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Abstract  

Due to the aging population, hip fracture incidence has been increasing over the past decades. Measurements of bone 
mineral density with dual energy X-ray absorptiometry are the gold standard for hip fracture risk assessment, where 
patients with a low bone density have a high risk of fracture. However, many people that are not diagnosed to be at risk, 
still fracture their hip. Calculations of bone strength using subject-specific finite element (FE) models, can improve 
fracture risk prediction, but further improvement is required. 
Patients with a high fracture risk are often prescribed pharmaceutical treatment in order to increase bone density 
systemically. As systemic response to treatment is limited, other options to prevent fractures by improving the bone 
strength are investigated. One of those options is the injection of biomaterials in the femoral neck. In case of a hip fracture 
due to a low-energy fall, total hip replacement is generally preferred over joint-preserving methods like fixation using a 
dynamic hip screw. Screw fixation comes with a risk of screw instability, especially in low-density bone. Bone cements 
can be used to improve fixation of orthopaedic implants and fracture fixation devices. Calcium sulphate/hydroxyapatite 
(CaS/HA) is an injectable biomaterial that has been used, for example, to reinforce collapsed vertebrae and to stabilize 
wrist fractures.  
The work presented in the thesis aims to improve fracture risk prediction, and fracture prevention and repair methods 
with use of CaS/HA. This is achieved through a combination of experimental mechanical tests at organ and tissue scale, 
and development and thorough validation of FE models of the proximal femur. 
In the first part of this thesis, 12 cadaveric femora were used in an experiment where the bones were loaded until fracture 
in a configuration developed to replicate a fall to the side. During loading, high-speed cameras were used to image both 
the medial and lateral side of the femoral neck allowing for full-field strain measurements using digital image correlation. 
The femora were imaged with clinical CT before and micro-CT before and after mechanical testing. Using the acquired 
CT images, FE models were developed at two different resolutions to determine their ability to capture the fracture force, 
fracture location and surface strains. The FE models based on the clinical CT images were able to accurately capture the 
fracture force and identify regions where the bone would fracture. These models could also capture the strains with high 
accuracy. However, the strains were not predicted as accurately in regions with high surface irregularity. The models 
based on the micro-CT images could show with higher accuracy how the strains were distributed around local porosity 
(e.g., due to vascularization) in the femoral neck and how these influenced the fracture pattern. 
The thesis continues with an investigation of fracture prevention and repair methods through the use of CaS/HA. The 
ability of CaS/HA to increase the fracture strength of the proximal femur for fracture prevention and its ability to stabilize 
a dynamic hip screw used for fracture repair was investigated. The increase in fracture strength was investigated using 
FE models. These models showed that CaS/HA can increase the fracture strength of the femur approximately 20% when 
injected close to the cortex in the lateral neck. Pullout tests using a dynamic hip screw were performed on synthetic bone 
blocks and femoral heads from hip fracture patients. In the synthetic blocks, CaS/HA significantly increased the pullout 
strength. However, in the human bone the stability of the screw was not improved, because the cement could not easily 
spread into the threads of the screws. The mechanical behaviour of CaS/HA and bone was further investigated using 
high-resolution synchrotron X-ray tomography. Cylindrical trabecular bone specimens with and without CaS/HA were 
imaged with tomography during in-situ loading of the samples. The images revealed that CaS/HA reinforced the bone, 
and that CaS/HA is a brittle material that will crack before the bone. 
To conclude, in this thesis FE models are presented showing accurate prediction of fracture strength, which can be used 
for improved fracture risk assessments. Furthermore, the work provides insight in how CaS/HA behaves mechanically 
and how it can be used to increase the fracture strength and to stabilize fixation devices in the femur, improving fracture 
prevention and fracture repair methods. 
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Popular science summary 

The world’s population is aging. In elderly, the bone density gradually 

decreases, and this process is accelerated in women after menopause. Low bone 

density increases the risk of hip fractures, which means that every year more 

and more people fracture their hip. To reduce the number of fractures, it is 

important that people at high risk are identified before the first fracture. 

Currently, risk is determined by measuring bone density using a 2D 

radiographic image. The work in this thesis is based on the hypothesis that a 

better way to assess risk would be to use 3D computer models that calculate the 

strength of the hip. One of the aims in this thesis is to develop computer models 

and accurately validate them against experimental mechanical tests that 

replicate a fall to the side. 

When a patient is determined to be at high risk of fracture, they are prescribed 

pharmacological drugs to reduce further bone loss. These drugs are effective 

but have a limited ability to promote new bone formation. Orthopaedic 

surgeons use bone cements to, for example, stabilize implants or reinforce 

collapsed vertebrae. In the hip, it is thought that bone cements can be used to 

prevent fractures. Calcium sulphate/hydroxyapatite (CaS/HA) is a bone cement 

that is similar to bone itself. This cement has already been used for various 

orthopaedic purposes, which showed that the body is able to degrade and turn 

the cement into new bone. However, the mechanical properties need to be 

further characterised in detail. Patients that suffered a hip fracture due to low 

bone density often receive a total hip replacement. Another option is to fix the 

fracture with a dynamic hip screw, which is used to connect and stabilize the 

fractured pieces. These screws loosen easily in patients with low bone density 

but can be stabilized using bone cement. One of the aims in this thesis is to 

investigate how hip fractures can be prevented and better repaired with the use 

of CaS/HA. 

The thesis starts with an investigation of the mechanical behaviour of the hip. 

Bones from human donors were loaded until they fractured in a way replicating 

a fall to the side. To get accurate measurements of the deformation of the bone, 

high-speed cameras were used to image the bone. Following the experiments, 

3D computer models were created of these bones. Models were either created 

from clinical CT scans or from micro-CT scans with higher resolution. The 
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models built from clinical CT scans were able to accurately predict the force at 

which the bones would fracture and where they would fracture. The 

deformation was predicted with high accuracy, although the accuracy declined 

in regions where the surface of the bones was more irregular. With the micro-

CT based models, it was possible to model the surface with greater accuracy 

and include irregularities on the surface. These models showed how the local 

deformations and resulting cracks are influenced by the irregularities on the 

surface of the bone. 

The thesis continues with an investigation of fracture prevention and repair 

methods with use of CaS/HA. The ability of CaS/HA to strengthen the neck of 

the thighbone was shown using 3D computer models. The amount that the bone 

was strengthened highly depended on the region where bone cement was 

injected. Additionally, mechanical tests were performed to investigate if an 

injection of CaS/HA at the tip of a dynamic hip screw could increase stability 

of the screw. This was tested by inserting screws with and without CaS/HA into 

synthetic and human bone. By testing the force required to pull the screws out 

of the bones it was found that the CaS/HA helped stabilize the screw in the 

synthetic bone. In the human bones the CaS/HA was not able to spread around 

the screws properly and did not increase the stability of the screw.  

To improve our knowledge about the mechanical properties of CaS/HA and 

bone, a study was conducted using 3D imaging at synchrotron facilities. In this 

thesis, 3D images of trabecular bone cores and CaS/HA specimens 

(millimetres) were acquired at high speed (seconds) and high resolution 

(micrometres), while loading the specimens. The images were used to show 

how damage initiates and progresses differently in bone and CaS/HA. The 

specimens with bone and CaS/HA combined revealed that the CaS/HA protects 

and strengthens the bone. 

The computer models presented in this study accurately described the 

mechanical behaviour of the hip under loading. This can aid further 

development of this type of models to predict a patient’s risk for a hip fracture. 

These models have also shown that CaS/HA is a useful bone cement that can 

increase hip strength, thus helping to prevent fractures. The added knowledge 

that CaS/HA strengthens and protects the bone from damage can help to find 

more clinical applications for this material, such as improving fracture fixation 

with dynamic hip screws. 
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Populärvetenskaplig 

sammanfattning 

Världens befolkning åldras. Hos äldre personer minskar bentätheten gradvis 

och hos kvinnor går processen snabbare efter klimakteriet. Låg bentäthet 

medför en ökad risk för höftfrakturer, vilket innebär att fler och fler människor 

bryter framförallt lårbenshalsen . För att minska antalet frakturer är det viktigt 

att patienter med hög risk identifieras innan de får sin första fraktur. Idag 

bedöms risken med hjälp av en bentäthetsmätning utifrån en röntgenbild i 2D. 

Arbetet i den här avhandlingen utgår från hypotesen att en bättre riskbedömning 

kan göras baserat på benstyrka som beräknas med datormodeller i 3D. Ett av 

målen i avhandlingen är att utveckla datormodeller och validera dem mot 

experiment där mekanisk prövning av lårben genomförts för att efterlikna ett 

fall åt sidan.  

En patient som bedöms ha hög risk för fraktur behandlas med läkemedel som 

förhindrar att bentätheten minskar ytterligare. Läkemedlen är effektiva men har 

begränsad förmåga att främja ny benbildning. Läkare använder bencement för 

att till exempel stabilisera implantat och stärka hoptryckta ryggkotor, men 

bencement har ännu inte använts för att stärka ben i höften. 

Kalciumsulfat/hydroxiapatit (CaS/HA) är en typ av bencement som liknar 

benvävnad. Materialet har redan använts i flera ortopediska tillämpningar som 

har visat hur kroppen kan bryta ner cementet och ombilda det till ny benvävnad. 

De mekaniska egenskaperna behöver dock kartläggas mer i detalj. Patienter 

som får en höftfraktur till följd av låg bentäthet får ofta en höftledsprotes. Ett 

annat alternativ är att fixera frakturen med hjälp en dynamisk höftskruv som 

sammanfogar och stabiliserar de olika delarna. Dessa skruvar lossnar lätt i 

patienter med låg bentäthet och då kan bencement användas för att stabilisera 

skruven. Ett mål i den här avhandlingen är att undersöka hur CaS/HA kan 

användas på ett effektivt sätt i kliniken för att förhindra och behandla 

höftfrakturer. 

Den här avhandlingen inleds med en undersökning av höftens mekaniska 

egenskaper. Lårben från avlidna donatorer belastades till fraktur i en 

uppställning som efterliknade ett fall åt sidan. Höghastighetskameror användes 
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för att noggrant mäta hur benen deformerades under belastningen. Efter de 

mekaniska testerna skapades datormodeller i 3D av benen. Modellerna 

baserades antingen på kliniska CT-bilder eller mikro-CT-bilder med högre 

upplösning. Modellerna som baserades på kliniska CT-bilder kunde förutspå 

var och vid vilken belastning benbrotten skedde. Modellerna kunde även 

beskriva deformationen med hög noggrannhet, dock något sämre i områden där 

benen hade en ojämn yta. Med mikro-CT-modellerna kunde benens yta 

modelleras med större noggrannhet och även inkludera ojämnheter på ytan. 

Resultaten från dessa modeller visade att lokala deformationer påverkas av 

ojämnheter på benets yta.  

Avhandlingen fortsätter med en undersökning av kliniska användningsområden 

för CaS/HA. Datormodeller i 3D användes för att visa hur injektioner av 

CaS/HA kan förstärka lårbenshalsen. Hur mycket starkare benen blev berodde 

främst på var den simulerade injektionen av CaS/HA placerades. Dessutom 

gjordes mekaniska tester för att undersöka om en dynamisk höftskruv kunde 

stabiliseras med hjälp av en injektion av CaS/HA vid skruvens spets. 

Undersökningen gjordes genom att fästa skruvar med och utan CaS/HA i 

syntetiskt och humant ben. Genom att mäta vilken kraft som behövdes för att 

dra ut skruvarna ur benet visade det sig att CaS/HA hjälpte till att stabilisera 

skruvarna i det syntetiska benet. I det humana benet kunde inte CaS/HA spridas 

tillräckligt runt skruven och därför fanns inte heller någon tydlig stabiliserande 

effekt. 

För att förbättra datormodellerna med CaS/HA och ben undersöktes de 

mekaniska egenskaperna hos CaS/HA ytterligare med hjälp av avbildning i 3D 

på synkrotronanläggningar. Små prover (millimeter) avbildades i 3D med hög 

hastighet (sekunder) och med hög upplösning (mikrometer) samtidigt som 

proverna belastades. Bildernas användes för att visa att skador uppstår och 

sprider sig olika i benvävnad och CaS/HA. Prover med både ben och CaS/HA 

visade att CaS/HA skyddar och stärker benvävnaden.  

Datormodellerna i den här studien kan beskriva höftens mekaniska egenskaper 

under belastning noggrant. De kan därför bidra till utvecklingen av den här 

typen av modeller för att förutspå frakturrisk hos patienter. Modellerna har 

också visat att CaS/HA är ett användbart bencement som ökar benstyrkan och 

därmed förhindrar frakturer. CaS/HA kan också användas i kombination med 

dynamiska höftskruvar för att förbättra frakturfixering. Den nya kunskapen att 

CaS/HA stärker och skyddar benvävnad från skador kan bidra till att utforska 

nya användningsområden för materialet och driva utvecklingen så att 

behandlingen prövas på patienter.  
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Abstract 

Due to the aging population, hip fracture incidence has been increasing over the 

past decades. Measurements of bone mineral density with dual energy X-ray 

absorptiometry are the gold standard for hip fracture risk assessment, where 

patients with a low bone density have a high risk of fracture. However, many 

people that are not diagnosed to be at risk, still fracture their hip. Calculations 

of bone strength using subject-specific finite element (FE) models, can improve 

fracture risk prediction, but further improvement is required. 

Patients with a high fracture risk are often prescribed pharmaceutical treatment 

in order to increase bone density systemically. As systemic response to 

treatment is limited, other options to prevent fractures by improving the bone 

strength are investigated. One of those options is the injection of biomaterials 

in the femoral neck. In case of a hip fracture due to a low-energy fall, total hip 

replacement is generally preferred over joint-preserving methods like fixation 

using a dynamic hip screw. Screw fixation comes with a risk of screw 

instability, especially in low-density bone. Bone cements can be used to 

improve fixation of orthopaedic implants and fracture fixation devices. Calcium 

sulphate/hydroxyapatite (CaS/HA) is an injectable biomaterial that has been 

used, for example, to reinforce collapsed vertebrae and to stabilize wrist 

fractures.  

The work presented in the thesis aims to improve fracture risk prediction, and 

fracture prevention and repair methods with use of CaS/HA. This is achieved 

through a combination of experimental mechanical tests at organ and tissue 

scale, and development and thorough validation of FE models of the proximal 

femur. 

In the first part of this thesis, 12 cadaveric femora were used in an experiment 

where the bones were loaded until fracture in a configuration developed to 

replicate a fall to the side. During loading, high-speed cameras were used to 

image both the medial and lateral side of the femoral neck allowing for full-

field strain measurements using digital image correlation. The femora were 

imaged with clinical CT before and micro-CT before and after mechanical 

testing. Using the acquired CT images, FE models were developed at two 

different resolutions to determine their ability to capture the fracture force, 

fracture location and surface strains. The FE models based on the clinical CT 
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images were able to accurately capture the fracture force and identify regions 

where the bone would fracture. These models could also capture the strains with 

high accuracy. However, the strains were not predicted as accurately in regions 

with high surface irregularity. The models based on the micro-CT images could 

show, with higher accuracy, how the strains were distributed around local 

porosity (e.g., due to vascularization) in the femoral neck and how these 

influenced the fracture pattern. 

The thesis continues with an investigation of fracture prevention and repair 

methods through the use of CaS/HA. The ability of CaS/HA to increase the 

fracture strength of the proximal femur for fracture prevention and its ability to 

stabilize a dynamic hip screw used for fracture repair was investigated. The 

increase in fracture strength was investigated using FE models. These models 

showed that CaS/HA can increase the fracture strength of the femur 

approximately 20% when injected close to the cortex in the lateral neck. Pullout 

tests using a dynamic hip screw were performed on synthetic bone blocks and 

femoral heads from hip fracture patients. In the synthetic blocks, CaS/HA 

significantly increased the pullout strength. However, in the human bone the 

stability of the screw was not improved, because the cement could not easily 

spread into the threads of the screws. The mechanical behaviour of CaS/HA 

and bone was further investigated using high-resolution synchrotron X-ray 

tomography. Cylindrical trabecular bone specimens with and without CaS/HA 

were imaged with tomography during in-situ loading of the samples. The 

images revealed that CaS/HA reinforced the bone, and that CaS/HA is a brittle 

material that will crack before the bone. 

To conclude, in this thesis FE models are presented showing accurate prediction 

of fracture strength, which can be used for improved fracture risk assessments. 

Furthermore, the work provides insight in how CaS/HA behaves mechanically 

and how it can be used to increase the fracture strength and to stabilize fixation 

devices in the femur. These insights can help to improve fracture prevention 

and fracture repair methods. 
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 Introduction 

Hip fractures are a growing socio-economic problem world-wide. In the EU, 

610 000 fractures were recorded in 2010 and 810 000 fractures are expected in 

2025 (Hernlund et al., 2013). The main cause for the increase in fracture 

incidence is the aging of the population. Increasing age and a declining bone 

density increases the risk of fracture. Caucasian women have a lifetime risk of 

fracture of 16-18% and for men this risk is 5-6% (Kannus et al., 1996). Of these 

fractures, the majority is the result of a low-impact fall to the side (Parkkari et 

al., 1999). After a sustained fracture, the choice for surgical repair is often total 

hip arthroplasty. This is commonly followed by long periods of immobilization 

(Ekström et al., 2009). Together this leads to estimated costs of over €20 billion 

and a loss of approximately 600.000 Quality Adjusted Life Years per year in 

the EU (Hernlund et al., 2013). There is a clear need for improved fracture risk 

assessment, prevention, and repair methods. 

Today, risk of fracture is directly assessed through bone density measurements 

using dual X-ray absorptiometry. The world health organization (WHO) 

defines osteoporosis as a bone density 2.5 standard deviations below that of 

healthy young people of the same sex and population (WHO, 1994). 

Approximately 3 out of 4 people that fracture their hip would not be 

osteoporotic per this definition (Pasco et al., 2006). Some improvement can be 

achieved through the inclusion of epidemiological parameters through, for 

example, FRAX (Kanis et al., 2009). Still, these methods do not account for 

local weaknesses in the bone. Further improvement in predicting the fracture 

risk can be achieved using 3D subject-specific finite element (FE) models 

(Orwoll et al., 2009; Enns-Bray et al., 2019). These models can account for 

more details in the femur’s geometry and density to predict the strength 

required for it to fracture. Validation against experimental measurements of 

force, fracture location, and strain can ensure that these models accurately 

represent the mechanical behaviour of bone.  

People that have been assessed to be at high risk of fracture are prescribed a 

pharmaceutical treatment and should receive dietary advice and are 

recommended physical exercise. Through these methods, further loss of bone 

can be limited and bone density can potentially even increase somewhat. 
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However, the efficacy of the treatments has been debated (Järvinen et al., 2015) 

and less than half of the fractures are prevented (Barrionuevo et al., 2019).  

Augmentation of a bone through injection of a biomaterial can be used to 

strengthen the bone. In vertebrae, bone cements are used to stabilize the 

vertebrae and reduce pain after a compressive fracture (i.e., vertebroplasty) 

(Levy et al., 2012). In hips, injection of a bone cement in a non-fractured hip 

(i.e., femoroplasty) can increase the fracture strength of the hip (Heini et al., 

2004). This is currently not clinically applied because the most used bone 

cement, PMMA, can have adverse effects including osteonecrosis from heating 

during setting and stress-shielding due to the high stiffness of PMMA. There is 

also a big ethical question surrounding the injection of bone cement into non-

fractured bone (Varga et al., 2016). 

In young healthy people that suffer from a hip fracture, the preferred treatment 

is fixation using a dynamic hip screw (DHS) (Lowe et al., 2010). This screw 

connects the two halves of the femur, while still allowing the two parts to be 

pressed together, leading to a more natural healing and preserving the hip joint 

(Lowe et al., 2010). In patients with low bone density, a DHS is not the first 

choice because there is an increased risk of screw instability. Similar to 

increasing the fracture strength of a femur through femoroplasty, bone cements 

have the ability to limit migration of orthopaedic implants. 

Experimental and numerical biomechanical studies can be used to improve and 

evaluate techniques for fracture strength predictions, fracture prevention and 

repair. To improve fracture strength predictions, full-field strain measurements 

using digital image correlation (DIC) can be used on bone for validation and 

development of FE models (Grassi et al., 2016). Similar FE models can be used 

to investigate the effect of bone cements on the mechanics of the femur. 

Resorbable cements are gaining interest because they can overcome issues 

present in traditional cements such as heating and stress shielding (Tan et al., 

2013). New applications and the detailed mechanical behaviour of these 

cements are continuously investigated and seem promising. 
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 Aim and design of the study 

The overall aim of the presented thesis work was to investigate new fracture 

strength prediction tools, and fracture prevention and repair methods. A 

combination of experimental and numerical studies was performed for the 

validation of finite element models and investigation of orthopaedic 

applications of a bone cement based on calcium sulphate/hydroxyapatite 

(CaS/HA). 

The aims of the individual studies were: 

I) To gain insight in the mechanical behaviour of the human femur 

under sideways fall loading using high-speed bilateral 3D digital 

image correlation measurements.  

II) To validate a finite element model of the proximal femur under 

sideways fall loading using bilateral 3D digital image correlation 

measurements.  

III) To determine the influence of surface irregularity in the femoral 

neck on local strain distributions and fracture location for a femur 

in sideways fall using high-resolution finite element models. 

 

IV) To investigate the feasibility of injecting CaS/HA in the femoral 

neck in a clinical setting and calculate the potential fracture 

strength increase using finite element models. 

V) To determine whether an injection of CaS/HA can improve the 

primary fixation of a dynamic hip screw.  

VI) To determine if and how bone augmentation with CaS/HA alters 

the fracture behaviour of bone.  
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 Design of the study 

The specific aims of the individual studies are visualized as the design of the 

study in figure 2.1.  

 
Figure 2.1. Overview of the design of the study. The roman numerals (I-VI) 

refer to the aims and appended studies.  
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 Background 

 Hip Fractures 

Osteoporosis is a condition that is represented by skeletal fragility and an 

increased fracture risk. This fragility originates mostly from a reduction in bone 

mass and bone quality due to aging. Osteoporotic bone is weak enough to 

fracture under low loads (i.e., loads that the body is typically exposed to during 

daily routines) (Dempster et al., 2021). Following the world health organization 

(WHO) guidelines, osteoporosis is diagnosed through measuring the areal bone 

mineral density (aBMD). The most used technique for measuring aBMD is dual 

energy X-ray absorptiometry (DXA). A patient is diagnosed with osteoporosis 

when their measured aBMD values fall 2.5 standard deviations below that of 

an average set of healthy young people of the same sex and population (WHO, 

1994).  

The main building blocks relevant to the mechanics of bone are inorganic 

minerals in the form of hydroxyapatite, organic collagen fibrils, and water. 

These building blocks are arranged in different ways across various hierarchical 

levels (Reznikov et al., 2018). At the nanoscale, soft collagen fibrils are 

connected through enzymatic cross-links (Burr, 2019). Between the collagen 

fibrils stiff hydroxyapatite mineral crystals are deposited. Water can be found 

between and inside the collagen and mineral. At a larger scale these mineralized 

fibrils form lamellar sheets that are the basis of both the trabecular and cortical 

bone.  

Long bones, such as the femur (thighbone), consist of two types of bone, a 

dense cortical bone shell (thickness ~0.1-10 mm) and porous trabecular bone 

(thickness ~0.1-0.4 mm) where the remaining space is filled with bone marrow. 

Blood and nutrients are supplied through foramina (~0.5-1.5 mm) in the cortical 

shell (Mei et al., 2019). This supply allows bone to constantly renew and 

remodel itself. The remodelling includes resorption of old bone and formation 

of new bone. The remodelling balance is dependent on the mechanical loads to 

which bone is exposed. This way an optimal structure for carrying loads is 

created (Wolff, 1870). This means that bone is denser in regions where it is 

exposed to high loads. Additionally, in regions where loading is highly 

directional (e.g., the proximal femur), bone is highly anisotropic. These 
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adaptations also mean that bone behaves differently depending on the loading 

direction. During aging a clear reduction in the bone density in the proximal 

part of the femur can be seen (Figure 3.1). When the bone breaks in this region 

it is classified as a hip fracture. These fractures are divided into sub-categories. 

The most common types of hip fracture in patients with osteoporosis are 

cervical and intertrochanteric fractures (Figure 3.1) (Fox et al., 1999). 

Low-energy falls are the main cause for hip fractures in osteoporotic patients 

(Parkkari et al., 1999; Berry and Miller, 2008; Geusens et al., 2003; Harvey et 

al., 2016). During aging, fall incidence gradually increases due to a reduction 

of motor control (Shumway-Cook et al., 1997). For each type of fall, the risk 

of fracture is different. A fall to the side is most associated with a high risk for 

a hip fracture (Greenspan et al., 1998). These falls can occur during normal 

daily activities, such as standing up or turning around.  

Due to aging of the population, the socio-economic impact of hip fractures has 

increased over the past decades (Hernlund et al., 2013; Borgström et al., 2020). 

This impact comes from an accumulation of high incidence, disability 

following hip fracture, and mortality: 

• Incidence, in the EU, is estimated to increase from 610 000 in 2010 to 

810 000 in 2025 (Hernlund et al., 2013). Once someone has suffered a 

hip fracture, the 10-year risk of fracturing the other hip increases to 

30-35% (Sobolev et al., 2015).  

• Disability following a hip fracture is high. Only 40-60% of people 

recover to pre-fracture levels of mobility (Dyer et al., 2016). These 

numbers are even worse for long-term nursing home residents, where 

only 1 in 5 regains pre-fracture mobility (Neuman et al., 2014). 

• Mortality within one year of the first hip fracture is approximately 

16%. After a second hip fracture, the mortality within one year 

increases to 24% (Berry et al., 2007). 

Altogether, in the EU, this has led to a loss of approximately 600 000 Quality 

Adjusted Life Years (QALYs) in 2010 (Hernlund et al., 2013). Not accounting 

for the lost QALYs, the associated costs were approximately €20 billion. 

Including the lost QALYs in the cost estimates, costs were estimated to exceed 

€50 billion.  
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Figure 3.1. A) A proximal femur with anatomical locations. B) Three of the 

most common hip fracture types. C) Cross-sections (~2.5 mm) of a healthy and 

an osteoporotic proximal femur. The red lines indicate the main orientation of 

the trabecular bone. The yellow arrow indicates a foramen in the cortical shell 

through which a blood vessel enters the bone.   
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Fracture risk prediction 

The risk of fracture is often predicted from aBMD measurements. Several 

studies have shown that 50-75% of patients that suffered a hip fracture would 

not be classified as osteoporotic based only on their aBMD values (Sandhu et 

al., 2010; Pasco et al., 2006). To improve risk assessment based on aBMD 

measurements, epidemiological risk factors can be included. Risk factors 

include low BMI, prior fractures, parental history of fractures, smoking, long-

term use of glucocorticoids, rheumathoid arthritis, and high alcohol 

consumption (Kanis et al., 2018). 

Several tools that can estimate the fracture risk with or without aBMD 

measurements have been developed. The Fracture Risk Assessment Tool 

(FRAX) is a widespread clinical tool that is mainly used for long-term (5- or 

10-year) fracture risk predictions (www.shef.ac.uk/FRAX/) (Kanis et al., 

2009). Although the use of these algorithms generally leads to an improvement, 

the predictive capabilities are still limited. One reason is that it typically does 

not account for factors such as the shape of bones, or patient-specific risk of 

falling, which are also heavily associated with increased fracture risk (Viceconti 

et al., 2015). Finite element (FE) models can account for the complex structure 

and local variations in bone mineral density (more in section 3.5). With these 

models a patient-specific fracture strength of the femur can be calculated. The 

fracture strength is a strong predictor for fracture risk (Orwoll et al., 2009; 

Enns-Bray et al., 2019). 

Fracture prevention  

Patients with a high fracture risk can be treated in multiple ways, depending on 

factors such as age, sex, and severity of osteoporosis. In most cases, some form 

of pharmacological treatment is prescribed (McCloskey et al., 2021). Currently, 

the most commonly prescribed drugs are oral bisphosphonates. 

Bisphosphonates are incorporated in the bone and inhibit the resorption of bone. 

They have been shown to reduce hip fracture risk about 30-40% (Barrionuevo 

et al., 2019). Additionally, bisphosphonate incorporation in bone is not reversed 

when quitting the treatment. This means that the reduction in fracture risk is 

somewhat maintained, after treatment is stopped. However, an adverse effect is 

that prolonged treatment increases the risk for atypical femoral fractures or 

osteonecrosis of the jaw (Saita et al., 2015; Jha et al., 2015). After 

bisphosphonates, treatment with denosumab is the most prescribed (McCloskey 

et al., 2021). Denosumab is another antiresorptive drug that has been shown to 

reduce hip fracture risk with 40% within 3 years, when administered 

subcutaneously twice per year (Cummings et al., 2009). Stopping this treatment 

reverses the positive effects and results in rapid bone loss (McClung et al., 
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2017). It is therefore recommended that treatment with denosumab is followed 

by other treatment for osteoporosis. It has been argued that for patients already 

at high risk, pharmacological treatment may not be sufficient (Järvinen et al., 

2015), partially due to a delayed response to the therapy (Ferrari et al., 2016).  

In addition to pharmacological treatment, patients often receive nutritional 

advice and physical therapy. Calcium and vitamin D are associated with good 

bone health and supplements are generally prescribed together with 

pharmacological treatment (Mendes and Sahni, 2021; McCloskey et al., 2021). 

Physical therapy can help patients regain musculoskeletal control and improve 

coordination, which prevents them from falling (Kontulainen and Johnston, 

2021). However, sustained bone strength is most affected by physical activity 

during puberty and adolescence (Faulkner and Bailey, 2007; Karlsson and 

Rosengren, 2020). 

Fracture repair 

After a fragility fracture, surgery to either stabilize or replace the hip joint is 

often the best option. Sub-capital fractures, that are not displaced, can in some 

cases be left untreated. However, in 79% of patients with this type of fracture, 

the femoral head would still end up displaced without surgery (Bukata et al., 

2021).  

One option for surgical treatment in non-displaced fractures is internal fixation 

using orthopaedic devices. This type of surgery is often preferred because it 

allows preservation of the hip joint (Lowe et al., 2010). A device commonly 

used for internal fixation is a cannulated dynamic hip screw with a side-plate. 

However, any type of fixation surgery in patients with low bone density carries 

a risk of complications (von Rüden and Augat, 2016). Common complications 

are penetration of the screw through the femoral head and extensive distal 

sliding of the screw (Jiang et al., 2015). These complications led to reoperation 

rates of 8-19% and 8-16% were converted to hip arthroplasty (Oñativia et al., 

2018). Patients with low bone density or displaced fractures, therefore, 

typically receive a partial or total hip replacement (Lowe et al., 2010). 

 Biomaterials 

Biomaterials can be used as a scaffold for formation of new tissues, or as a 

system for drug delivery (Burg et al., 2000). A good biomaterial for bone tissue 

engineering (Albrektsson and Johansson, 2001) has the following properties: 

• Osteoinduction: the ability to induce formation of bone.  
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• Osteoconduction: allowing bone ingrowth or bone growth on the 

surface.  

• Osseointegration: the ability to integrate well with the surrounding 

bone.  

Biomaterials are made of different organic and inorganic bases, such as 

collagen, gelatine, hydroxyapatite, calcium phosphate, and metals.  

To improve stabilization of fractures or implants, acrylic-based biomaterials are 

often used. These materials are also commonly called bone cements and are 

generally created by mixing a powder and a liquid which can be moulded or 

injected before it sets. Polymethylmethacrylate (PMMA) was the first cement 

used to improve the stability of a hip implant (Charnley, 1961). PMMA was 

later also used to stabilize internal fracture fixation (Harrington et al., 1976) 

and as means to reinforce collapsed vertebrae, i.e., vertebroplasty (Galibert et 

al., 1987). By injecting PMMA into the broken vertebra, the fracture was 

stabilized and pain reduced. 

Although acrylic-based bone cements are biocompatible, they do not induce 

bone formation and are not resorbable. In the case of vertebroplasty, the lack of 

bone-ingrowth, in combination with the high stiffness of the cements, increases 

the risk of fracture in adjacent vertebrae. This has led to fracture rates after 

vertebroplasty that range from 20 to 60% (Lin et al., 2008a, 2008b). 

Additionally, the setting temperature of PMMA typically reaches over 70°C, 

which can result in local osteonecrosis (DiPisa et al., 1975). 

Similar to vertebroplasty, bone cements have been investigated for augmenting 

the femoral neck through femoroplasty. The first studies conducted were 

mechanical tests where large volumes (28-41 ml) of PMMA were injected in 

the femoral neck (Heini et al., 2004). The outcome was that the force required 

to break the femur nearly doubled. However, the large injected volumes create 

a high risk of osteonecrosis due to the high setting temperature of PMMA. This 

temperature can be reduced by injected less material (~15 ml) (Sutter et al., 

2010) or by incorporating glass ceramic particles (Beckmann et al., 2007). 

However, with these methods the achieved strength increases were either not 

significant (Sutter et al., 2010) or approximately 40% (Beckmann et al., 2007). 

Due to the risks and ethical questions surrounding prophylactic augmentation 

of the femur, clinical acceptance is still low (Varga et al., 2016).  

Resorbable osteoinducing biomaterials have gained traction for orthopaedic use 

over the past decades. These materials often have a base of calcium sulphate 

(CaS) or calcium phosphate (CaP), that resorbs within weeks-months after the 

injection (Knaack et al., 1998; Wang et al., 2016). Hydroxyapatite (HA), the 

mineral building block of bone, can be mixed with CaS or CaP to provide a 

scaffold for bone ingrowth, leading to high osteoconductivity (Wang et al., 
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2016). Due to the resorbable nature of these materials, they can also be injected 

in combination with drugs, like antibiotics or bone morphogenetic proteins 

(Raina et al. 2019; Stravinskas et al. 2018). These drugs are then slowly 

released during resorption of the cement, extending the time when the drugs are 

effective. Several studies have investigated the use of the CaS/HA mixture in 

vertebroplasty and for stabilizing wrist fractures (Nilsson et al., 2013; Abramo 

et al., 2010). This led to significant pain relief and increases in bone mineral 

density (Hatten and Voor, 2012). 

 X-ray tomography imaging techniques 

X-ray computed tomography (CT) is a 3D imaging technique that can be used 

for the imaging of animals, patients, and non-living objects to visualize internal 

structures. An X-ray source generates X-rays with a specific intensity that is 

then measured with a detector plate to create an image. By placing a subject 

between the source and the detector the X-rays are attenuated and a decrease in 

intensity will be measured. Every material has a specific attenuation coefficient, 

which is strongly related to its density. By taking images from multiple angles, 

a 3D image volume can be reconstructed. The values assigned to each volume 

pixel (voxel) are largely related to the density of the imaged materials. This 

technique can be used at length scales varying from nanometres to metres. 

To obtain quantitative measurements of the densities of the materials imaged, 

calibration phantoms can be included in the scans. When imaging bone, 

phantoms with materials with similar radiological density as bone (e.g., 

hydroxyapatite) are often used (Figure 3.2B). With the known densities, it is 

possible to calculate a relationship between the image intensity and the 

hydroxyapatite mineral density. This way the bone mineral density in each 

voxel can be approximated.  

Clinical CT 

In a clinical setting, CT is used to support patient diagnostics (Figure 3.2A). In 

clinical scanners the X-ray source and the detector are rotated around the 

patient. Since long exposure to high energy X-rays can lead to tissue damage, 

the X-ray energy and scanning time are kept low. This leads to images that 

generally have a resolution around 1 mm and have relatively low contrast. With 

this type of CT, it is possible to obtain the 3D structure of a femur. However, 

smaller details, such as the trabecular structure (~150 µm), cannot be resolved.  
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With the use of a calibration phantom clinical CT scans can be used to 

determine the distribution of mineral density throughout the bone (Taddei et al., 

2007). From the density mechanical properties can be derived to build accurate 

FE models (see section 3.5). 

Micro-CT (µCT) 

Compared to clinical CT, µCT scanners are used to obtain images at a higher 

resolution (Figure 3.2C). There are two common variations in µCT scanners, 

small animal scanners for imaging of living animals such as mice or rats, and 

laboratory scanners used for imaging of non-living objects. Scanners for small 

animals use the same concept as clinical CT scanners but have a smaller field 

of view and can reach resolutions down to ~10 µm. In contrast, laboratory 

scanners are used for the imaging of non-living objects. Therefore, higher 

energies and exposure times up to several hours can be used. In this type of 

scanner, the sample rotates instead of the X-ray source and the detector, and 

resolutions down to ~1 µm can be reached. 

At the higher resolutions achieved with µCT, trabecular structures of whole 

femora can be resolved (Figure 3.2C). This way, more detailed FE models can 

be built (Verhulp et al., 2006; Nawathe et al., 2014; Bahaloo et al., 2018). With 

these models it is possible to investigate the relationship between local 

microstructures and fracture events. 

Synchrotron CT 

Synchrotron CT can reach resolutions similar to, and higher than, those reached 

by µCT scanners, while being at least hundred times faster (Figure 3.2D). This 

way, scanning times are reduced from hours to seconds. At synchrotron 

facilities, electrons are accelerated to speeds close to the speed of light. With 

use of magnetic fields in a ring of typically several hundreds of metres, the 

direction of the electrons is changed and large amounts of X-rays of a specific 

energy are emitted. As these facilities are very expensive, only a few dozen can 

be found around the world. 

The rapid, high-resolution image acquisition with synchrotron CT can be used 

to load samples in situ (Singh et al., 2014). This way, damage propagating 

through, for example, samples of trabecular bone can be tracked (Turunen et 

al., 2020). With the use of digital volume correlation, it is also possible to obtain 

strain measurements at a sub-trabecular level (see section 3.4).  
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Figure 3.2. A) Clinical CT image of a patient (voxel size: 1 mm, field of view: 

500 x 500 x 329 mm3, scanning time: 13 min). B) Clinical CT image of a 

calibration phantom with six rods with different hydroxyapatite densities. C) 

Laboratory µCT image of a cadaver proximal femur (voxel size: 57 µm, field 

of view: 67 x 103 x 173 mm3, scanning time: ~2 hours). D) Synchrotron CT 

image of trabecular bone (voxel size: 2.75 µm, field of view: 11 x 11 x 3 mm3, 

scanning time: 18 s). 

 Mechanical testing  

Mechanical testing can be used to characterize properties of bone and 

biomaterials at all length scales. At each length scale, the basis for mechanical 

testing is the application of a load or displacement on a specimen while 

recording both. From the resulting force-displacement curve, extrinsic 

mechanical parameters can be derived. When taking the shape of the specimen 

into account, a stress-strain curve can be calculated to obtain intrinsic material 

parameters (Reilly et al., 1974; Reilly and Burstein, 1975; Turner and Burr, 

1993). Material parameters that are relevant for bone mechanics and often 

directly derived from these curves are: 



14 

• The yield and peak force. 

• The yield and ultimate stress and strain.  

• The stiffness or Young’s modulus (i.e., the slope of the linear region).  

• The work until peak force or failure (i.e., the area under the force-

displacement curve).  

By applying variations in the loading regime, more complex mechanical 

properties can be determined. For example, the mechanical behaviour of bone 

has been shown to depend on the loading rate (Carter and Hayes., 1976). At 

higher loading rates the stiffness of bone increases. 

Organ scale mechanical testing 

On the organ scale bones vary greatly in shape, size, and density distribution. 

By carefully designing a setup for loading, many physiological or clinically 

relevant loading conditions can be replicated. In the case of the femur, the most 

commonly replicated loading conditions are:  

• Single-leg-stance: A physiologically relevant loading condition, 

replicating a load to which the femur is exposed on a daily basis. The 

femur is typically constrained at its distal end and rotated to 8° 

adduction. The load is then applied on top of the femoral head (Figure 

3.3A) (Cristofolini et al., 2007).  

• Sideways fall: This loading condition is more clinically relevant, 

because it is more associated with hip fractures. The femur is typically 

placed sideways with an internal rotation of 15° and an adduction angle 

of 10° (Backman, 1957). The distal end is constrained to only allow 

rotation in the adduction/abduction directions. The greater trochanter 

is only constrained along the load axis and the load is applied to the 

femoral head (Figure 3.3B). 
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Figure 3.3. Two loading conditions commonly used for ex vivo experimental 

testing of proximal femora. A) Single-leg-stance. B) Sideways fall.  

By loading until failure, the force and work required to fracture, and bone 

stiffness can be determined. Recordings of the experiment with high-speed 

cameras can be used to determine the location where damage initiates 

(Cristofolini et al., 2007). Strains on the surface of the bone can be measured in 

3 dimensions at multiple locations with strain gauges. Zani et al. (2015) 

compared strains under stance and sideways fall loading conditions by applying 

strain gauges in 16 locations. Under stance loading, the highest tensile strains 

were measured on the superolateral side of the femoral neck. The highest 

recorded compressive strains were measured on the medial side. Under 

sideways fall, this was inverted, with high tensile strains on the medial side and 

high compressive strains on the superolateral side. The highest absolute strains 

were the compressive strains on the superolateral side under sideways fall. At 

this location fracture was initiated at forces ranging from 1.57 to 7.31 times the 

subjects their bodyweight. 

Mechanical testing of (fracture) fixation devices 

Similar to organ scale mechanics special loading devices can be developed to 

test orthopaedic implants and fixation devices. Due to large biological variation 

when using animal or human cadaveric material, synthetic bone material is 

often used first to test new treatment options. In the case of surgical screws, one 

of the most common tests for comparison is a pullout test, where the screw is 

inserted in (synthetic) bone and pulled out. The main outcome in this kind of 

test is the peak force, but other relevant parameters are the stiffness, work, or 

the force at a specific displacement. 
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Eriksson et al. (2002) performed pullout tests on synthetic bone, where dynamic 

hip screws were augmented with PMMA or CaP cement. They concluded that 

PMMA significantly increased the pullout strength, whereas augmentation with 

a CaP cement even had a negative effect in higher density material, due to the 

need for predrilling. In human femoral heads, PMMA has been shown to be 

able to approximately double the pullout strength of a fixation device (Erhart et 

al., 2011). In other orthopaedic applications, augmentation with CaP based 

cements have shown significant increases in pullout strength. With 

augmentation of pedicle screws, increases in pullout strength of up to 73% have 

been recorded (Sun et al., 2020). In humeri and synthetic bone, suture anchors 

also reached approximately double the pullout strength through augmentation 

with a CaP cement (Diaz et al., 2020).  

Tissue characterization 

To characterize the material properties of trabecular bone samples, mechanical 

compression testing is probably the simplest and most used approach. These 

tests can be done at various length scales but are generally performed on small 

(5-50 mm) cylindrical or cubic samples of trabecular or cortical bone. 

Compression is performed by applying a force or a displacement on the 

specimen, while recording changes in both parameters. Since these samples are 

small and have a known defined shape, the material properties can be assumed 

to be homogeneous and a stress-strain curve can be derived from the measured 

force and displacement. Due to the homogeneity of the samples, intrinsic 

material parameters can be obtained.  

Early studies have shown the dependency of the compressive strength of bone 

on the apparent density and strain rate (Carter and Hayes, 1976). Similarly, the 

Young’s modulus has been shown to be proportional to the strain rate to the 

power 0.06 (Carter and Hayes, 1977). The dependency of the Young’s modulus 

is also largely dependent on the apparent density of the bone. Morgan et al. 

(2003) has shown that depending on the anatomic site the modulus-density 

relationship varies significantly. These variations are attributed to the large 

variation in trabecular structure. Although the ultimate stress and modulus of 

bone are related to the density of the bone, the yield and ultimate strain have 

been shown to be less dependent of these factors. Bone yields under a strain of 

approximately 1% (Bayraktar et al., 2004), and fails at a strain of 2-3% (Reilly 

et al., 1974).  
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Digital image correlation 

Digital image correlation (DIC) is a measurement technique that allows for full-

field strain calculations (Sutton et al., 2009). This no-contact technique can be 

used as an alternative to strain gauges, of which only a few can be placed on 

the bone surface (Grassi and Isaksson, 2015). The basic idea is that multiple 

images are taken of a sample while it is loaded and that by matching subsets of 

the subsequent images, displacements are obtained (Figure 3.4). This way 

surface strains can be calculated at a higher spatial resolution.  

DIC requires that the sample’s surface includes many small unique details with 

high contrast. To achieve this, the surface of the sample is painted white and 

sprayed with black paint to create a random speckle pattern. During loading of 

the sample, multiple digital pictures are obtained. A region of interest is 

selected, and a grid of regularly spaced nodes is placed inside this region. For 

each node, a correlation window is defined in which a unique speckle pattern is 

found. In the subsequent image, a search window is defined in a region of the 

image that roughly matches the region of interest in the first image. A grid of 

nodes is placed also in this window. The correlation window from the first 

image is compared to equally sized selections around the nodes in the second 

image. The size of the search window should be as small as possible, but larger 

than the maximum local displacement between two images. For experimentally 

measured displacements, a confidence interval (σ) can be calculated as a 

measure for how accurately the displacement of each point is calculated 

between subsequent images (Sutton et al., 2009). 

To obtain strains from the resulting displacement field the grid of nodes can, 

for example, be turned into triangles. This way a strain tensor can be calculated 

from the deformation gradient tensor F. The most commonly used strain tensor 

for DIC calculations is the Green-Lagrange strain tensor E, which is calculated 

as: 

𝑬 =  
𝟏

𝟐
(𝑭𝑻𝑭 –  𝐈) 

Where 𝐈 is the unit tensor. To avoid incorrect strain calculations due to large 

rigid body rotations the engineering strains can be calculated. These can be 

calculated directly from the components of the Green-Lagrange strain tensor:  

𝜀𝒙  =  √(𝟏 + 𝟐𝑬𝒙𝒙) − 𝟏 

𝜀𝒚  =  √(𝟏 + 𝟐𝑬𝒚𝒚) − 𝟏 

𝜀𝒙𝒚  =  sin−1(
𝟐𝑬𝒙𝒚

√(𝟏 + 𝟐𝑬𝒙𝒙)(𝟏 + 𝟐𝑬𝒚𝒚)
) 
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Figure 3.4. The concept of digital image correlation. Regularly spaced nodes 

are placed on a reference image of the sample. Image subsets of the reference 

image are matched with subsets of the image of the deformed sample to measure 

displacements. From the displacements, strains are calculated to obtain a 

strain field.  

DIC was first used on human femora in 2011 (Op Den Buijs and Dragomir-

Daescu, 2011). Femora were mechanically tested in a fall loading configuration 

at a displacement rate of 100 mm/s while being recorded with a high-speed 

camera (1024x512 pixels, 6000 frames per second). In this study, only a 

qualitative description of strains was given. Since then, more detailed DIC 

measurements have been performed. For example, Gilchrist et al. (2013) 

showed that DIC had similar accuracy as strain gauges, but also reported that 

DIC recorded very high strain gradients due to bone inhomogeneity. In Grassi 

et al. (2014) strain measurements were performed using a special set-up 

employing 2 high-speed cameras (1 Mpx, 3000 fps), creating stereovision and 

allowing for 3D-surface measurements of strain. There, femora were loaded in 

a single-leg-stance condition and the strains were measured on the anterior 

surface. To set a benchmark, strains, noise levels, and residual strains were 

reported at various stages of loading. Recently, Katz and Yosibash (2020) 

performed 3D-surface DIC measurements on the medial and lateral side of the 

femoral neck while loading the bones in a single-leg-stance. High strains were 

measured in the femoral neck around irregularities on the surface. As the bones 

were not loaded to failure it was not confirmed if these strains resulted in 

fracture. 
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Digital volume correlation 

Digital volume correlation (DVC) is based on the same concepts as DIC but 

rather than using 2D images obtained from digital cameras, 3D image volumes 

obtained from tomographic images are used. This enables measurements of 

internal strains and hence extends the surface approach of DIC to volumetric 

measurements.  

The concept of using DVC on bone was first shown using a laboratory µCT 

(Bay et al., 1999). It was shown that displacements and strains could be 

effectively measured in a trabecular bone sample, before and after local failure. 

With laboratory µCT, strains in trabecular bone have been measured with an 

accuracy of ~0.1% with sub-volumes of ~200 µm (Palanca et al., 2015). With 

synchrotron CT a similar accuracy has been achieved with sub-volumes 10 

times smaller (Tozzi et al., 2017). With these accuracies it has been possible to 

measure local strains in individual trabeculae reaching 6-7% while loading was 

still in the elastic region (Turunen et al., 2020). 

The first study to perform DVC on bone at the organ scale was on a vertebra 

(Hussein et al., 2012). In another study on vertebrae injected with acrylic 

cement, the authors were able to show that damage initiated outside of the 

cemented region (Danesi et al., 2016). Martelli et al., (2021) created a complex 

loading device that allowed for loading of a full proximal femur simulating a 

single-leg-stance inside a laboratory µCT scanner. This way they were able to 

show that the subchondral bone was locally compressed 8-16% before fracture, 

and that fracture occurred in regions of peak tension and shear, adjacent to the 

location of peak compression.  

DVC is a very promising technique but comes with three major limitations. 

First, the technique relies on the natural patterns and contrast within the sample, 

as it is not possible to apply a speckle pattern. Because of this, high-resolution 

and high-contrast images are required. Second, special loading devices are 

required that fit inside a 3D scanner. This means that most studies performing 

DVC on bone are studies where small bone samples are compressed in a 

laboratory µCT or at a synchrotron facility. Third, DVC is typically limited to 

less than 10 load steps and image sets. This is a result from high computational 

costs of running DVC due to its 3-dimensional nature, and the potential 

radiation damage caused by repeated imaging (Pena Fernandez et al., 2018). 
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 Finite element models 

As described in the previous section, intrinsic material properties can be 

determined from loading of small samples under simple loading conditions. 

Similarly, these material properties can be used to describe the mechanical 

behaviour of other similar samples with (sets of) partial differential equations. 

In biomechanics, problems often involve complex geometries, inhomogeneous 

material properties, and/or complex boundary conditions. The finite element 

(FE) method can be used to describe these problems numerically. In an FE 

model, the object is divided into a mesh consisting of multiple discrete elements 

with a simple shape. Each element can be assigned its own material property. 

By combining all element-specific equations and solving them, stress- and 

strain-fields can be calculated for complex geometries with local variations in 

material properties, and complex boundary conditions.  

This method was first introduced in the field of orthopaedic biomechanics 

around 50 years ago (Brekelmans et al., 1972). With use of a 2D FE model of 

the femur, this study already showed the potential of FE models to investigate 

the influence of an altered geometry on the stress state. In the following decade, 

3D FE models were introduced for various biomechanical problems. This 

included models of the femur and of a femur with a femoral component of a hip 

implant (Huiskes and Chao, 1983). Lotz et al. (1991) was the first to create FE 

models of the femur with varying material properties based on CT images. 

These models were able to accurately predict yield and fracture loads, when 

compared to ex vivo tests. However, they were not yet able to accurately predict 

surface stresses. Since then, models have been improved substantially, and 

multiple modelling strategies to create FE models of the proximal femur have 

been introduced (Johannesdottir et al., 2018).  

The most common way to create FE models of the femur today is to use clinical 

CT images for segmentation of the femur geometry (Figure 3.5). The 

segmented femur is then subdivided into tetrahedral or hexahedral elements to 

create a mesh. Element sizes are often in the range of 1-3 mm, which results in 

a proximal femur with 20 000 – 200 000 elements. For each element, an 

apparent density (𝜌𝑎𝑝𝑝) can be derived from the calibrated CT scans (Bonemat, 

Taddei et al., 2007). Using experimentally obtained modulus-density 

relationships, an initial Young’s modulus (𝐸0) can be calculated and assigned 

to each element. For models of the proximal femur the most commonly used 

modulus-density relationships is: 

𝐸0  =  6850 𝜌𝑎𝑝𝑝
1.49  (Morgan et al., 2003) 

At the surface of a model, the apparent density is often underestimated due to 

partial volume artifacts in the CT scans. These artifacts occur when two 
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materials with different densities fall within the same voxel, leading to an 

average grey value. To correct for these artifacts, elements at the surface of the 

mesh are sometimes assigned a minimum Young’s modulus (Grassi et al., 

2016; Helgason et al., 2008). Helgason et al. (2016) tested alternative methods 

for correction, but concluded that further investigation is required to find an 

optimal combination of partial volume artifact correction and modulus-density 

relationship. By assigning a separate modulus-density relationship for elements 

on the surface, strain predictions can be improved (Schileo et al., 2020).  

FE models often include additional material parameters to account for, for 

example, non-linear, post-yield, and/or strain-rate dependent behaviour. Grassi 

et al. (2016) added strain-rate dependency by multiplying the Young’s modulus 

of each element with an element-specific strain-rate correction factor every 

increment. This model also included strain-limits for yield and fracture. A good 

fracture-criterion is essential for accurately predicting the fracture strength. 

Initially, stress-based criteria for failure were most frequently implemented 

(Lotz et al., 1991; Keyak et al., 1997, 2005). However, later it was shown that 

strain-based criteria can sometimes better describe the failure of bone 

(Bayraktar et al., 2004; Schileo et al., 2008).  

To ensure that FE models accurately describe the true mechanical behaviour of 

bone, they are validated against ex vivo mechanical tests (section 3.4). Fracture 

strength is the most relevant parameter for clinical use and therefore the 

parameter mostly used for validation (Johannesdottir et al., 2017; Viceconti et 

al., 2018). Multiple studies have shown similarly strong correlations between 

experimentally measured forces and fracture forces predicted by different FE 

models (Dall’Ara et al., 2013; Enns-Bray et al., 2018; Keyak et al., 2005; 

Koivumäki et al., 2012; Zysset et al., 2013). For further improvement of FE 

models and more accurate validation, surface strain measurements are often 

included in the experiments. Early studies used experiments with strain gauges 

for validation of FE models (Huiskes et al., 1983). More recent studies have 

started to validate the models against full-field DIC strain measurements 

(Gilchrist et al., 2013; Helgason et al., 2014; Grassi et al., 2016; Katz & 

Yosibash 2020). This method of validation has shown correlations between 

measured and predicted strains with an R2 larger than 0.9 on the anterior side 

in a single-leg-stance loading condition (Grassi et al., 2016).  

From measurements using strain gauges and DIC, discrepancies between 

experimentally measured and numerically predicted strains have been 

demonstrated (Grassi et al., 2012; Katz & Yosibash 2020). These discrepancies 

come largely from the highly irregular areas of the bone’s surface on the 

superolateral side. With models based on µCT images, Bahaloo et al. (2018) 

was able to show that holes in the cortex (from vascularization) are likely 

involved in the initiation of fractures. It is therefore likely that inclusion of these 
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holes in macroscale models can improve the ability of FE models to accurately 

predict fracture events. 

As mentioned, FE models can also be used to evaluate the mechanical 

properties of bone-implant or bone-cement constructs. Using such models, 

several orthopaedic implants have been evaluated as options for reinforcing the 

femoral neck to prevent fractures. Basafa et al. (2013, 2015) showed that FE 

models can predict the strength increase from augmentation of the femoral neck 

with PMMA. Additionally, they showed that FE models can be used to predict 

a patient-specific location for injection where a strong increase in fracture 

strength can be expected. Conversely, Varga et al. (2017) attempted to find a 

single general recommendation for prophylactic augmentation with PMMA. 

Based on the principles of Wolff’s law an injection location was found that 

could lead to approximately 70% strength increase in osteoporotic patients. 

However, these results were not experimentally validated and it was not 

confirmed that the specific spreading of PMMA could be achieved clinically. 

  

Figure 3.5. A typical pipeline to create a finite element model from a calibrated 

clinical CT volume. From the CT volume the femur is segmented and meshed. 

The calibrated densities are used to assign a Young’s modulus to each element.  
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 Material & Methods 

In this chapter, the material and methods used in this thesis are outlined. First, 

the experiment in which femora were mechanically tested in a sideways fall 

loading condition is described (Study I). In the same section, the finite element 

(FE) models replicating these mechanical tests are described (Study II, III). 

Second, the studies conducted with a calcium sulphate/hydroxyapatite 

(CaS/HA) biomaterial are described (Study IV, V, VI). In each section, the 

subjects or specimens, and acquired images are introduced. This is followed by 

a description of the performed mechanical tests and/or FE analyses. Each 

section ends with an explanation of how the acquired data was analysed. 

 Sideways fall, mechanical testing and FE 

modelling (Study I, II, III) 

Cadaveric femora were mechanically tested under a sideways fall loading 

condition and full-field strain measurements were performed through digital 

image correlation (DIC). FE models replicating the mechanical tests were 

validated against the mechanical tests and used to investigate the relationship 

between local strains and the resulting fracture. 

Subjects and imaging 

Twelve proximal femora were collected from female donors without known 

conditions that affect bone metabolism (Ethical approval from The Finnish 

National Authority for Medicolegal Affairs: TEO, 5783/04/044/07). They were 

imaged with the modalities reported in Table 4.1 (Figure 4.1). 
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Table 4.1. Modalities and details used for image aquisition in studies I, II, and 

III. 

Imaging 

type 
Instrument Settings 

Voxel 

size 

Additional 

information 

DXA 
Lunar iDXA 

GE Healthcare 
 

0.25 × 

 0.3 mm 
 

Clinical CT 

Definition 

AS64 

Siemens AG 

120 kVp 

210 mAs 

0.4 × 

0.4 × 

 0.6 mm 

Calibrated with 

hydroxyapatite 

calibration phantom 

µCT 
Nikon 

XT H 255 

100 kVp 

0.2 mA 

52–60 µm 

(isotropic) 
Full intact femora 

µCT MILabs U-CT 
65 kVp 

0.13 mA 

60 µm 

(isotropic) 

Parts of broken 

femora, after testing 

until failure 

 

 

Figure 4.1. Subjects and images acquired for studies I-III. From left to right: 

Photo of a proximal femur after embedding the femoral head, greater 

trochanter, and distal shaft in green epoxy; DXA scan of the femur to measure 

the aBMD in the femoral neck; Clinical CT scan to build FE models; µCT scan 

of the intact femur to build high-resolution FE models; µCT scan of the broken 

femur to accurately find the fracture surface. 

Mechanical testing (study I) 

The proximal femora were prepared for loading and digital image correlation 

(DIC) measurements. The soft tissue was removed and the distal end, femoral 

head, and greater trochanter were embedded in epoxy (Technovit® 4071, 

Kulzer GmbH). The superolateral and medial side were sprayed with matt white 

paint and black marker ink to create a black speckle pattern on a white 

background. 
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The loading setup was developed based on literature (Figure 4.2A) (Zani et al., 

2015, 2013). The femur was placed in a configuration resembling a 

posterolateral fall, with an internal rotation of 15° and an adduction angle of 

10° (Backman, 1957). The distal end was constrained to only allow rotation in 

the adduction/abduction directions. The greater trochanter rested over a system 

of two orthogonal linear bearings, and the load was applied to the femoral head 

(Instron® 8511.20, Instron Corp) at a controlled speed of 5 mm/s until 

macroscopic failure of the specimen was reached.  

The experiments were recorded using two pairs of cameras recording the medial 

and superolateral sides of the femoral neck (Table 4.2). The recordings of the 

cameras were synchronized with the analogue recordings of the applied force 

(load cell M211-112, SensorData Technologies, Inc.).  

Table 4.2. Cameras and settings for recording images on the medial and 

superolateral side of the femoral neck to be used for DIC. 

 Medial cameras Lateral cameras 

Instrument Photron Fastcam Mini AX200 Photron Fastcam-X 1280 PCI 

Recording speed  6400 fps 500 fps 

Resolution  
1024 × 1024 pixels 

~20 pixel/mm 

1024 × 1280 pixels 

~18 pixel/mm 

Pan angle ~16° ~38° 

 

To obtain full-field strain measurements DIC was performed (Vic-3D v7, 

Correlated Solutions, Inc.). The correlation window size was chosen so that 1 

standard deviation in the confidence interval of the matches between images 

(σ) would fall below 0.02 pixels. This resulted in a correlation window of 45 x 

45 pixels for the medial cameras and 35 x 35 pixels for the lateral cameras. The 

node spacing was set to 9 pixels for the medial cameras and 5 pixels for the 

lateral cameras. The measured displacements were filtered using a low-pass 

filter in time at a cut-off frequency of 100 Hz. From the filtered displacement 

data, Green-Lagrange strain components were derived using a spatial decay 

filter of 5 data points.  
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Figure 4.2. A) Schematic of the mechanical testing setup for loading proximal 

femora in a sideways fall loading condition while recording the lateral and 

medial side with high-speed cameras. B) FE model of the proximal femur with 

epoxy. The loading conditions are set to replicate the mechanical tests. 

FE analysis (study II, III) 

As a basis for all FE models, bone elements were assigned an element specific 

tangent modulus. The apparent mineral density of each bone element was 

calculated based on the calibrated clinical CT scans using Bonemat (Taddei et 

al., 2007). From the apparent density, 𝜌𝑎𝑝𝑝, Young’s moduli, 𝐸0, were 

calculated based on the density-elasticity relationship:  

𝐸0  =  6850 ∗ 𝜌𝑎𝑝𝑝
1.49  (Morgan et al., 2003) 

The Poisson’s ratio for bone was set to 0.4 (Reilly and Burstein, 1975). All 

epoxy elements were assigned a Young’s modulus of 2500 MPa and a Poisson's 

ratio of 0.3. Nodes at the common surface of the epoxy and bone were shared, 

connecting the parts. All FE analyses were iteratively solved using the implicit 

FE solver Abaqus Standard (v2017 or v2019, Dassault Systèmes).  

Clinical CT based FE modelling (study II) 

The femur geometry was segmented from the clinical CT images by 

thresholding and applying manual corrections (Seg3D2, University of Utah). 

From the segmentation, a second-order tetrahedral mesh was created with 

element sizes of ~1 mm in and around the femoral neck, and ~3 mm for the rest 

(Hypermesh v17.0, Altair Engineering).  
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Each element was assigned an initial tangent modulus, 𝐸0, as described 

previously. To overcome issues following from partial volume artifacts, a 

minimum 𝐸0 of 2.5 GPa was assigned to all elements at the surface of the mesh. 

This material model included strain rate dependency, and different strain limit 

values for yield and failure under compression and tension (Grassi et al., 2016). 

The strain rate dependency and strain limits were based on the average principal 

strains for all elements within a 3 mm radius of the element. If the strain rate of 

an element exceeded the reference strain rate (𝑆𝑅𝑟𝑒𝑓 >  0.5%/s ) (Bayraktar 

et al., 2004), 𝐸0 was adjusted through multiplication with the strain rate 

correction factor:  

𝑆𝑅𝐶𝐹 =  (𝑆𝑅𝑒𝑙𝑒𝑚/𝑆𝑅𝑟𝑒𝑓)0.06 

where 𝑆𝑅𝑒𝑙𝑒𝑚 is the absolute maximum principal strain rate of the element. 

When element strain exceeded the yield strain limit (1.04% compression, 

0.73% tension (Bayraktar et al., 2004)), the tangent modulus was reduced to 

5.5% of its previous value (Reilly et al., 1974). A femur model was considered 

failed when the ultimate strain limit (2.11% in compression, 2.74% in tension 

(Reilly et al., 1974)) was exceeded for any of the elements on the surface of the 

femur. The force when the first element failed was taken as the predicted 

fracture force. The FE analyses were conducted by applying consecutive 0.05 

mm increments with the time increment tuned to a 5 mm/s displacement rate. 

µCT based FE modelling (study III) 

High-resolution FE models including foramina on the superolateral side of the 

femoral neck were created. The femur was segmented from the µCT images of 

the intact femur (Seg3D2, University of Utah). The lateral side of the neck was 

selected as a region of interest (ROI) and semi-automatically segmented at the 

full resolution to include all surface irregularities. The rest of the femur was 

segmented from the µCT scans after downscaling four times. The 

segmentations were combined and a second-order tetrahedral mesh was 

created, where the elements had an edge length of ~0.2 mm in the ROI and ~3 

mm in the rest of the femur (Figure 4.3). 

The µCT based models used a different material model, while the boundary 

conditions were the same as for the clinical CT based models. Linear models 

were created with the initial tangent modulus based on the apparent density 

obtained from the µCT scans. The µCT scans were calibrated with the clinical 

CT scans by selecting a region in the air, marrow, and cortical bone in both 

scans, after which the grey values of the µCT images were adjusted using a 

linear fit. For these models a load of 10 newton was applied to each loaded node 

on the epoxy on the femoral head (5-9 nodes). The linear problem was then 

solved in one increment.  
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Figure 4.3. Meshes of the lateral neck of an FE model based on A) clinical CT 

images and B) µCT images. 

Data analysis 

From the force–displacement data acquired during mechanical testing, peak 

force, and work-to-peak force were determined for each specimen. The strains 

measured with DIC were used to identify high strain regions before and at the 

peak force and at global failure.  

The FE models based on clinical CT images were compared to the measured 

experimental outcomes of peak force, fracture onset, and surface strain: 

• Fracture force prediction: The predicted and measured fracture 

forces were compared using linear regression analysis.  

• Fracture onset location: The fracture onset locations predicted by the 

FE models were compared to the fracture line resulting from the 

experiment. The µCT scans of the broken bones were registered to the 

FE models (CloudCompare v2.8.1, www.cloudcompare.org/). The 

shortest distance between the predicted fracture initiation and the 

fracture line following from the mechanical loading was measured and 

reported.  

• Strain prediction: Strain prediction accuracy was evaluated at a force 

corresponding to 90% of the experimentally measured peak force. The 

principal strains calculated by the FE analyses were compared to DIC 

measurements. The points from the DIC measurements were registered 

onto the surfaces of the FE models (CloudCompare v2.8.1, 

www.cloudcompare.org/). The size of the DIC point cloud was reduced 

before the comparison with the strains predicted by the FE models by 

removing the two outermost layers of points. Points where the 

confidence interval σ exceeded 0.02 pixels were excluded before 

correlation. A data comparison method was adopted, based on a 
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previous procedure (Grassi et al., 2013; 2016). For each element on the 

surface of the mesh, the smallest sphere circumscribing it was 

calculated. All DIC strain measurement points within the sphere were 

averaged and compared to the strain in the element. Linear regression 

analysis was performed to assess the correlation between the predicted 

and measured major and minor principal strains.  

The strains predicted by the FE models based on µCT images were qualitatively 

compared to the fracture location and experimentally measured surface strain 

patterns.  

 Fracture strength after CaS/HA injection 

(study IV) 

Strength increases resulting from an injection of CaS/HA were calculated with 

the use of FE models. FE models included variations in location, material 

properties, and volume of the injection. 

Subjects and imaging 

Five femoral heads were collected from patients, diagnosed with osteoarthritis 

or osteonecrosis, that were about to receive a total hip replacement (THR) 

surgery. Before resection of the femoral head, the patients received an injection 

of 10 ml CaS/HA (Cerament™ Bone Void Filler, Bone Support AB) in their 

femoral neck (Ethical approval: Kaunas Regional Committee of Ethics of 

Biomedical Researches, BE-2-40). A needle with cannula was percutaneously 

introduced through the lateral cortex of the proximal femoral shaft at the same 

height as the upper part of the lesser trochanter. The cannula position in the 

femoral neck and material spreading during the injection was controlled and 

monitored with fluoroscopy (real time acquisition of X-ray projections). After 

material injection the THR surgery proceeded and the femoral head, injected 

with CaS/HA, was resected and collected. A total of 3 imaging modalities were 

used (Table 4.3; Figure 4.4). For the same study, images of five additional 

patients with fragility hip fractures were acquired (Ethical approval: Kaunas 

Regional Committee of Ethics of Biomedical Researches, BE-2-40). 
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Table 4.3. Modalities and details used for image aquisition in study IV. All 

clinical CT scans were calibrated with a hydroxyapatite calibration phantom 

(QRM-BDC/6, Quality Assurance in Radiology and Medicine). 

Five patients diagnosed with osteoarthritis or osteonecrosis undergoing THR  

Imaging 

type 
Instrument Settings Voxel size 

Additional 

information 

Clinical CT 

Lightspeed 

Pro 16  

GE Healthcare 

120 kVp 

647-697 mA 

0.7-1 ×  

0.7-1 ×  

2.5 mm 

Pelvic region 

Before surgery 

Fluoroscopy 

Arcadis Orbic 

mobile C-arm 

Siemens 

23 mA 

2.3 kw 

0.6 mm focal 

spot 

During injection 

of CaS/HA 

Clinical CT 

Lightspeed 

Pro 16  

GE Healthcare 

120 kVp 

198 mA 

0.5 × 

0.5 ×  

2.5 mm 

Femoral heads 

After resection 

     

Five patients with fragility hip fractures 

Imaging 

type 
Instrument Settings Voxel size 

Additional 

information 

Clinical CT 

Lightspeed 

Pro 16  

GE Healthcare 

120 kVp 

647-697 mA 

0.5-0.9 ×  

0.5-0.9 ×  

2.5 mm 

Contralateral hip 

DXA 
Discovery Ci 

Hologic 
  Contralateral hip 
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Figure 4.4. Samples and images acquired for study IV. A) Clinical CT scans 

before surgery were used to create FE models of the proximal femur. B) 

Clinical CT scan of a femoral head after resection used to identify the region 

where CaS/HA spread. C) Fluoroscopy was used during CaS/HA injection to 

follow the spreading. D) DXA scans of the patients with fragility hip fractures 

to confirm that they were osteoporotic. 

FE and data analysis  

The FE models created in this study used the same basis as the FE models in 

study II and III (section 4.1).  

The proximal femora were segmented from the clinical CT scans of all ten 

patients before surgery. The clinical CT images of the five resected femoral 

heads were used to segment the femoral head and the injected CaS/HA 

(Seg3D2, University of Utah). Since the injected CaS/HA volume was not fully 

located within the resected femoral heads, the segmentation of CaS/HA was 

extended with use of the fluoroscopy images to fill a total volume of 10 ml in 

the femoral neck. The segmentations of the proximal femur of the five patients 

undergoing THR and the respective femoral head, were aligned using an 

iterative closest point algorithm (CloudCompare v2.8.1, 

www.cloudcompare.org/). Second order tetrahedral elements were used to 

mesh the geometries of the proximal femur and the region with CaS/HA (total 

of ~100k elements and ~140k nodes (Hypermesh v17.0, Altair Engineering)). 

For the five hip fracture patients, who did not receive an injection, the geometry 

of the injected material from one of the THR patients was used. This geometry 

was manually aligned to fit in the femoral neck of the proximal femur 

geometries.  
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The region considered to contain CaS/HA was modelled as bone with the 

exception that the Young’s modulus of each element was increased by 500 

MPa. Additionally, the elements at the surface of the mesh were assigned a 

minimum Young’s modulus of 500 MPa. Bone and CaS/HA were both 

regarded as isotropic linear elastic materials and all models were simulated in 

both single-leg-stance and sideways fall loading configurations (Figure 3.3). A 

strain-based failure criterion was implemented to calculate the fracture strength 

(Schileo et al., 2014). For each of the nodes on the surface the average principal 

strains in a 3mm radius are calculated. The strains and applied load are 

increased until a major principal strain of 0.73% or minor principal strain of -

1.04% is reached for one of the nodes (Bayraktar et al., 2004). The node that 

first fails is the fracture location and the load required to reach this strain is the 

fracture strength. The fracture strength was calculated for each femur, with and 

without the increased modulus in the elements representing CaS/HA. Through 

comparison of the fracture strength calculated by the two respective models, 

the relative increase in fracture strength was determined for each simulated 

injection.  

In addition to the models with the baseline injection, three modes of variation 

in injection were analysed: change in location in the femoral neck (7 additional 

locations (Figure 4.5)), change in the modulus of the injected material (1000 

MPa and 2000 MPa), and change in injected volume (Figure 4.5). In all models, 

the mesh remained unchanged, and elements at the surface of the mesh were 

not allowed to be part of the injected region. 

For the variations in injected location and stiffness, the relative strength 

increase with respect to the femur without injection was determined. For the 

variation in injected volume, the relative strength increase with respect to the 

baseline injection was determined to assess the additional strength increase 

from the further increase in injected volume. 
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Figure 4.5. A) The baseline and seven variations in location of 10 ml of injected 

material. B) The modelled directions for the volume increase of the injection. 

The directions for volume increase were limited to: the femoral head along the 

direction of the injection; the intertrochanteric region along the direction of the 

injection; the femoral neck perpendicular to the direction of the injection; all 

directions. 

 Screw pullout strength with CaS/HA (study 

V) 

The increase in immediate fixation that CaS/HA can offer dynamic hip screws 

(DHS) was evaluated through pullout tests conducted on synthetic and human 

bone. 

Specimens and imaging 

To perform the mechanical tests, the following material was used (Figure 4.6): 

• Synthetic foam blocks with structural and mechanical properties 

similar to that of trabecular bone (Sawbones Europe): 

o Low-density: 15% bone volume fraction (mimicking 

osteoporotic bone) 

o High-density: 31% bone volume fraction (mimicking healthy 

bone) 
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• Human femoral heads (n=29) harvested and banked from patients 

undergoing partial or total hip replacement after a low-energy femoral 

neck fracture. The heads were surgically removed using an extractor 

screw or hook, leaving a clearly visible hole in the trabecular bone. 

The patients gave their informed consent to the retention and use of 

their tissue in accordance with Kaunas hospital guidelines and the 

relevant EU legislation.  

• Dynamic hip screws (115 mm, Auxein Medical, Haryana, India): 

o Cannulated: Screws with a single central cannula. Material 

injected through these screws is purely deposited at the tip of 

the screws.  

o Fenestrated: Screws with a single central cannula and 6 

fenestrations (holes with a 1.5 mm diameter) in the threads of 

the screw. Material injected through these screws is deposited 

at the tip of the screws and directly in the threads through the 

fenestrations.  

The collected femoral heads were imaged before and after insertion of the 

screws and injection of CaS/HA (Table 4.4).  

Table 4.4. Modalities and details used for image aquisition in study V. 

Imaging 

type 
Instrument Settings Voxel size Additional information 

µCT MILabs U-CT 
65 kVp 

0.13 mA 

40 µm 

(isotropic) 

Hydroxyapatite phantoms 

included (250 and 750 

mg/cm3) 

Clinical 

radiography 

Discovery 

XR656  

GE Healthcare 

  

After insertion of the 

screws and injection of 

CaS/HA 
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Figure 4.6. Samples and images acquired for study V. From left to right: 

Synthetic bone block; femoral head; Dynamic hip screws (cannulated and 

fenestrated); µCT scan of a femoral head (the arrow indicates the hole left by 

the extractor screw); Radiographic image of a femoral head after screw 

insertion. 

Mechanical testing  

Synthetic bone preparation 

The synthetic bone was cut into blocks with a size of 6 x 5.5 x 4 cm using a 

hand saw. A 3 cm deep hole with 6 mm diameter was predrilled in the centre 

of each block. The blocks were divided into three groups: 

• Empty: Cannulated screws were inserted 3 cm. 

• Cannulated: Cannulated screws were inserted 2 cm, after which 2 ml 

CaS/HA was injected and the screw was inserted an additional 1 cm.  

• Fenestrated: Fenestrated screws were inserted 3 cm, after which 2 ml 

CaS/HA was injected 

Human femoral head preparation 

The position for insertion of the DHS was planned for each femoral head from 

the µCT images based on segmentation of the femoral head and the hole left by 

the extractor screw (Seg3D2, University of Utah). The fracture surface of the 

femoral heads was cut flat using a diamond band saw (Exact Technologies Inc).  
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Due to the smaller size of the femoral heads compared to the synthetic bone, 

the insertion depth was reduced. In the femoral heads, a 20 mm deep hole with 

8 mm diameter was predrilled and the same three groups, as used for the 

synthetic bone, were created: 

• Empty: Cannulated screws were inserted 2 cm. 

• Cannulated: Cannulated screws were inserted 1 cm, after which 2 ml 

CaS/HA was injected and the screw was inserted an additional 1 cm.  

• Fenestrated: Fenestrated screws were inserted 2 cm, after which 2 ml 

CaS/HA was injected  

Pullout test 

Pullout tests were performed using a custom pullout setup (Figure 4.7). A metal 

box with two open sides and a hole in the top was clamped to the bottom of the 

loading device (Instron® 8511.20, Instron Corp). The DHS with the bone 

attached was passed through the hole and connected to the top of the loading 

device. The screw was then loaded at a displacement rate of 0.5 mm/s until 

failure. 

 

 

Figure 4.7. A) Photo of the custom pullout setup with a synthetic bone block. 

B) Representation of how the insertion angle of the screw is measured. C) 

Schematic of how the femoral head diameter is measured based on a 

segmentation of the head from the µCT images. The head diameter was defined 

as the average of three measured diameters. 
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Data analysis 

The force-displacement curves from all pullout tests were analysed by 

measuring the peak force, the stiffness in the linear region, and the work to peak 

force. Statistical comparisons between the groups were made using a Kruskal-

Wallis test and a Dunn’s post-hoc test for multiple comparison. 

For the femoral heads additional parameters were measured: 

• Bone volume/total volume (BV/TV): In the µCT images, the region 

at the location of screw insertion was selected and segmented using a 

threshold of 450 mg/cm3. In case the DHS insertion site covered the 

hole left from the extraction, this hole was excluded from the BV/TV 

measurement.  

• Insertion angle: From two photos of the femoral head with the screw 

after insertion, the insertion angle was determined as the angle between 

the DHS and the normal to the flat surface after cutting the femoral 

heads (Figure 4.7). 

• Head diameter: The head diameter was measured from segmentations 

of the femoral head (Figure 4.7).  

The effect of these additional parameters on the mechanical outcome of the 

pullout was investigated per group using linear regression analysis. 

 Bone-CaS/HA mechanical behaviour  

(study VI) 

To investigate the mechanical behaviour of the composite of bone and CaS/HA, 

in situ compression tests were performed during imaging using synchrotron CT. 

Tests were performed on specimens of trabecular bone, CaS/HA, and the 

composite of the two. 

Specimens, imaging, and mechanical testing 

Two femoral heads collected from the patients undergoing THR (study IV) 

were used for the collection of eleven cylindrical trabecular bone specimens 

(diameter: 6 mm, height: 7.5 mm) (Figure 4.8). The bone marrow was removed 

from all plugs. In 5 plugs, CaS/HA (Bone Void Filler, BoneSupport AB) was 

inserted. One cylindrical sample of pure CaS/HA was created. 
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The plugs were mechanically loaded in situ and imaged with synchrotron CT 

(X02DA TOMCAT beamline, Swiss Light Source, Paul Scherrer Institute, 

Switzerland). The specimens were compressed at a displacement rate of 0.3 

mm/min using a custom-made loading device (Turunen et al., 2020). 

Tomograms were taken before loading and at increments of 0.15 mm (~2% 

strain) until failure of the specimens. The projections were corrected using flat-

field and dark-field images, reconstructed in phase-mode. The resulting image 

volumes had an isotropic voxel size of 2.75 µm and a field of view of 11 x 11 

x 3 mm3. As the specimens were taller than the field of view (7.5 mm against 3 

mm), specimens were moved vertically and scanned three to four times 

sequentially to cover the full height. The multiple image stacks acquired were 

stitched after reconstruction. 

 

Figure 4.8. Samples and images acquired for study VI. A) Half a femoral head, 

where 2 plugs have been drilled. B) The custom-made loading device for in situ 

loading. C) A synchrotron CT volume of a full bone specimen after stitching the 

stacks. 

Data analysis 

From the force-displacement curves, stress and strain were calculated. Change 

in height of the specimen was measured from the image stacks to correct the 

strain for compliance in the loading device. From the stress-strain curves, 

ultimate stress, ultimate strain, apparent modulus, and toughness were 

determined. 

BV/TV was calculated for all specimens from the images acquired before 

injection of the CaS/HA. The CaS/HA volume/total volume (CV/TV) was 

determined from the images of the unloaded composite and CaS/HA 

specimens.  
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One specimen from each group was selected for analysis through digital volume 

correlation (DVC). DVC was used to visualize the displacements in the whole 

specimen, from which regions where damage appeared could be identified. 

Before running DVC, a 3D median filter of ±1 voxel was applied on the images 

and the background was removed through thresholding.  

DVC was run using the open-source software TomoWarp2 (Tudisco et al. 

2017). First, DVC was run on the entire sample volumes after downscaling four 

times. A correlation window of ±7 voxels and a node spacing of 7 voxels were 

used. Second, DVC was run on longitudinal cross-sections (~7.5 x 6 x 0.3 mm) 

kept at full resolution. A correlation window of ±10 voxels and a node spacing 

of 10 voxels were used. Before each load step, the displacements were filtered 

using an outlier filter followed by a ±1 voxel median filter. At each load step, 

the filtered displacements were used to calculate the maximum shear strains. 

The strain maps at the fourth load step (~8% global strain) were used to identify 

regions where damage occurred. The progression of damage in these regions 

was then visually inspected throughout all load steps. 
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 Results 

In this chapter, the main results and findings from the studies described in the 

previous chapter are presented. Each section starts with a short summary of the 

methods, followed by a summary of the results of each study. 

Sideways fall mechanical testing (study I) 

Cadaveric femora were mechanically tested under a sideways fall loading 

condition and full-field strain measurements were performed and analysed with 

digital image correlation (DIC). 

Peak force of the samples varied from 1515 N, for an 85-year-old with a femoral 

neck aBMD of 0.43 g/cm2, to 5477 N, for a 22-year-old with a femoral neck 

aBMD of 0.97 g/cm2 (Table 5.1). With exception of one subject, initial damage 

was observed under compression in the lateral neck. After the peak force was 

reached, the severity of the damage on the lateral side gradually increased. On 

the medial side of the neck, no damage was observed until complete failure 

occurred under tension.  

From the DIC analysis, it was observed that the compressive strains on the 

lateral side gradually increased until the peak force was reached (Figure 5.1). 

After reaching the peak force, the deformation became too large for accurate 

strain measurements. Whereas, on the medial side, strains did not increase 

substantially until after the peak force was reached.  
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Table 5.1. Subject age at time of death, bone mineral density of the femoral 

neck, peak force, and work to peak force for all subjects. The subjects marked 

are the weakest (red) and the strongest (green) subjects, and the subject shown 

in figures 5.1 and 5.2 (yellow). 

ID 
Age 

[yrs.] 

aBMD 

[g/cm2] 

Peak force 

[N] 

Work to peak force 

[Nmm] 

CAD045 70 0.82 3975 8358 

CAD046 83 0.67 2383 3728 

CAD047 68 0.99 4451 8876 

CAD049 85 0.43 1515 1705 

CAD050 22 0.97 5477 23250 

CAD051 67 1.05 4531 8895 

CAD052 68 0.64 4246 12642 

CAD053 88 0.74 4706 12938 

CAD054 81 0.55 2520 3443 

CAD055 80 0.74 3523 6259 

CAD057 71 0.83 4718 7437 

CAD060 59 0.92 5325 16901 

 

 

Figure 5.1. Force-displacement curve of one subject and the strains calculated 

with DIC at points on the load curve. The strain initially increased most on the 

lateral side under compression. After reaching the peak force the tensile strain 

on the medial side started increasing.   
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Sideways fall FE modelling (study II, III) 

Two sets of FE models were created and compared to each other and to the 

experimental outcome of study I. First, FE models based on clinical CT images 

were used for validation of an established modelling procedure (Grassi et al., 

2016). Second, FE models based on µCT images were used to investigate the 

influence of local strains on the resulting fracture. 

Fracture force & location 

The FE models based on clinical CT images predicted the fracture forces with 

high accuracy (R2 = 0.92). The predicted fracture location was, for all models, 

under compression on the lateral side of the neck. Eight out of the twelve 

predicted fracture locations were within 3 mm of the experimental fracture line. 

The other four predictions were all proximal to the experimental fracture on the 

lateral neck. 

Strains 

The FE models based on clinical CT images predicted the strains on the medial 

side with high accuracy (R2 range: 0.82–0.96) (Figure 5.2). On the lateral side 

the accuracy of the strain prediction varied more between subjects (R2 range: 

0.67–0.98).  

The µCT images of the intact femur were compared to the DIC measurements 

and FE models. In regions where experimentally measured strains were higher 

than the FE predicted strains, the bone surface was more irregular, often in the 

form of a hole in the cortex. 

µCT based FE models 

The linear FE models predicted high strains where often the highest strains were 

present inside foramina (Figure 5.3). This is in agreement with the 

experimentally measured strains. However, the high predicted strains were 

limited to small regions. The experimentally observed fracture path did not 

necessarily go through the foramina where the highest strains were predicted. 

Regions where the highest strains were predicted after excluding foramina 

corresponded better with the experimental fracture path. 
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Figure 5.2. A comparison between FE predicted and experimentally measured 

strains on the medial (top) and lateral (bottom) side of the femoral neck. The 

force strain curves show the average measured and predicted strains in the 

region where strains were measured using DIC. The dotted grey line indicates 

the force at which the measured and predicted strains are compared. On the 

lateral side high strains were measured around a foramen that were not 

predicted by the FE model.  

 

Figure 5.3. A) Strains measured using DIC. B) Registered µCT segmentations 

showing the fractured region. C) Strains predicted by the linear FE model 

based on the µCT images. The black dotted lines represent the experimentally 

fractured region. The arrows point at the high strains measured and predicted 

in and around the same foramen.  
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Fracture strength after CaS/HA injection (study IV)  

Patients undergoing THR received an injection of CaS/HA into the femoral 

neck before resection of the femoral head. Baseline FE models of the proximal 

femur with the injection were created. Additionally, variations in injection 

location, stiffness, and volume of CaS/HA were modelled. The increase in 

fracture strength following the injections of CaS/HA were calculated and 

compared. 

From the baseline injection, the FE models predicted a maximum increase in 

fracture strength of 7% in single-leg-stance and 9% in sideways fall, for the 

patients with fragility hip fractures (Figure 5.4). For the patients without 

osteoporosis, the maximum calculated strength increase was 3% in single-leg-

stance and 5% in sideways fall. 

Altering the location of the injection proved to have the largest effect on the 

fracture strength. A maximum increase of 26% under sideways fall loading was 

calculated when the injected volume was placed on the lateral side of the neck. 

For some injection locations, the calculated fracture strength decreased. This 

effect was most prominent with the injection in a more proximal lateral 

position. An injection placed in a medial position resulted in very little change 

in fracture strength.  

Further increasing the stiffness of the assumed biomaterial (1000 MPa, and 

2000 MPa) also further increased the calculated fracture strength. However, the 

highest relative increase followed from the initial 500 MPa in material stiffness. 

Increasing the volume of the injection also increased the calculated fracture 

strength. The largest effect per unit of injected volume was observed when the 

volume was increased toward the greater trochanter. The highest total increase 

in fracture strength was calculated for an increase in volume in all directions.  
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Figure 5.4. The fracture strength increase compared to no injection for the two 

patients (9 and 10) with the lowest aBMD. The increase in fracture strength is 

shown as a function of the stiffness of the biomaterial for the baseline (b) 

injection and lateral (l) injection location, for both loading conditions.  
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Screw pullout strength with CaS/HA (study V)  

Dynamic hip screws were inserted in blocks of synthetic bone and human 

bones, with and without injection of CaS/HA. Pullout tests were conducted to 

compare the stability of the screws. 

Mechanical testing 

In the synthetic bone blocks, the highest pullout forces were recorded with the 

fenestrated screws after CaS/HA injection (Figure 5.5). For the low-density 

blocks, the pullout forces recorded for the cannulated group were higher than 

in the empty group. In the high-density blocks, there were no significant 

differences between the cannulated and empty groups. In the human femoral 

heads, there were no differences in mechanical behaviour between any of the 

groups. 

Image analysis 

After pullout of the screws from the synthetic bone, the amount of CaS/HA left 

on the screw varied between groups (Figure 5.6). From the radiographic images 

of the femoral heads, it was observed that CaS/HA was mostly deposited at the 

tip of the screw after injection through the cannulated screws. With the 

fenestrated screws there was no clear spreading of CaS/HA in the bone. Instead, 

CaS/HA was deposited at the cut surface of the bone.  

Linear regression analysis for parameters measured before testing (i.e., BV/TV, 

insertion angle, and head diameter) and mechanical parameters, showed several 

correlations: In the empty group, a higher BV/TV led to a higher pullout 

strength (R2
 = 0.58, p = 0.006) and higher work to peak force (R2

 = 0.39, p = 

0.04). In the cannulated group, the insertion angle correlated with the stiffness 

(R2 = 0.70, p = 0.02). In the fenestrated group, no significant correlations 

between parameters were found. 
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Figure 5.5. Force-displacement curves for the synthetic low- and high-density 

bone and the human femoral heads, shown as mean (solid lines) and standard 

deviations (shaded area). To obtain a representative measure for the mean and 

standard deviation of the curves the displacement to peak force was first 

subtracted from each individual curve to centre the peak at 0 mm displacement. 

 

Figure 5.6. Left) Photos after pullout from the synthetic bone showing the 

remaining material on the cannulated and fenestrated screws after pullout. 

Radiographic images from the screws inserted in the human femoral heads. The 

arrows indicate where the CaS/HA has spread.  
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Bone-CaS/HA mechanical behaviour (study VI) 

Cylindrical specimens of bone, CaS/HA, and the composite of the two were 

compressed in situ during imaging with synchrotron CT. The mechanical 

behaviour, and damage initiation and propagation were compared qualitatively 

between specimen types. 

Mechanical testing 

There were clear differences in the mechanical behaviour between the three 

groups (Figure 5.7). The bone specimens reached ultimate stresses of 2.1-5.8 

MPa, while the CaS/HA specimen reached 16.9 MPa. The ultimate stresses of 

the composite samples reached intermediary values (8.3-11.0 MPa). CaS/HA 

was observed to be more brittle than the composite and bone samples, with a 

strain at ultimate stress of 0.006 compared to 0.037-0.056 for the bone, and 

0.019-0.064 for the composite specimens. Additionally, a longer post-yield 

region of the composite specimens also led to higher toughness than pure 

CaS/HA (0.33-0.60 J/mm3 vs 0.28 J/mm3). 

Image analysis 

DVC analysis was used to identify regions where failure occurred during 

loading. In these regions, the damage initiation and propagation was observed 

for the first four load steps (Figure 5.8).  

In the bone specimen, regions of high local strain revealed locations where the 

bone started bending, buckling, and cracking. This damage propagated 

gradually throughout the loading. 

In the CaS/HA specimen, global failure was observed with large cracks 

propagating through the sample. There was no clear deformation or increase in 

strain before cracks opened in the second load step. 

In the composite specimen, three different modes of damage were observed. 

First, microcracks in the CaS/HA were observed throughout the sample. 

Second, the bone and the CaS/HA was found to separate from each other in 

multiple locations. Third, compaction of the CaS/HA was observed as an 

increase in brightness (not visible in the region of interest displayed in Figure 

5.8). 
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Figure 5.7. Force-displacement curves of all specimens. The opaque lines 

indicate the specimens used for DVC analysis and inspection of detailed 

damage progression. 

 

Figure 5.8. Progression of damage through the first four load steps in regions 

where clear damage occurred. The arrows indicate where bending and 

cracking can be observed in the bone specimen. 
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 Discussion 

The overall aim of the work in this thesis was to investigate ways that could 

improve current hip fracture strength prediction tools, and fracture prevention 

and repair methods. In study I, femora were mechanically loaded in a fall 

loading condition until failure while measuring strains on the medial and lateral 

side of the femoral neck. This experiment was used to validate a finite element 

(FE) modelling approach (study II). For these studies, µCT images were taken 

before and after the experiment. The images were used to create models with a 

higher resolution to investigate the strains and damage developing from surface 

irregularities on the superolateral femoral neck (study III). Similar models were 

used in study IV to investigate how the strength of the proximal femur can be 

increased through injection of calcium sulphate/hydroxyapatite (CaS/HA). 

Following this, screw pullout experiments were conducted to determine if 

CaS/HA can also improve the stability of dynamic hip screws, used to aid in 

the repair of hip fractures (study V). Finally, to further improve our 

understanding of the mechanical behaviour of CaS/HA in combination with 

bone, experiments were conducted where small cylindrical specimens of bone 

and CaS/HA were loaded during imaging with synchrotron CT (study VI). 

 General  

Sideways fall mechanical testing 

The mechanical testing of the femora under sideways fall was set up with the 

aim to gain insight in the mechanical behaviour of the femur during a fall. The 

loading setup was developed so the adduction and internal rotation angles of 

the proximal femora could easily be set to a 10° adduction angle and a 15° 

internal rotation angle. These angles are considered to be clinically relevant, 

since posterolateral falls are most associated with a high hip fracture incidence 

(Greenspan et al., 1998). This specific loading condition is commonly used for 

experimental mechanical tests and for FE analyses, allowing for detailed 

comparison of the results with other similar studies (Heini et al., 2004; De 
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Bakker et al., 2009; Koivumäki et al., 2012; Dall’Ara et al., 2013; Zani et al., 

2015). 

The mechanical testing showed that hip fractures initiate under compression in 

the superolateral neck. This finding is supported by similar experimental 

studies (De Bakker et al., 2009; Zani et al., 2015). A study with a more complex 

experimental setup, including a pelvis and soft tissue, also reported similar 

fracture events (Fleps et al., 2019). Even in a clinical setting, compression-

induced failure has been observed for hip fractures (Tang et al. 2017). This 

further supports the notion that the presented experimental setup can be used to 

investigate clinically relevant fracture behaviour. 

The analysis with digital image correlation (DIC) showed that the strains could 

be accurately measured over a full surface on the femur. Interestingly, in many 

cases local strains exceeded yield limits determined for trabecular bone (1.04%, 

Bayraktar et al., 2004) before the peak force was reached. Through comparison 

with µCT images of the femur, it was revealed that the underlying factor 

contributing to these strains was generally high surface irregularity in the form 

of a hole in the cortex. One can speculate that this means that high strains 

around these holes do not necessarily lead to immediate global failure. It could 

also be argued that the high strains were measured as a result from pressure 

building up behind the applied layer of paint, as leakage of bone marrow was 

observed through several holes. However, the high strains were often more 

distributed than directly on top of the hole, suggesting that the strains at least 

partially represent the strain of the bone itself. A study by Katz and Yosibash 

(2020) supports this idea. In their study, femora were loaded in a stance loading 

condition and DIC analysis was performed on the lateral neck. For this loading 

position, relatively high tensile strains were recorded around the holes in the 

neck. 

The first study nicely illustrates the relevance strength predictions can have for 

clinical risk assessment. Two of the femora had similar aBMD measurements 

(0.64 g/cm2 (CAD052) and 0.67 g/cm2 (CAD046)), while the measured peak 

force of the one with the slightly lower aBMD measurement (4246 N 

(CAD052)) was nearly double that of the other (2383 N (CAD046)). Based on 

aBMD alone, these two subjects would likely have been classified with the 

same risk of fracture, even though looking at the strength of the femora they 

should be classified differently.  

FE modelling 

In studies II, III, and IV, FE analyses were performed on proximal femora, all 

with slightly different approaches and purposes.  
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In study II, FE analyses were performed using a modelling approach already 

validated for a single-leg-stance loading condition (Grassi et al., 2016). The 

previous validation was performed on only three subjects, which was regarded 

as the major limitation. In this thesis work, twelve subjects were tested and the 

validation was performed in a more clinically relevant loading condition. The 

fracture strength predicted by these models correlated well with the 

experimentally measured peak forces (R2 = 0.92). The predictive strength of 

these models was similar to, if not slightly better than, those presented in studies 

proposing other modelling approaches for the same loading conditions (R2 = 

0.87, (Koivumäki et al., 2012); R2 = 0.85, (Dall’Ara et al., 2013)). 

From the included comparison between predicted principal strains against the 

strains measured with DIC, it was possible to determine with more precision 

how accurate the FE models describe the actual mechanical behaviour of the 

femur. Especially the comparison to the strain measurements on the lateral side 

of the femoral neck is of great interest, as this has repeatedly been shown as the 

region where fracture initiates (De Bakker et al., 2009; Zani et al., 2015). Strain 

gauges have long been the gold standard for quantitative strain validation of FE 

models. Since strain gauges require a clean flat surface, measurements on the 

superolateral neck were often avoided. However, Grassi et al. (2012) presented 

strain measurements with one strain gauge in the femoral neck, where the 

validation of FE models against the minimum principal strain measurements 

resulted in overpredictions of 30%. The origin of this discrepancy was 

speculated to come from anisotropy, but this could not be confirmed. The 

comparison between predicted and measured strains presented in study II 

showed strong correlations. However, it was also seen that the locally high 

measured strains resulting from underlying surface irregularities were not 

accurately predicted by the FE models. This suggests that inclusion of these 

surface irregularities could improve the ability of the models to accurately 

predict the strains, potentially more so than inclusion of anisotropy could. 

The versatility of the modelling approach was shown by validating it for two 

separate loading conditions. The proposed modelling approach was able to 

overcome several limitations posed in other approaches. Some FE modelling 

approaches may require a calibration set, reducing the number of models that 

can be used for validation (Keyak et al., 2005). Another approach would require 

calibration of the apparent density values with the use of µCT images (Zysset 

et al., 2013). In contrast, the present approach uses parameters obtained from 

previous independent studies and requires no internal calibration of input 

parameters, making it readily available to be used with a calibrated clinical CT 

scan as the only requirement. 

In the experimental measurements, high strains were measured that in several 

cases could not be predicted by the FE models based on clinical CT scans. In 
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study III, models were created based on µCT images. With the higher resolution 

of the µCT images, it was possible to create models including foramina and 

other surface irregularities. These models showed that the high strains 

measured by DIC can indeed originate from the foramina.  

In study IV, FE models were used to investigate the effect that an injection of 

CaS/HA has on the predicted fracture strength. Compared to the models used 

in study II and III, a simpler linear elastic material model was used, with a 

previously validated fracture criterion (Schileo et al., 2014). Due to the 

simplicity of this model, it was possible to run the hundreds of various models 

within a reasonable time. Additionally, for this comparative study predicting 

the exact fracture strength was not of primary importance.  

The baseline injection location showed a limited increase in fracture strength. 

However, this injection was purposely placed centrally in the femoral neck to 

investigate the ability of CaS/HA to spread in the trabecular structure. The other 

investigated locations for CaS/HA injection were selected to be closer to the 

cortical bone, but still clinically applicable. These locations showed higher 

increases in fracture strength. When optimizing the locations for a maximum 

increase in fracture strength even higher increase in strength can be expected 

(Varga et al., 2017). However, in this case it is likely that the clinical 

applicability is lost. With special tools for injection, it could be possible to find 

a good cut-off between optimal fracture strength increase and clinical 

applicability (Basafa et al., 2015). 

The mechanical properties of CaS/HA were represented in this study by 

applying an increase in Young’s modulus of the present bone. The modulus was 

approximated from data received from the manufacturer of the material. This 

data only presented values on the pure material and not about the composite 

behaviour after injection in bone. We therefore also decided to vary this 

increase in modulus to get a better feeling for the effect of the stiffness in 

combination with the presented variations in location. Regardless of the exact 

modulus of the combination of bone and CaS/HA, the material properties will 

likely change greatly within the first weeks-months after injection as the CaS 

phase is resorbed (Wang et al., 2016). One of the advantages of CaS/HA is that 

it can function as a delivery system or recruitment platform for bone active 

drugs (Raina et al., 2016, 2019). Inclusion of drugs increases the bone density 

(Sirka et al., 2018), which would lead to an increase in local stiffness. 

Screw pullout strength with CaS/HA 

Pullout tests on dynamic hip screws with and without CaS/HA were performed 

in order to determine if the primary fixation of a dynamic hip screw could be 

improved. The tests with the synthetic bone showed that an injection of CaS/HA 
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through both cannulated and fenestrated screws could lead to a significant 

increase in pullout strength. Additionally, the pullout strength in the fenestrated 

groups was higher than in the cannulated groups. The absolute pullout strengths 

recorded for the human femoral heads fell in the range of pullout strengths 

given by the low- and high-density blocks. Conversely, there were no 

significant differences between groups in the pullout tests with the human 

bones. 

The pullout strength was greatly influenced by the spreading of the CaS/HA 

inside the porous bone. In the low-density blocks, injection through the 

cannulated screws led to a uniform spreading at the tip of the screw. Further 

insertion resulted in good integration between the screw and CaS/HA. Injection 

through the fenestrated screws led to direct incorporation of the CaS/HA in the 

threads of the screw and the bone directly surrounding it. Even though CaS/HA 

appeared to have spread more into the threads of the cannulated screws, the 

pullout strength was higher in the fenestrated group. This indicates that for 

primary stability, it is more important to have an even distribution of material 

around the screw rather than a large concentration at the tip. This is further 

supported by the results from the tests with the high-density blocks, where the 

fenestrated group still showed the highest pullout strength, and the cannulated 

group did no longer show improvement over the empty group. This indicates 

that osteoporotic patients could benefit more from inclusion of CaS/HA. The 

spreading of CaS/HA in the high-density blocks was similar to that in the low-

density blocks, but the material remaining attached to the screw after pullout 

was different for the cannulated screws. No CaS/HA remained in the threads, 

indicating that no strong connection was present between CaS/HA and the 

screw. In the human femoral heads, injection through neither of the screws 

resulted in proper spreading of CaS/HA. The spreading was limited because the 

porous trabecular structure was filled with (coagulated) biological material. 

Additionally, the cannula was not closed allowing CaS/HA to flow back during 

injection. Without proper spreading no differences in pullout strength could be 

observed.  

The ability of CaS/HA to stabilize orthopaedic devices has not been widely 

studied biomechanically. However, CaS/HA has similar initial mechanical 

properties as calcium phosphate (CaP) cements (Nilsson et al., 2003; Zhu et al., 

2012; Ajaxon et al., 2017). Therefore, CaS/HA can be expected to perform at 

least equally well in applications where improved stability has been achieved 

with CaP. CaP was proved to be able to double the pullout strength of suture 

anchors in proximal humeri (Diaz et al., 2020). Similarly, in a direct 

comparison, CaP has been shown to increase the stability of pedicle screws to 

a similar degree as PMMA (Sun et al., 2020).  
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In situ loading 

Study VI was designed to gain more insight in the mechanical behaviour of 

CaS/HA after it is injected into trabecular bone. The use of synchrotron CT 

imaging resulted in the acquisition of images with a voxel size of only 2.75 µm. 

At this resolution, initiation and propagation of microcracks, and separation 

between trabeculae and CaS/HA could be observed. Bone is generally regarded 

as relatively stiff and brittle material compared to other tissues. However, by 

investigating the mechanical behaviour of bone at a microscale more ductile 

behaviour has been observed. Turunen et al. (2020) reported local strains of 6-

7% before damage initiated in individual trabeculae. In study VI, the bone 

specimen also reached similar strains. Conversely, the CaS/HA specimen 

fractured well before strains of this magnitude were reached. This is well in line 

with mechanical properties reported for calcium sulphate dihydrate cements 

(Koh et al., 2014). It was therefore also not unsurprising that damage in the 

composite sample initiated in the CaS/HA. In the pure CaS/HA specimen the 

damage nearly instantaneously propagated through the full specimen. While in 

the composite specimen, propagation of damage was halted by the presence of 

bone. Instead of individual cracks propagating through the specimen, multiple 

microcracks initiated in this specimen, leading to higher absorbed energy. 

Digital volume correlation is a useful technique that can be used to calculate 

displacements and strains inside a 3D volume. In this case it was used to 

identify regions of failure rather than to quantify, for example, strain in regions 

before failure. Determining strains before failure is possible with the use of 

smaller load steps (Turunen et al., 2020). However, decreasing the load steps 

increases the risk of radiation damage affecting the mechanical behaviour of 

the bone. With the used image settings, radiation damage was likely to occur in 

regions where the stacks overlapped after 5 load steps and were therefore 

intentionally kept relatively large (Barth et al., 2011; Pena Fernandez et al., 

2018). It is advisable to perform estimated radiation dose calculations before 

experimental testing. Together with the knowledge at what global strain failure 

will occur, this allows for optimization of the load step size. 

The added knowledge about the damage initiation and propagation could help 

to develop improved FE models of bone and CaS/HA. The data presented can 

best be used for models also investigating the initiation and propagation of 

cracks at a microscale. A simpler material formulation for the composite of 

CaS/HA and bone could not be determined. This was largely due to the low 

amount of specimens and large variation in BV/TV and penetration of CaS/HA. 

To obtain a material formulation that can be used for the models presented in 

study IV, more specimens with lower variation are required. To decrease the 

variation, for example, the anisotropy and BV/TV can be accounted for before 

acquisition of the specimens (Sas et al., 2021). New options for improving the 



56 

penetration of CaS/HA into trabecular bone should also be explored. 

Alternatively, an experiment could be conducted to compare the mechanical 

behaviour of CaS/HA and low-viscosity PMMA cements, that can fully 

penetrate the trabecular bone structure of cylindrical specimens (Sas et al., 

2021). Through a direct comparison of the two cements and bone specimens 

with low-viscosity PMMA cement, a material formulation for bone and 

CaS/HA can potentially be derived.  

 Limitations 

The main limitations in this thesis are divided in limitations regarding the 

studies involving mechanical testing of samples (study I, V, VI), and limitations 

regarding the studies including FE analyses (study II, III, IV).  

Mechanical testing 

One of the limitations is the biological variation of the specimens. When 

studying material behaviour, test samples can often be engineered to fit the 

mechanical test. This option is generally not available when working with 

biological tissue and means that large amounts of samples are required to be 

able to show significant differences.  

In study I, the setup was designed in such a way that all femora could be loaded 

under the same angles. This was fully based on the shape of the proximal 

femora themselves and not on realistic fall scenarios accounting for, for 

example, the centre of mass or motor control of the subjects. Additionally, the 

loading rate was set to a constant 5 mm/s, which is not in line with a realistic 

fall where impact occurs at speeds of approximately 3 m/s (Van Den 

Kroonenberg et al., 1996). This reduced speed was required to allow for strain 

measurements using DIC based on the framerate of the high-speed cameras. 

Another limitation originating from the anatomy of the femur is the limited 

region that could be used for DIC on the medial and lateral side. While the 

anterior side is relatively flat and well suited for DIC measurements (Grassi et 

al., 2014), the medial and lateral side of the femoral neck are more curved. Due 

to this high curvature and the limited focal depth of the high-speed cameras the 

coverage of the regions of interest was limited. On the lateral side this limitation 

was even greater due to the greater trochanter occluding large parts of the neck. 

Since the fractures generally initiated in regions occluded by the greater 

trochanter, measurements of strain in these regions could not be obtained. 

However, this does not appear to be completely impossible. With the use of the 
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FE models validated in study II, it is possible to predict sites where fracture is 

expected to initiate. This would allow for the design of a subject-specific 

loading setup that enables recording of strains within the region where fracture 

will initiate. 

The use of synthetic bone in addition to the human femoral heads in study V 

helped to partially account for the biological variation presented by the femoral 

heads. This way it was possible to show that CaS/HA can have a positive 

outcome on the stability of a dynamic hip screw. The inability to show 

differences in stability in the human femoral heads can mostly be attributed to 

the lack of spreading of CaS/HA. However, even with proper spreading it is not 

likely that significant differences could be measured. The measurements of 

BV/TV, insertion angle, and femoral head diameter showed correlations within 

the individual groups, but it was not possible to pair samples between groups 

based on these parameters alone. All obtained femoral heads were subcapital 

hip fractures extracted with an extractor screw. This led to additional variation 

that cannot easily be accounted for. Namely, the fracture surface, and location 

and depth of the hole left by the extractor screw. Since the fractures were 

subcapital there was not enough bone left to cut the heads in such a way that all 

bone affected by the fracture could be removed and that anisotropy in the 

femoral head could be accounted for. To be able to show significant differences 

with use of human femoral heads it would be better to use cadaveric femora or 

femoral heads obtained from total hip replacements. Erhart et al. (2011) 

investigated the pullout strength of the Proximal Femur Nail antirotation™ 

blade augmented with 4-5 ml low-viscosity PMMA cement in cadaveric human 

femoral heads. They showed a low significant difference (p=0.047) between 

the groups, due to large variation in pullout forces within groups (augmented: 

2315.2 ± 1060.6 N; non-augmented: 1180.4 ± 1171.4 N). Clinically, PMMA 

and CaP bone cements have already been proven effective in the prevention of 

screw migration and cut-out (Matsson and Larsson, 2004; Gupta et al., 2010; 

Park et al., 2019). This shows that other mechanical tests should be considered 

to test the initial stability of fixation devices. Other options for showing screw 

stability are cut-out tests (Augat et al., 2002; Sermon et al., 2021). These tests 

replicate stance loading conditions and are used to investigate the displacement 

of the screw with repeated increased loads. This way migration of the screw 

can be better assessed However, femoral heads, with at least a part of the neck 

still intact, are required. This means that femoral heads from subcapital 

fractures and synthetic bone blocks cannot be used. 

In study VI, the femoral heads obtained for study IV were used to collect 

multiple cylindrical specimens per head. Initially, it was planned to obtain 

cylindrical samples from the region where CaS/HA had already been injected. 

Unfortunately, while drilling, the already set CaS/HA quickly began to 

crumble. As alternative, the decision was made to obtain multiple specimens 
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from other locations in the femoral heads. From these specimens the bone 

marrow had to be removed before CaS/HA could be inserted. Even with all 

bone marrow removed, the viscosity of CaS/HA was too high to ensure filling 

of all space between the trabeculae. Combined, this led to specimens with high 

variation in bone density and spreading of CaS/HA (also within specimens). To 

obtain more comparable specimens, more detailed planning of the locations to 

drill is advised. By using, for example, µCT images of femoral heads, BV/TV 

and anisotropy can be accounted for (Sas et al., 2021).  

FE modelling 

All FE models presented use the modulus-density relationship presented by 

Morgan et al. (2003). This modulus-density relationship has been used by 

multiple research groups and has led to accurate predictions of mechanical 

behaviour (Falcinelli et al., 2014; Grassi et al., 2016; Yang et al., 2018; Enns-

Bray et al., 2018). However, this relationship was obtained following 

compression tests on trabecular samples of the femoral neck, while accounting 

for the physiological loading direction (Morgan et al., 2003). In the same study, 

other modulus-density relationships were determined for the greater trochanter, 

proximal tibia, and vertebrae. The authors also argued that, because the loading 

direction was accounted for, the modulus-density relationship may not apply 

for loading scenarios such as a sideways fall. Other relationships have also been 

shown to allow for accurate fracture strength predictions (Keyak et al., 2005; 

Yosibash et al., 2010; Koivumäki et al., 2012; Dall’Ara et al., 2016). Helgason 

et al. (2016) compared 11 relationships, and found that the relationship 

proposed by Morgan et al. (2003) showed one of the strongest correlations 

between their FE models and experimental measurements. However, they 

concluded that there is no one answer to what modulus-density relationship is 

best, since other modelling parameters and the experiments used for validation 

highly influence the outcome.  

Similar to the modulus-density relationship, the choice for how to correct for 

partial volume artifacts is critical to prevent underprediction of the fracture 

strength when using a fracture criterion evaluating strains at the surface. 

Application of a minimum Young’s modulus is a simple correction method, but 

overcorrection can lead to an overprediction the fracture strength of weaker 

bones. Study II therefore included a comparison of several minimum moduli, 

to ensure that the predicted fracture locations made sense. This shows that 

application of a minimum modulus, although simple, is not a robust method 

that can be used for all bones and multiple loading conditions. In addition to 

investigating the modulus-density relationship, Helgason et al. (2016) tested 5 

methods to correct for partial volume artifacts. They obtained good results by 

removing the layer affected by artifacts in the CT images, followed by a dilation 
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step of the higher-density underlying bone. However, all 5 methods were based 

on these same principles and no conclusive answer could be given on what 

method was best in general.  

In study III, the use of µCT images decreased the partial volume effect on the 

final simulations. Therefore, these models did not include any correction for 

these artifacts. However, not all images included calibration phantoms and the 

reconstruction settings varied between subjects. Since this created difficulties 

with consistent calibration of these images, they were calibrated directly against 

the clinical CT images using the grey values in the air, bone marrow, and 

cortical bone. Since only three points of comparison and a linear fit were used, 

the resulting Young’s modulus was not as accurate. To achieve a better 

calibration between clinical CT and µCT more points should be used and other 

(nonlinear) relationships should be explored. 

A limitation with the FE models presented in study IV were the assumed 

material properties of CaS/HA and bone. Although, CaS/HA has been used for 

multiple clinical applications (Nilsson et al., 2013), there are not many studies 

reporting its mechanical behaviour. In case mechanical properties are reported 

it is often limited to the compressive strength (Nilsson et al., 2003). Study VI 

was conducted to further investigate the material behaviour of CaS/HA after an 

injection in bone. It was found that CaS/HA has a Young’s modulus of several 

GPa, similar to that of CaS dihydrates (Koh et al., 2014). A single Young’s 

modulus value for the composite of CaS/HA and bone could not be determined 

due to the low amount of specimens and large variation in BV/TV and 

penetration of CaS/HA.  

 Future perspective 

Further model development and validation 

As shown in this thesis, FE models are continuously improved, partly as a result 

of better experimental methods used for the validation experiments. One 

interesting follow-up on the work presented in this thesis would be to study the 

post-fracture behaviour. In the current FE models the simulations are stopped 

after the strain on the cortex has passed a pre-set limit. Including fracture 

behaviour of the trabecular bone and continuing the simulation after initial 

fracture is reached can help in determining how the damage will progress. This 

way it can be seen if high local strains will always lead to crack development 

and the severity of a potential fracture can be assessed, which could have 

clinical implications (Cornwall et al., 2004; Turesson et al., 2018). Fracture 
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mechanics based FE modelling techniques that describe the entire fracture 

process from crack initiation to complete fracture have recently been proposed 

(Gustafsson et al., 2021). These models currently use relatively simple material 

formulations and could be improved by including the material modelling 

approach presented in study II. 

For the validation of models including crack progression new experiments 

would need to be designed. As shown in study I, a femur is likely to absorb 

large amounts of energy after initial failure following compression of the lateral 

neck. With recent developments in imaging techniques, it could be possible to 

develop a loading setup that could be used inside a clinical or micro CT scanner, 

following the recent work in single leg stance by Martelli et al. (2021). By 

creating a similar setup for femora loaded in a sideways fall, this could be used 

to perform DVC analysis to better track where fracture initiates and how it 

progresses.  

To increase the robustness of the FE models, the modelling of the cortical bone 

should be improved. In the present study a lower limit for the Young’s modulus 

of the cortex was set, which is a commonly used strategy to overcome 

underestimations following from partial volume artifacts in the CT images. 

However, in this study a different limit (2.5 GPa) was applied compared to 

Grassi et al. (2016), where 5 GPa was used. This change was needed because 

of the change in loading condition and the difference between the subjects (old 

women vs young men). A modelling approach that can automatically account 

for these differences would be a substantial improvement. One such way could 

be through separate mapping of material properties to the elements representing 

cortical bone. One such improvement was recently presented by Schileo et al. 

(2020). Another option could be to create separate geometries for the trabecular 

and the cortical bone. An accurate representation of the cortical bone can be 

obtained by measuring the cortical thickness and density (Treece et al., 2010). 

Using this method, it is also possible to identify some of the larger holes in the 

cortex based on clinical CT images. These could then be included in the FE 

models without requiring µCT scans. It can then also be further explored if the 

inclusion of foramina based on clinical CT scans actually improves the ability 

to predict the fracture strength. 

These strategies can also be used to improve the FE models presented in study 

IV. However, a more relevant initial improvement for these models would be 

to find a better material model for CaS/HA and bone. The experiment from the 

in situ loading (study VI) can be extended and used to develop a new material 

model for CaS/HA and bone. For proper validation this should then be extended 

to larger sample sets and to validation using proximal femora, similar to what 

has previously been done for models validated with PMMA (Basafa et al., 

2015). 
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Toward clinical application 

Regarding fracture risk prediction, the FE models presented in this work have 

been shown to accurately predict the fracture strength. It has already been 

shown that fracture strength is a good predictor for the fracture risk in other 

studies (Orwoll et al., 2009; Enns-Bray et al., 2019). However, for each new 

model, the ability to predict the fracture risk should be validated using a clinical 

cohort. This way it can be determined if the predicted fracture strength is 

actually an independent risk factor from aBMD and other factors determined 

with, for example, FRAX. Aside from showing that these models can better 

predict fracture risk, they need to be usable for clinicians. Currently, FE models 

still require quite some user intervention and cannot be used in a cost-efficient 

manner (Viceconti et al., 2018). Automatic generation of FE models from 

clinical CT scans is already possible (Väänänen et al., 2019). However, these 

models have not yet been tested for clinical use. In general, use of CT scans for 

screening of fracture risk is unlikely to become cost-efficient. It would be 

beneficial if 3D FE models could be directly created from DXA scans. This can 

be achieved through the use of statistical shape and appearance models, that can 

approximate the 3D structure and densities of a femur based on a 2D DXA scan 

(Väänänen et al., 2015). 

Regarding fracture prevention, the work in this thesis showed that CaS/HA can 

improve the fracture strength of the femur, which should reduce the fracture 

risk. Before large scale clinical use, one question that needs to be answered is: 

how much increase in fracture strength is required to achieve a substantial 

reduction in fracture risk? Injection of bone cement is not a trivial thing, 

whether it is resorbable or not. As long as it is unclear how much the fracture 

risk decreases, it will not be clinically accepted. However, the technique is 

ready to be pushed towards a clinical trial. To reduce the impact of the surgery 

on the patient, the trial could start on patients that have already fractured one 

hip. In the same surgery that the fractured hip is repaired it is possible to inject 

CaS/HA in the contralateral, unfractured hip. This means that no additional 

surgery is needed. Since the increased risk of fracturing the contralateral hip is 

very high after an initial fracture a more drastic measure than pharmacological 

treatment is warranted. Follow-ups where resorption of CaS/HA and bone 

density distribution is tracked over time will give a good estimate of the 

decreased fracture risk for the patients. 

For fracture repair, the small injection of 2 ml CaS/HA was shown to lead to an 

increase in screw stability in the synthetic bone. The first thing that needs to be 

overcome to improve the initial stability in human bone, is the lack of spreading 

of CaS/HA. The main reasons why CaS/HA did not spread in the experiment 

was due to the possibility for backflow through the dynamic hip screw and the 

coagulated tissue. An improved injection device that prevents backflow under 
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high pressure has already been developed. Recruitment for a clinical trial, that 

aims to investigate the ability of CaS/HA to improve the long-term stability of 

a DHS, has started (https://clinicaltrials.gov/ct2/show/NCT04498715). In this 

clinical trial CaS/HA is used with either local or systemic bisphosphonates to 

investigate bone regeneration around the screw. Regardless of whether the 

CaS/HA itself improves the initial stability of the screw, the newly formed bone 

is expected to improve screw fixation, reduce migration and improve healing 

outcome. 
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 Summary and conclusions 

The overall aim of the presented thesis work was to investigate new fracture 

strength prediction tools, and fracture prevention and repair methods. A 

combination of experimental and numerical studies was performed to validate 

finite element (FE) models and investigate orthopaedic applications of a bone 

cement based on calcium sulphate/hydroxyapatite (CaS/HA). 

 

I) Femoral fractures during a sideways fall are the result of a 

compressive failure of the femoral neck. In an experimental setting 

proximal femora were loaded until macroscopic failure. Full-field 

strain measurements showed that the superolateral neck failed 

under compression, before macroscopic failure resulting from 

failure under tension on the medial side of the femoral neck.  

II) A new benchmark for validation of FE models was set by using 

digital image correlation for bilateral strain measurements on a 

proximal femur. This validation process highlighted the 

complexity of measured strain fields and difficulties of accurately 

predicting strains in areas with high surface irregularity. 

III) FE models including foramina can improve the accuracy of the 

predicted strains. These FE models also confirmed that foramina 

can lead to high strains that not necessarily lead to global failure. 

Therefore, the inclusion of foramina is not likely to be necessary 

when prediction of the fracture strength is the goal. 

IV) An injection of CaS/HA in the femoral neck can increase the 

fracture strength of the femur. FE models that simulated a variation 

in injected CaS/HA location, volume, and stiffness were created. 

The most substantial increase in fracture strength was achieved by 

optimizing the location of the injection to the lateral side of the 

neck.  

V) An injection of CaS/HA has the potential to improve the initial 

fixation of a dynamic hip screw. Pullout tests were performed on 

dynamic hip screws using synthetic and human bone, with or 
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without CaS/HA. In synthetic bone, where CaS/HA can easily 

spread, significant increases in pullout strength were found. In 

human bone CaS/HA could not spread easily, so when considering 

the use of CaS/HA for clinical application special attention needs 

to be focused on the injection method to ensure proper spreading.  

VI) CaS/HA can strengthen trabecular bone and greatly increase its 

ability to absorb energy while keeping the bone largely intact. 

Bone and CaS/HA samples were imaged using high-resolution X-

ray tomography and loaded in situ. In samples containing both 

bone and CaS/HA, separation between bone and CaS/HA and 

microcracking in the CaS/HA was observed before damage to the 

bone became visible. The bone prevented the more brittle CaS/HA 

from developing large cracks leading to high energy absorption. 
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