden, resulteerde dit in 

aanzienlijke hardware vereisten. Om de verwerkingstijd te beperken, werd een klein 

aantal samples geanalyseerd in de verschillende studies in dit proefschrift. Met de te 

verwachten toename in computerkracht kunnen de gepresenteerde technieken in de 

nabije toekomst gebruikt worden om grotere delen trabeculair bot, of zelfs hele botten, 

te analyseren. 
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Dankwoord 
 

Dit proefschrift is tot stand gekomen mede door de bijdrage van anderen. Daarom wil 

ik iedereen bedanken die, op welke manier dan ook, een steentje heeft bijgedragen. Op 

deze plaats wil ik graag een aantal mensen in het bijzonder bedanken. 

 

Allereerst wil ik beginnen met de promotor Rik Huiskes. Onderzoek doen is één ding, 

het volgens vertalen naar een interessant artikel is iets anders. Rik, graag wil ik je 

bedanken voor het feit dat alle stukken die ik je in de loop van de jaren aanleverde, 

altijd een stuk mooier terug kwamen. Verder stel ik het zeer op prijs dat je mij, maar 

ook de andere promovendi, de kans geeft om het onderzoek persoonlijk naar buiten te 

brengen. Bijzondere dank ben ik verschuldigd aan de copromotor Bert van Rietbergen. 

Bert, je stond altijd voor mijn vragen klaar en je hebt me veel geleerd over 

(grootschalige) eindige-elementensimulaties. Zonder jouw hulp was het zeker nooit 

gelukt. Ook de andere mensen van de botgroep wil ik bedanken: René, Keita, Ronald, 

Hanna, Julienne, Jasper en René. Dankzij de botvergaderingen kan ik nu ook enigszins 

meepraten over kraakbeen, het herstellen van botbreuken en het remodelleren van 

trabeculair en corticaal bot. 

 

Marlies en Wouter maakten niet alleen deel uit van de botgroep, maar waren ook een 

lange tijd mijn enige kamergenoten. Hierdoor was WH 4.108 (niet te missen dankzij de 

posters van Amnesty International) een echte bot/kraakbeenkamer, totdat Evelyne voor 

wat afwisseling zorgde. Zoals jullie weten, valt promoveren af en toe best tegen. 

Ondanks al die vragen over Fortran, hebben jullie het toch een stuk leuker gemaakt. 

Bedankt. 

 

Many thanks go to the coauthor Ralph Müller who provided us with special meshing 

and visualization tools (MCUBES and VIZA), and let us play around with the micro-

compression device. De experimenten met dit apparaat werden vervolgens grotendeels 

opgezet en uitgevoerd door de stagiairs Vincent, João en José. Als echte liefhebber van 

numeriek werk, ben ik ze daar ontzettend dankbaar voor. 

 



96    Dankwoord 

 

Tenslotte de mensen dichter bij huis. Mijn ouders kunnen uiteraard niet ontbreken 

vanwege de onvoorwaardelijke steun en het volste vertrouwen wat ze in mij hadden. 

En Saskia; jij verdient hier de meeste aandacht (nog meer dan Winnie en Mila). Niet 

alleen vanwege het ontwerpen van de kaft, maar voornamelijk voor al het geduld, de 

morele steun en liefde. 

 

Eelco Verhulp  

Rotterdam, maart 2006. 
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hij het Atheneum-diploma aan de Copernicus Scholengemeenschap in Hoorn. 

Aansluitend studeerde hij Technische Natuurkunde aan de Technische Universiteit in 

Delft, waar hij in 2000 zijn studie afsloot bij de vakgroep Fysische Technologie. 

Tijdens zijn afstudeerproject in het Kramers Laboratorium keek hij naar de stabiliteit 

van gesimuleerde acetyleenvlammen. In datzelfde jaar begon hij als promovendus aan 

de Technische Universiteit in Eindhoven bij de vakgroep Biomedische Technologie. 

Gedurende het promotieonderzoek bestudeerde hij met numerieke en experimentele 

methoden het falen van bot, en trabeculair bot in het bijzonder. Op dit moment werkt 

hij bij dezelfde vakgroep aan een project voor Shell en onderzoekt hij het gedrag van 

poreuze gesteenten. 
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