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Abstract 
 

Bone is an anisotropic and heterogeneous material with hierarchical structure, hence its mechanical 

behaviour in the sub-microstructure (1-10 μm) affects its performance in the macrostructure. In 

recent years, the combination of high-resolution X-ray Computed Tomography (XCT) with in situ 

mechanical testing has been used to analyse bone morphology and mechanics at different resolution 

and specimen sizes. 

The primary aim of this PhD work is to combine high-resolution X-ray computed tomography (XCT) 

imaging, in situ/ex situ mechanics and digital volume correlation (DVC) on native and regenerated 

bone tissue, to provide a better understanding of their mechanical behaviour and its relationship to 

their morphological properties. At first, the effect of laboratory-based XCT imaging irradiation on the 

bone tissue, at the sub-microstructure, was examined to ensure the reliability of the results in the in 

situ XCT experiments carried out in this work. Then, cortical bone microstructural morphology was 

analysed in relation to its performance during plastic deformation and crack initiation, as well as 

morphological changes associated to the three-dimensional (3D) full-field strain distribution 

computed via DVC. Finally, bone regeneration was investigated at organ level using in situ XCT imaging 

for the mineralised tissue; whilst the radiolucent cartilage matrix in the same region was studied 

through histological analysis.  

Indentation was employed to assess the degradation of the mechanical properties of trabecular bone 

tissue in the sub-microscale (ex situ nanoindentation) as well as to induce plastic deformation at the 

microscale in cortical bone tissue (in situ XCT indentation). Specifically, nanoindentation was used to 

obtain the elastic modulus prior and post- XCT irradiation of tissue, on the surface of the specimens; 

and the damage induced in the whole volume was estimated by comparison with the 3D full-field 

strain distribution. Moreover, microcrack formation and prevention in the cortical bone was observed 

in axial and transverse orientation following plastic deformation. In particular, the microstructural 

morphology of the specimens was correlated to the crack initiation and strain accumulation in the 

volume. Microcrack formation in the trabecular and cortical bone was identified at regions of high 

strain accumulation. Alterations in the canal and pore network of cortical bone were associated to the 

strain accumulation during in situ loading. At organ level, in situ XCT microcompression was used to 

investigate the mechanical behaviour of the newly formed bone in femoral mid-shaft, where the 

diaphyseal fracture healing was studied under loading in the apparent elastic level. The strain 

accumulation in the fracture varied depending on the progress of the healing in the diaphysis, whereas 

the histological results showed the presence of soft tissues (i.e. cartilage matrix, skin and muscles) 

that contributed in the overall mechanics of the femur by sustaining the load. 



iv 
 

In conclusion, the results of this work show the 3D full-field strain distribution in the microstructure 

of bone and the contribution of its mechanical properties in the microscale to its performance in the 

macroscale in mature and regenerated tissue under plastic and elastic deformation respectively.
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Chapter 1 - Introduction 

1.1 Thesis motivation 

Bone is a heterogeneous and anisotropic material with a hierarchical structure [1–5], which consists 

of a variety of materials arranged at different length scales [6]. This variety in their arrangement affects 

bone mechanical, biological and chemical behaviour; thus, to understand and predict its behaviour, it 

is vital to investigate this complex architecture at the different scales. In general, there is a direct 

correlation between the material properties in the structural levels, where microstructural properties 

of bone determine its macrostructural behaviour [7]. In this study, the focus ranges between the sub-

microstructure (1-10 μm) and the macrostructures as shown in Figure 1 [8]. Specifically, starting from 

the lamellae in the bone tissue, their Haversian systems and up to a macrostructure entailing both 

cortical and trabecular bone [9]. 

Techniques at different resolutions are employed to assess the bone structural levels [10]. 

Conventional mechanical testing on a variety of specimen sizes has been used extensively; one of the 

most popular methods to assess the mechanical properties at the sub-microstructure is 

nano/microindentation, scaling up to more conventional uniaxial compression at micro and 

macrostructural levels. Mechanical analysis at different dimensional scales is important as mechanical 

properties of bone highly depend on the structural level [11]. For instance, the tissue elastic modulus 

at the sub-microstructure of a trabecular femoral head, as estimated with indentation, has been 

reported as 21.3 ± 2.6 GPa, whereas the apparent modulus, from the stress-strain curves of cyclic 

compression, at the same area,  accounts for 2.5 GPa [11]. The orientation of the microstructure also 

plays an important role in the mechanical properties. In fact, cortical bone in the axial direction has 

shown a greater Young’s modulus than that of the transverse [12]. Specifically, in the axial direction 

of a long bone, it ranges between 23.45 ± 0.21 GPa whereas, transversely it is about 16.58 ± 0.32 GPa 

[12],  justifying its anisotropic behaviour. Combining the mechanical properties with characterisation 

of the microarchitecture provides insights, which can help in predicting bone behaviour under 

different circumstances. The morphological properties at the cellular level have been widely studied 

through histomorphometric analysis. The histological 2D images are used to assess bone modelling, 

remodelling and degradation of diseased tissue (i.e. osteoporotic, osteoarthritic) [13–18]. The 3D 

morphology can be investigated through X-ray computed tomography (XCT) [19–21], that is used at 

different scales from nano/micro (high-resolution XCT) to macro levels [20]. In fact, characteristics 

such as bone volume (BV), trabecular bone thickness (Tb.th), trabecular spacing (Tb.Sp), cortical bone 

volume (Ct.BV), cortical thickness (Ct.Th) etc. have been identified using either laboratory XCT or 

synchrotron XCT systems [22–24]. 
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However, as the above described techniques are able to understand bone mechanics at different 

scales they have to be performed individually and often destructive. In this sense, combination of 

mechanical testing and XCT imaging (in-situ and ex-situ) provides a more comprehensive insight on 

the bone structural characteristics at different dimensional scales and their relationship [11,25–28]. 

In particular, 3D full-field displacements and strains in bone, using tomographic datasets obtained 

during in situ XCT mechanics, could be evaluated using digital volume correlation (DVC) [29]. DVC 

analysis, using high-resolution images, has contributed so far to the understanding of microcrack 

formation and propagation in  healthy and diseased bone tissue [30–33] as well as trying to identify 

the relationship between structural parameters, strain distribution and crack initiation in the whole 

bone [34]. However, to better understand the mechanical behaviour of the bone, the relation 

between strain distribution under load, morphology, defects in the structure should be examined at 

different dimensional scales. Furthermore, the regeneration of bone tissue using DVC has only been 

studied in the presence of biomaterials [35] and, to the best of the author’s knowledge, the strain 

distribution in the regenerated tissue of a large defect (i.e. osteotomy gap) has never been reported. 

In order to perform in situ/ex situ mechanics of bone tissue using high-resolution XCT imaging in a 

laboratory system; long exposure times are required, particularly to investigate the sub-micron scale. 

This may induce tissue degradation due to the long exposure to radiation, as previously observed for 

SR-XCT experiments [36]. Therefore, it is important to assess this damage and to develop appropriate 

experimental protocols accounting for this aspect.  

 

 

Figure 1: Hierarchical structural organisation of bone. Adapted from [8] 



3 
 

1.2 Aims and Objectives 

The primary aim of this study is to examine bone at different scales using a combination of mechanical 

testing, XCT imaging and DVC analysis. As mentioned, to understand the behaviour of bone, its 

microstructure needs to be investigated. In order to assess bone at such levels, high-resolution XCT 

imaging is required; thus, it is important to understand how the radiation of a laboratory XCT system 

affects the bone properties at the sub-micron scale. Moreover, it is vital to characterise the 

relationship between morphology of the microstructure and tissue behaviour under loading to predict 

crack formation and propagation in the whole bone. To further analyse the connection between the 

micro and macroscale, it is essential to appreciate how the morphology of regenerated bone tissue at 

organ level is affecting the structure under loading. Hence, the objectives of this project are: 

1. To assess the damage induced to the trabecular bone tissue mechanical properties and 

behaviour, due to irradiation in a laboratory XCT system at the sub-micron level. 

2. To evaluate the strain distribution, induced by plastic deformation in cortical bone in relation 

to its microstructure. 

3. To characterise regenerated tissue in fracture healing at the diaphysis of whole bone (rat 

femur) in the micro and macroscale. 

1.3 Thesis outline 

This thesis consists of six chapters, where the first one presents the motivation and aims of this project 

and outlines the structure of the thesis. The rest of the chapters include the following: 

Chapter 2: literature review of the theoretical background related to this study. An overview of the 

bone anatomical and structural behaviour is presented first. This is followed by a description of high-

resolution X-ray computed tomography (XCT) imaging with details on the laboratory and synchrotron 

systems used for bone imaging. The chapter closes with an elaborate report on bone mechanical 

behaviour and the techniques used in the studies involved [indentation, in situ XCT mechanics and 

digital volume correlation (DVC) analysis]. 

Chapter 3: evaluation of the effect of irradiation induced by a laboratory high-resolution XCT system 

on the sub-microstructure in trabecular bone tissue, by means of microindentation. Mechanical 

properties of the non-irradiated tissue were compared to the irradiated state to establish 

development of degradation patterns. 3D full-field strain maps computed via DVC at increasing 

irradiation stages were obtained for the investigation of the damage throughout the structure.  

Chapter 4: examination of cortical bone behaviour during plastic deformation via in situ XCT 

indentation. The 3D morphological properties of cortical bone (canal and pore network) segmented 
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from the tomograms are studied in relation to crack formation and progression. The effect of the canal 

network orientation in the microstructure on crack formation is also assessed. The statistical 

difference in the mean canal and pore diameter between the in situ XCT indentation stages in each 

specimen was estimated using a non-parametric independent Kruskal-Wallis test. 3D full-field strain 

maps are computed using DVC to evaluate the deformation accumulated throughout the volume 

during indentation. 

Chapter 5: characterisation of the 3D full-field strain in newly regenerated bone after fracture healing 

in the diaphysis of long bones under compressive loading. The regeneration ability of the osteotomy 

gaps in the diaphysis of rat femurs is investigated regarding its capacity to sustain the load. The strain 

in the mineralised regenerated tissue is computed by means of DVC. The cartilaginous matrix 

formation in the same region is observed using histological analysis.  

Chapter 6: summary of the work presented in the thesis. Discussion of the contribution for the work 

presented and the limitations of this research project. Finally, prospective future work development 

is discussed. 
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Chapter 2 - Background 

2.1 The skeleton 

The skeleton functions as a framework for the body by supporting, protecting and assisting its motion. 

Additionally, it is vital to its biomechanical and metabolic attributes and consists of many individual 

bones and cartilages. There are also bands of fibrous connective tissues (i.e. ligaments and tendons). 

It can be subdivided into two main entities; the axial, which includes the vertebral column and the 

skull and the appendicular, which includes the pelvic and pectoral area along with the limbs (i.e. long 

bones such as femur, tibia etc.) [1].  

An overview of the vertebral column and femur is of central interest in this study.    

2.1.1 Vertebral column and vertebrae 

The vertebral column is the axis of the human body, on which the absorptive layer of tissue hangs 

forward, or downward and on which the sensory or processing layer (the central nervous system, 

which is shaped as the brain and spinal cord) lies. The axis bones grow arches devoted to surrounding 

the central nervous system. There are 33 separate vertebrae, which are categorized in five classes of 

shapes, from neck to “tail”, named correspondingly: cervical, thoracic, lumbar, sacral and coccygeal 

(Fig. 1). These vertebral regions are modified according to the role they play in maintaining upright 

posture and bipedal locomotion. They bear the weight of the body cumulatively from top to bottom, 

hence why the sacral vertebrae, which help transmit the weight across the hips and down into the 

legs, are wholly fused to one another. Conversely, the cervical vertebrae move quite loosely on one 

another, affording the head a wide range of motions [2].  

A typical vertebra design is composed of a body and a neural arch, which sprouts off the body 

posteriorly. The neural arch begins as pedicles (or else as “tiny feet”), rising off the contour of the 

vertebral body and it continues as laminae on each side. The transition from pedicle to lamina is 

marked by a transverse growth of bone, called the transverse process. The laminae support articular 

surfaces that contact the laminae of both the vertebra above and the one below. The laminae arc 

toward themselves, meeting in the midline as a merger called the spinous process. These spines take 

on various lengths and angles of declination depending on where in the column they are located. They 

accommodate differences in weight load, calibrate the spinal cord, support the ribs and also prevent 

or allow movements thus, the cervical vertebrae tend to be small of body, long of spinous process and 

almost bereft of transverse projections. They also possess a hole on each side that allows the vertebral 

artery to reach the base of the brain in a well-protected route [3]. The bodies of lumbar vertebrae, 

which show the effects of increased weight-bearing, and the articular facets are rotated to be almost 
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perpendicular to the thoracic facets. This enables this part of the column to flex and extend, but not 

to side-bend easily. The older the bone gets, the more limitations appear [1]. 

 

Figure 1: Human vertebral column [4] 

2.1.2 The femur 

The femur is the strongest and longest bone in the body, located in the lower limb and connecting the 

hip to the knee joint. Due to its unique structure it supports the various muscular and ligamentous 

attachments in this area, as well as extending the limb during movement. The proximal part of the 

femur is linked to the pelvic bone and the distal part articulates with the patella and the proximal end 

of the tibia [2]. The head of the femur is nearly spherical and projects anteriorly from the shaft of the 

bone, the femoral neck, to accommodate the muscle forces that pull against the top of the femur (Fig. 

2). These are the trochanters, on which the muscles act on to balance the heavy truck against the strut 

of the lower limb during standing or movement. The generic shape of long bone consists of a 

cylindrical shaft, the diaphysis and two wider and round ends the epiphyses; the part connecting the 

two is called the metaphysis. The ends are wider than the middle since in most long bones they are 

part of joints [1,3]. 
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Figure 2: Anterior view of the right human femur [5] 

 

2.2 Bone structure 

2.2.1 Anatomic structure of bone 

Bones can be categorised in three groups based on their morphology: short, long and flat. Short bones, 

such as vertebral bodies, have approximately the same dimension in all directions (trapezoidal, 

cuboidal, cuneiform or irregular shaped) and have rather thin cortices. Long bones, such as the femur 

and the tibia, have three apparent regions - the epiphysis, the metaphysis and the diaphysis (Fig. 3). 

The diaphysis is a tubular shaft in the middle of the bone with thick dense walls (cortical or compact 

bone) and is hollow-like in the middle (medullary cavity). The epiphysis is located at the proximal and 

distal ends of the bone and is filled with cancellous bone (spongy bone). The epiphyses meet the 

diaphysis at the metaphysis. The metaphysis is the narrow region that comprises of the epiphyseal 

plate, a layer of hyaline cartilage in growing bone, which after growth is replaced by the epiphyseal 

plate. The medullary cavity is surrounded by the endosteum that is responsible for bone growth, repair 

and remodeling. The outer surface is covered by the periosteum enclosing the nerves, lymphatic and 
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blood vessels that sustain the cortical bone. At last, flat bones, such as the ones in the cranium, have 

sandwich like structure, with layers of cortical bone on the outside surrounding trabecular bone [6]. 

 

Figure 3: Structure of the femur identifying the anatomical elements. Image adapted from [7] 

2.2.2 Microscopic structure of bone 

An adult human skeleton has 80% of cortical bone and 20% of trabecular bone. Most bones in the 

skeleton contain both compact and cancellous bone; however, the bone function dictates their 

classification and concentration. In the human vertebra the cortical to trabecular bone ration is 25:75, 

the femoral head accounts to 50:50, whereas in the radial diaphysis it is 95:5 [8]. Both forms have the 

same matrix composition, however cortical bone is dense, solid and surrounds bone marrow. 

Trabecular bone has a honeycomb-like network of trabecular plates and rods, which provide large 

porous spaces for the red marrow [9]. Therefore, the real difference of the two is in their 

microstructure arrangement. The osteon, comprises the basic structural unit in the microscale that 
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surrounds the Haversian canal (20-100 μm diameter) [10]. In the trabecular bone, lamellae are 

composing an irregular and sinuous convolution, the trabeculae. 

Cortical bone is a porous composite material composed of the aforementioned soft organic matrix 

that is hardened by the mineral phase. It consists of 70% mineral in the form of hydroxyapatite, 22% 

of type I collagen and 8% water by weight [11]. Its hierarchical structure extends over several 

organization levels, starting with the fibers in the nanoscale, which are consisting of collagen and 

hydroxyapatite fibrils. The mineralized fibers form the lamellae (sing. lamella) which are cylindrically 

shaped. It is a concentric complex of lamellae surrounding a canal that consists of blood vessels, 

nerves, and loose connective tissue called osteon or Haversian system. These assemblies include 

sublayers where the orientation of the fibers varies and resembles a twisted plywood structure [10]. 

The osteons are the main structural component in the microscale. The porosity of the cortical bone 

(5-10 %) involves the Haversian canals which are inter-connected by Volkmann’s canals, the osteocyte 

lacunae and canaliculi and the resorption cavities [12]. The pores in the bone enclose soft tissues and 

fluids (i.e. blood vessels, cells as well as nerves) [13]. Cortical bone surrounds an organized 

microstructure of laminated bone which comprise multi-layer, multi-scale tubes that allow the 

physiological and biomechanical functions [14]. 

Trabecular bone, as stated, is an assembly of parallel sheets of lamellae arranged in the orientation of 

the trabeculae. The lamellae are forming groups named trabecular packets, which are separated from 

each one with cement lines. Trabecular bone remodeling is achieved by removing old bone from the 

surface of the bone and replacing it in the cavities left empty with trabecular packets. Osteons in the 

trabecular bone are present in trabeculae with thickness greater than 350 μm. These osteons can be 

found in the calcaneus, mastoid and the medial aspect of the proximal femur and are similar to those 

of the cortical bone. The size of the lamellae in these lead to believe that they have analogous 

properties to those of the cortical bone [13]. 

There are two distinct varieties of bone; the immature primary, woven bone and the mature 

secondary, lamellar bone. Woven bone is rarely seen in human healthy skeleton after the age of five, 

unless there is an injury that leads to new bone formation, neoplastic diseases or inflammation 

[12,15]. The main characteristic in woven bone is the irregular deposition of collagen fibrils whose 

diameter varies between 0.1-0.3 μm. This irregularity in the orientation of the fibrils makes woven 

bone more flexible, easily deformable and weaker than lamellar bone. It also has a lower mineral 

content and higher number of osteocytes [16].  

The secondary or lamellar bone is found in adults and is more precisely arranged. The collagen fibrils 

in secondary bone are positioned in sheets, the lamellae, which are parallel to each other or 
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concentrically organized around a vascular canal. It forms after the remodeling of existing bone. 

Osteoclasts resorb the existing bone at its edge and are replaced by osteoblasts. This is where the 

Haversian canal forms due to partial filling of the osteoblasts. The Haversian system in the canals are 

linked together by the Volkmann’s canals, which are perpendicular to the long axis [10,17]. 

2.2.3 Bone matrix composition  

Bone is consisting of cells and extracellular matrix. The feature that differentiates bone from the rest 

of the connective tissues is the mineralization of its matrix, which creates a highly hard tissue able to 

support and protect the surrounding organs. The term matrix refers to the water and soft organic 

material, which for the most part is collagen where the mineral crystals are located. The mineral is 

calcium phosphate in the form of hydroxyapatite crystals, which are stored in bone and determine its 

mineral content. Therefore, not only does bone provide support and protection but it also contributes 

in the homeostatic regulation of the calcium levels in the blood. The bone matrix is soft organic 

material, largely collagen in which the mineral crystals are located. Except from type I collagen in  the 

bone matrix (mentioned in the previous section), other types that can be found in lesser extent are:  

III, V, XI and XII  [18]. The collagen molecules comprise 90% of the weight of proteins in the bone 

matrix. The other 10% consists of other non-collagenous proteins. These are vital to bone growth, 

development, remodeling and repair. Therefore, the mineralized tissue is obtained from both, the 

collagen and the ground substance. The non-collagenous proteins can be divided in four main 

categories namely as proteoglycan macromolecules, multi-adhesive glycoproteins, bone-specific 

vitamin K-dependent proteins, growth factors and cytokines [16].  

 

Figure 4: Human bone internal structure. Adapted from [7] 
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2.2.4 Osteoblasts  

Osteoprogenitor cells also known as stem cells, produce osteoblasts that are responsible for the 

formation of new bone matrix and are derived from bone marrow, bone canals, the endosteum and 

periosteum.  They initially form the collagenous matrix, osteoid, in which mineral is later deposited to 

and it becomes an osteocyte. Osteoblasts are located at the surfaces of bone tissue close to each 

other; they have a cuboidal to columnar shape and basophilic cytoplasm. Osteoblast populations are 

heterogeneous, that could justify the heterogeneity in trabecular bone microstructure in different 

regions in the skeleton [8]. 

2.2.5 Osteocytes 

The osteocytes are derived from maturation of osteoblasts and are located in the lacunae; each lacuna 

contains one osteocyte. The lacunae in the bone matrix are between the lamellae and connected by 

a network of canaliculi, which allow contact between the cell processes of neighboring osteocytes and 

have approximately 0.2-0.3 μm diameter [16]. The connections between these cells is achieved by 

means of gap junction and permit small molecules to pass through [19].  

2.2.6 Osteoclasts 

Part of the mineralized bone matrix is also the osteoclasts, which are bone-resorbing cells found on 

the surface of bone where the tissue has been damaged or remodeling occurs [18]. They are obtained 

from the fusion of bone marrow-derived mononucleated cells. 

2.2.7 Bone-lining cells 

In the surface of the bone, there are bone-lining cells. They derive from osteoprogenitor cells and are 

considered inactive osteoblasts. They are also involved in propagating the activation of signal that 

initiates bone resorption and remodeling. [16] 

2.3 Histology 

Histology is the study of tissues, their appearance and arrangement in the constitution of organs. It 

has been extensively used in bone research to further characterize its physiological properties in cases 

such as skeletal development [20], disease diagnosis [21], examination fracture healing progress [22–

25] and investigation of the micropenetration depth of indents in cartilage [26]. It has also been used 

in combination with X-ray tomography (XCT). Specifically, images of femoral head after ischemic injury 

where correlated to histology of the bony epiphysis and epiphyseal cartilage to assess the reparation 

progress  [27]. Furthermore, Neldam et al. (2017) compared the histomorphometric 2D results to the 
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3D synchrotron XCT tomograms to evaluate the bone-to-implant contact in goat mandible. The 

combination between the two is beneficial due to the fact that XCT tomograms examine the 

mineralised 3D morphology of the bone structure, whereas histomorphology reviews the non-

mineralised and low-mineralised regions of the tissue [28].   

2.4 Bone formation 

There are two processes for bone formation (ossification): direct (intramembranous) and indirect 

(endochondral). 

2.4.1 Intramembranous ossification 

Intramembranous ossification begins in the embryo and continues on to adolescence.  Cortical and 

trabecular bone start forming from sheets of mesenchymal, which is undifferentiated connective 

tissue. Afterwards the mesenchymal cell in the skeleton of the foetus assemble differentiate into 

specific cells (i.e. capillaries or from osteogenic to osteoblasts). Intramembranous ossification in 

adolescent ends with the formation of the flat bones in the face [6]. 

2.4.2 Endochondral ossification 

Endochondral ossification is the process during which bone forms and completely replaces hyaline 

cartilage. In endochondral ossification mesenchymal cells differentiation into chondroblasts instead 

of osteoblasts, which are cartilage cells that comprise the cartilaginous skeleton prior to bone. The 

perichondrium is then formed, from the cellular membrane enclosing the cartilage. Matrix is produced 

by the chondroblasts until they grow in size in the cartilaginous model. Once the matrix calcifies, the 

chondrocytes start dying due to lack of nutrients and the cartilage disintegrates. Blood vessels replace 

the empty space, carrying osteogenic cells that later become osteoblasts. These spaces develop into 

medullary cavities. The cartilage continues to grow and capillaries penetrate it; leading to the 

conversion of the perichondrium to the bone-producing periosteum. The produced osteoblasts 

develop the periosteal collar of cortical bone in the diaphysis. At the ends of the bone there is 

continues growth of chondrocytes and cartilage, increasing the length of the bone while cartilage is 

replaced in the diaphysis. Once the bone is fully formed, only the surfaces of the joints have cartilage 

(articular) and the epiphysis. After birth, the process is repeated for the epiphyseal areas [6]. 

2.5 Bone modelling and remodelling 

Modelling and remodelling of bone are two processes the adult skeleton undergoes during life. 

Modelling is the procedure where bones alter their architecture (i.e. shape, size etc.) depending on 
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biomechanical forces. Osteoblasts and osteoclasts add or remove bone respectively, based on 

physiological influences or mechanical forces applied to the skeleton.  

Bone remodelling occurs when bone develops to sustain bone strength. According to Wolff’s law in 

1892 the mechanical stress induced in the bones is dictating their architecture [29]. The remodelling 

occurs as a response to loading due to mechanotransduction. This is the process where forces are 

transformed into biochemical signals and afterwards into cellular response. Wolff’s law describes the 

treatment of bone pathologies (i.e. osteoporosis, fracture healing) with the use of physical exercise.  

In fact, it promotes the use of strength and weight-bearing activities as a non-medicinal treatment for 

osteoporosis and a range of motions and stresses that can enhance the overall strength of a fractured 

bone. Since then, it has been shown that the relationship between exercise and bone mineral density 

is more complex and exercise alone is not sufficient [30]. 

In the remodeling phase, old bone is resorbed and afterwards replaced by new bone. Remodeling can 

be targeted in areas where repair is required or randomly. It consists of four subsequent phases; 

activation, resorption, reversal and formation [8]. Activation is the phase, which involves the 

admission of osteoclast predecessor to the surface of bone and their differentiation to osteoclasts. In 

resorption, the osteoclasts dissolve the mineral part of the bone matrix and release the collagen in it. 

The reversal stage consists of the termination of resorption and the introduction of formation. Here, 

the osteoblasts create unmineralised matrix, which as mentioned above, later becomes osteocytes. 

[20]. 

2.6 Bone fracture healing 

In general, bone fracture occurs when an unforeseen load surpasses the physiological loading, causing 

stresses beyond the strength of the bone tissue. There are two primary factors for this type of injuries 

(traumatic fractures); fractures that appear by a muscular contraction “unprompted” (i.e. in elderly 

people with osteoporosis) and those caused by an external impact [12]. 

Fracture healing in bones is a highly complex process where not all of each aspects are completely 

understood. Bone is a tissue that can heal without leaving a fibrous scar [31]. Fracture healing 

encompasses a variety of repair processes that involve convoluted, well-coordinated phases instigated 

by fracture. It is highly dependent on the biological environment (fracture site) and mechanical 

stability of the tissue [32]. Instability and large movements of the fracture ends can interfere with the 

process. Therefore, optimal healing involves a degree of mechanical stability as well as proximity 

between the fracture ends [33]. There are two main types of bone healing; primary or secondary, 

depending on the amount of strain induced on the bone.  
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2.6.1 Primary Healing 

Primary bone healing develops when there is open reduction and internal fixation surgery. It involves 

direct remodeling of lamellar bone, Haversian canals and blood vessels. It can happen by either 

contact healing, where the gap between the bone is less than 0.01 mm and the strain less than 2% 

[34]. Furthermore, contact healing causes generation of osteoblasts that cross the fracture line, 

creating longitudinal cavities. These are filled with osteocytes. Afterwards, there is a simultaneous 

development of bony union and Haversian systems, bridging the gap. The osteons in the mature area 

are then leading to remodeling of lamellar bone and healing of the fracture. Additionally, the process 

of healing starts with formation of lamellar bone, which is oriented perpendicularly to the long axis. 

Later, this is replaced by osteoprogenitor cells inside longitudinal osteons. The osteoblasts from these 

cells differentiate and form lamellar bone perpendicularly to the surfaces, but in order to strengthen 

the lamellar bone secondary healing is necessary [34]. 

2.6.2 Secondary Healing 

In cases where the distance of the parts can be approximatively 800 μm to 1 mm, gap healing occurs. 

The space between the fracture ends is filled with intramembranous woven bone, which is later 

remodeled into mature bone [35]. When complete rigidity is not achieved due to the gap size, the 

healing process is known as secondary. Secondary (indirect) healing is the most frequent type of 

healing and involves both intramembranous and endochondral bone formation. It is generally 

improved by controlled micro-motion and weight-bearing. Indirect healing has three phases; 

inflammatory, reparative and remodelling (Fig. 5)  [32,36,37]. It should be noted, that these phases 

are set as the framework of secondary fracture healing in an effort to depict the process and not a 

timeline, since they occur simultaneously at different regions of the same fracture [33,36]. Moreover, 

the most common skeletal site for secondary healing is in fractures of cortical tissue in the diaphyseal 

part of long bone [38]. 
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Figure 5: Stages of secondary fracture healing. Hematoma formation during the inflamatory phase, callus formation as part 
of the reparative phase and bone remodeling where complete healing of the fracture occurs. Adapted from [39] 

 

2.6.2.1 Inflammatory 

Shortly after the trauma, cells from the peripheral and intramedullary blood along with bone marrow 

cells, start to assemble in the region creating an hematoma [40]. An inflammatory response, required 

for the healing occurs and causes the hematoma to gather in the fractured region. This promotes the 

formation of callus. In the inflammatory phase, there is differentiation of mesenchymal cells to both 

osteoclasts and osteoblasts [41]. The osteoclasts contribute in the resorption of bone debris. Whereas 

the osteoblasts assist in the development of cartilaginous callus and angiogenesis (blood vessels 

creation) [36]. This phase occurs in the first 1 to7 days post-trauma [34]. 

2.6.2.2 Repair 

The reparative stage of secondary healing can also be described as the proliferation and differentiation 

stage. It is defined by the differentiation of mesenchymal stem cells in the fracture site into ones with 

osteogenic capacity [36]. Hence, callus starts forming, becoming stiffer as it calcifies. Soft and hard 

callus is developed, simultaneously, in a combination of endochondral and intramembranous 

ossification [32,42]. After the hematoma a fibrin-rich granulation tissue is developed. The tissue 

formed in the area is exposed to high tissue strains, which encourages the differentiation of 

mesenchymal cells to chondrogenic leading to soft callus formation. The soft callus extends 

throughout the gap connecting the fracture ends and helps to stabilize the fracture during the 

calcification and remodeling processes that follow. During this endochondral ossification, the 

hypertrophic chondrocytes are enclosed by calcified matrix resulting in their removal and replacement 

by woven bone. The soft callus here is cartilaginous tissue [34,43]. At the same time with the soft 

callus development in the center of the fracture the hard callus is forming. The intramembranous 

ossification creates hard callus of woven bone beneath the periosteum, at some distance from the 



19 
 

gap, developing peripherally towards the fracture. The osteoblasts in the area synthesize type I 

collagen that contributes in the development of calcified tissue. Eventually, woven bone surrounds 

the outer surface of the site providing mechanical stability in the first stages of mineralisation [33]. 

2.6.2.3 Remodelling 

The woven bone formed during the repair is a rigid structure that provides the biomechanical stability 

however, as mentioned before (Section 1.4), it does not have the biomechanical properties of lamellar 

bone. The collagen fibres in the woven bone are in a random orientation. This results in a much more 

isotropic behaviour, with less strength and stiffness [36]. The osteoclasts resorb the hard callus, while 

osteoblast generate lamellar bone [16]. The process starts approximately on the third week and may 

last years until full regeneration is accomplished. It is seen that remodeling occurs when there is 

electrical polarity in the region. To attain such polarity axial loading can be induced in long bones, 

causing osteoclastic and osteoblastic reactions [44]. As the woven bone is slowly replaced with 

lamellar bone over the duration of several months, the mechanical integrity and properties of the 

tissue are restored. Ultimately, leading to tissue formation indistinguishable from bone seen 

elsewhere [45]. 

2.6.3 Fracture Fixation 

The outcome of fracture healing depends on a variety of elements; such us acuteness of the injury, 

fracture realignment and prior diseases in the bone (i.e. osteoporosis, osteoarthritis etc.). Optimal 

fracture healing is achieved when the natural healing process is not obstructed and there is the ideal 

biological and mechanical environment for repair. In fact, is cases of severe trauma surgical 

stabilisation of the bone fragments is used [46]. The objective of fracture fixation is to anatomically 

position the bone fragments and accomplish adequate stability to allow uncompromised facture 

healing [32]. The technique used to align the tissue prescribes the degree of interfragmentary 

movement happening under the external loading and muscle motions, factors that regulate the 

healing environment. Specifically, low interfragmentary movement leads to low interfragmentary 

strain, which causes the intramembranous bone formation. Moderate interfragmentary movement 

results in endochondral ossification and higher movement can prevent fracture healing [47]. Indeed, 

the critical strain tolerance for the fracture site is 2%, meaning that if the bone was deformed by more 

than 2%, the bone element would be obstructed or not able to achieve healing. According to Perren 

(2015), the structure of woven bone achieves bone bridging at approximately 10% strain [45]. In this 

case, the bone is strained less than the destructive 2%. The most commonly used fracture fixations 

are splinting and compression (Fig. 6) [35,46].  
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There are two types of splinting: internal and external. Internal splinting can be intramedullary nails 

or internal fixator plates. The first is required in fractures of long bones, positioned into the medullary 

cavity fixed in placed by screws/bolts at each one of the ends of the splint [46]. This can lead to an 

unstable fixation that raises the risk of delayed healing [48]. The internal fixator plates are securely 

positioned close to the bone surface with locked screws [35]. They allow some interfragmentary 

movement in the region opposite the fixator, enhancing the formation of callus. However, there is 

obstruction of the formation adjacent to the plates [47]. New designs have been developed for both 

techniques trying to optimise the healing [48,49]. 

The external splinting is applied by either plaster casts or braces; allowing a larger degree of 

interfragmentary movement. In cases of open tissue wound fracture, external fixators are used.  

External fixators are widely employed to sustain a defect in fracture healing studies. This is because 

they have minimum involvement with investigation to follow and are easy to implement. In addition, 

using an external fixator allows alteration to the mechanical environment in the duration of the 

experiment [25]. The interfragmentary stability in this instance depends on numerous factors such as 

the distance between the bone and the fixator, the spacing, diameter and number of the screws. For 

instance, Meeson et al. (2019) assessed a variety of mechanical environments regarding the 

interfragmentary strain and stiffness in the healing of three osteotomy induced gap sizes, in rat femurs 

[25]. It was observed that the 1 mm gap led to complete fracture healing, whereas the 2 mm and 3 

mm led to delayed and non-union respectively. In fact, there are several studies investigating the 

regulation of stability (flexible to rigid) in inducing callus healing [50–53]. However, the biomechanics 

of the regenerated tissue in situation have only been explored in Finite Element (FE) models [54]. 

 

Figure 6: Standardised fracture fixation systems of mice and rat femurs. (A): Internal locking plate, (B) Locking nail, (C) 
External fixator (adapted from [55]). 
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2.6.4 Complications 

A fracture is considered healed when there is adequate mechanical union to restore function. The 

progress can be monitored, clinically, with radiography by observing the calcified tissue in the union. 

A failed fracture healing is considered when the fracture ends do not meet: “non-union”; or healing 

progress is not as expected: “delayed-union” [56].  A non-union for human bone tissue can be defined 

as a 9-month old fracture that has shown no signs of healing advancement in the last three. In rats 

and mice time points are approximated to 15 and 12 weeks, respectively [55]. However, time has been 

proven to be a less important factor in the healing progress since different bone sites require different 

times (i.e. high energy diaphyseal injuries). Therefore, a broader definition would be “a symptomatic 

fracture with no apparent potential to heal without intervention”. Likewise, a delayed-union can be 

classified as “a fracture in which healing has not occurred in the expected time and the outcome 

remains uncertain”. At last, in some cases of non-union in humans there was development of 

pseudarthrosis, which consist of synovial membrane and has a form of a false joint [55]. A definition 

for pseudarthrosis would be: “a painless fracture that has failed to unite and has no potential to do so 

without intervention” [36]. 

2.7 High resolution X-ray Imaging 

X-ray computed tomography (XCT) is an imaging method where individual projections (radiographs) 

recorded from different viewing directions are used to reconstruct the internal structure of the object 

of interest. Computed tomography offers an accurate map of the different absorption levels of x-rays 

inside an object, irrespective of the different phases in substructure or the variation in the density of 

the object. Micro-Computed Tomography (microCT or μCT) or otherwise know high-resolution XCT 

imaging is used for reconstruction of object’s internal volumes with the spatial and contrast resolution 

needed for numerous applications. It is widely used for biological, physical science or engineering 

problems. In fact, in 1989 Feldkamp et al. build a microCT scanner to investigate the trabecular bone 

3D microstructure [57].  

The distinction between a conventional and high-resolution X-ray microCT is in the spatial resolution 

achieved (microCT ≤ 100 μm). The microCT systems used nowadays, can reach an isotropic voxel size 

of a few nanometers, investigating structures smaller than mouse trabeculae that are in the range of 

30 to 50 μm. High-resolution microCT has been extensively used to assess trabecular, cortical and 

whole bone morphology [58] 

The principle of computed tomography is based on measuring the volume of an object by evaluating 

it from different directions and computing images from these data. X-rays transmitted from the source 

are either absorbed by the sample or reach the detector. The absorptivity of the object provides the 
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contrast, meaning uniform absorptivity in its geometry leads to a uniform grey level. To measure the 

distribution of X-rays in a radiograph the grey value pattern is exploited i.e. intensity, I. The initial 

intensity (I0) is measured along with the intensity attenuated by the object (I), so as to compute the 

attenuation for each ray from source to detector [59]. The real attenuation depends on both the 

material and the energy spectrum of the X-ray source. The energy-dependent material constant in the 

exponent of this attenuation formula is called linear attenuation coefficient.  

𝐼 =  𝐼0 × 𝑒−𝜇×𝑑 

Equation 1: Intensity of the radiation in a homogeneous object with monochromatic radiation, where I0 is the initial 
intensity, μ is the attenuation coefficient and d the absorber thickness [59]. 

𝐼 =  𝐼0 × 𝑒−𝜇1×𝑑1−𝜇2×𝑑2−𝜇3×𝑑3−⋯ = 𝐼0 × 𝑒− ∫ 𝜇×𝑑𝑠
𝑑

0   

Equation 2: Intensity of the radiation in an inhomogeneous objects with monochromatic radiation the formula considers 
the difference in the attenuation coefficient and thickness of the component [59]. 

 

𝐼 =  ∫ 𝐼0(𝐸) × 𝑒− ∫ 𝜇×(𝐸)×𝑑𝑠
𝑑

0 𝑑𝑠
𝐸𝑚𝑎𝑥

0

 

Equation 3: Intensity of the radiation in inhomogeneous objects with polychromatic radiation [59]. 

An X-ray projection/image expresses an image of the sum of all the local attenuations along the X-ray 

beam path. A three-dimensional CT image, is obtained by acquiring a group of these two-dimensional 

images. In a microCT to obtain such images, a source and a detector are fixed in place while the object 

is rotating around its vertical axis. In a laboratory-based microCT the source is a microfocus X-ray tube 

whereas in a synchrotron X-ray microCT is an insertion devise. The detector is a charged-coupled 

device (CCD) camera with phospholayer that converts X-ray photons to visible light. The projections 

are then documented, in discrete points keeping the sampling distance between the neighbouring 

pixels, based on the number of pixels in the detector camera. In order to compute a quality image, 

there needs to be adequate number of projections values from all the directions. That implies that the 

minimum angular range of the projections is 180˚ and that each projection data point is extremely 

close to the next. Subsequently, the three-dimensional image is reconstructed by these two-

dimensional projections [60,61]. 

However, microCT imaging depends on more than just the specimen imaging. It involves computation 

of a variety of parameters in addition to the two- and three-dimensional visualization. Starting with 

the sample, it needs to be fitted and fixed in the microCT system configuration. The correct placement 

of the sample ensures that it is in the field of view (FOV) and secure fixation that there are no motion 

artifacts. Orientation of the sample is also an important factor to consider, since positioning vertically 
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to the vial axis requires less measurement time. However, in a laboratory-based microCT vertical 

orientation can affect the image quality due to the beam hardening. 

Integration time defines the quality of the tomogram. The longer the scan, the better the signal-to-

noise ratio (SNR). Measuring time however, is also increased, along with the radiation dose, which can 

negatively affect the bone tissue properties [62] . Moreover, each microCT system has an integration 

time limit, set by the CCD saturation time of the detector. To improve the image quality each 

projection can be acquired numerous times and use the average for image reconstruction, a method 

known as frame averaging. Admittedly, the time and radiation dose are increased as well, however 

saturation of the CCD detector is avoided. The resolution of the images is determined by the sample 

features in question. For the selection of the optimal resolution, the dimensions of the sample should 

be considered since they are linearly coupled to each other. In addition, binning is employed to 

increase the SNR. It is a method where several pixels are averaged together in the CCD chip, improving 

the photon statistics [60].   

Finally, reconstruction of the images has an impact on the image quality. There are different ways to 

reconstruct microCT imaging scans, such as Fourier-Based reconstruction, Sinogram, Cone-Beam and 

Filtered Back Projection. The most common way is using a Filtered Back Projection algorithm [63,64]. 

The main concept of this technique is that projections of the object are depicted at 45˚ intervals and 

run back through the image to attain an estimation to the original one. They correlate effectively in 

the areas which equate to the original image. An issue that can appear when running the image back 

is the star-like artefacts that cause blurring. Consequently, a filter is applied to eliminate the blurring 

known as ramp filter [63]. 

2.7.1 Laboratory X-ray microCT 

A typical laboratory X-ray microCT system uses either an evacuated tube or a rotating anode as a 

source. An X-ray tube contains a filament, the cathode. This filament emits electrons in the form of a 

beam accelerated by a voltage up to 240 kV (or more in case of vacuum tube) aimed at the anode. The 

latter is a metal target manufactured from tungsten. The electron beam, that is produced, impacts the 

anode and the high kinetic energy of the electrons is converted into X-rays [65]. The current microCT 

systems function using a cone-beam [66]. The specimen is positioned between the source and 

detector onto a table that rotates in a specific angle (most commonly 180° or 360°) (Fig. 8). The spatial 

resolution of the system depends on the detector width, the geometric configuration and the spot 

size, which can be defined as the area on the target where the photons (X-rays) are produced [67]. 

Specifically, the spot size limits the image resolution. High-resolution X-ray sources with spot size as 

small as approximately 1 μm are available. The contrast resolution is determined by the X-ray flux and 
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detector element size [68]. In fact, in a laboratory high-resolution microCT system the contrast 

resolution is restricted by the limited X-ray flux emitted by the source.  

 

Figure 7: Zeiss Versa 510; high-resolution XCT system. 

2.7.2 Synchrotron radiation X-ray microCT 

A typical synchrotron (SR-) microCT system uses a parallel beam directly without focusing optics. It 

consists of the specimen rotator, X-ray phosphor, optical lens and CCD detector. The main part of the 

synchrotron source is the electron accelerator. The electrons are generated by an injector and pre-

accelerated to a high energy, resembling to that of the speed of light. Then, they are guided towards 

a close path in a ultra-high-vacuum chamber (known as hutch) and kept there by a bending and 

focusing magnetic system. During the circulation in the close path, they emit X-rays that are 

accumulated in beamlines (Fig. 8). The X-rays are channelled in chambers for different experimental 

purposes [69]. A SR-microCT system has a monochromatic (or pink) X-ray beam, which is characterised 

by a high photon flux. This enables quantitative reconstruction eluding beam-hardening effects [66]. 

The X-ray source contains almost perfectly parallel rays, enabling 3D tomographic reconstruction via 

filtered backprojections algorithms. The high-photon flux accommodates for high spatial resolutions 

(micron and sub-micron level) without increasing the acquisition time. The spatial resolution in the 

reconstructed images depends on the spatial resolution of the detector due to the lack of 

magnification [70].  
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Figure 8: Diamond Light Source (Oxfordshire, UK) synchrotron machine. 1: Injection system- electron gun and Linac, 2: 
Booster Synchrotron- electrons are injected from the linac into the booster, 3: Storage Ring: Diamonds storage ring has 
twenty five strain sections forming a closed loop, 4: Beamlines- a beamline has four primary sections; a) the front end; b) the 
optics hutch; c) the experimental hutch and d) the control cabin, 5: front end; fitted into the storage ring where the 
synchrotron light is channelled into a beamline, 6: Optics hutch; the first room the beam of light enters, 7: Experimental 
Hutch where the experiment occurs, 8: Control Cabin where the experiment is monitored, 9: Radiofrequency Cavity which 
allows the beam to maintain a fixed orbit around the storage ring, 10: Diamond House which is the staff meeting rooms [71]. 
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2.8 Bone characterization and mechanics 

Bone has the ability to resist fracture due to its material properties, geometry, micro-architecture and 

spatial distribution [72]. Bone mechanical properties vary depending on the anatomical site, the age 

and the general health of the donor. These material properties, including strength, fracture toughness, 

elastic modulus, also depend on the composition and organization of the mineral and matrix 

components, as well as the occurrence of microdamage. Hydroxyapatite is directly connected of the 

stiffness of the cortical bone tissue. In addition, collage content contributes in the post-yield ductility. 

The geometric aspects of the bone involve the nano-, micro-, and macroscopic characteristics (i.e. 

cross-sectional properties of the whole organ/bone and trabecular tissue architecture respectively) 

[73]. 

2.7.3 Mechanical testing of bones 

The mechanical properties of bone have been extensively measured by traditional mechanical testing 

techniques (i.e. tensile, compressive, bending, torsion, site-specific, indentation, pure shear, fracture 

mechanics, acoustic, micro- and nano- testing).  

2.7.3.1 Whole bone testing 

Studying whole bone structure is more complex than the investigation of cortical and trabecular bone 

individually, due to the fact that it comprises of both these tissues; its behaviour depends on the 

cortical thickness, the spatial distribution of trabecular bone, as well as the bone size and shape. 

Investigating the whole bone contributes in the understanding the biomechanical aspect of fracture 

occurrence and healing. However, mechanical testing in the macroscale is more feasible in cadaveric 

and animal tissues. Rodents have been proven one of the most pragmatic options for testing of long 

bones (i.e. femur, tibia) due to their skeleton size [23,58]. In addition to the long bones, vertebral 

bodies are tested depending on the nature of the study [74–76]. The main disadvantages of whole 

bone testing are that it is not feasible to simulating all the factors that affect the skeleton structural 

properties and that they are fundamentally destructive [72]. 

The loading conditions used in whole bone testing are one of the most important aspects, because 

they need to resemble as much as possible the physiological ones. In vivo loading involves impact 

conditions, muscle and joint contact forces (Fig. 9). The mechanical behaviour of whole bone is usually 

investigated via monotonic or cyclic loading, in axial compression/tension, bending and torsional 

loading modes. To achieve an accurate representation, it requires accurate estimation of the direction, 

magnitude and location of the forces and moments that are implemented ex vivo.  
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Compression testing on rat femur combined with digital volume correlation (DIC) analysis has shown 

that tensile strain in the diaphysis of the bone promotes crack propagation [77]. Furthermore, mice 

long bones have been used to assess the effects of aging in the tissue, showing bone mass reduction 

as result of cortical bone thickness and new bone formation decrease. The medullary cavity size 

increased along with the number of intracortical resorption cavities [78]. Micro-computed 

tomography has been proven a very useful tool when it comes to examining whole bone structures.  

 

 

Figure 9: Whole femur mechanical testing with different load cell configurations: A) compressive cyclic or monotonic testing 
with the distal part of the femur fixed to the bottom plate, axially applied load; B) torsional testing with the proximal and 
distal part stabilised, rotation applied by the actuator; C) four-point bending testing with the femur positioned between the 
pins in both medial-lateral and anterior-posterior planes; D) axial compressive testing with the diaphysis rigidly fixed to the 
bottom platen and the femoral head loaded axially. Image adapted from [79].  

 

2.7.3.2 Indentation of bone 

Indentation is a mechanical testing method during which a diamond or ceramic tip with known 

geometry is applying a single static force onto a flat surface, recording the depth and size of the indent. 

In bone, it is performed at a variety of length scales giving information about the tissue biomechanical 

properties such as hardness, and elastic modulus that can then be mapped accordingly to the 

indentation site [80]. The tip morphology, loading rate, sample hydration, surface and orientation are 

controlled. Moreover, indentation readings depend on the test used to measure them. In order to 

establish comparable indentation values, international standard methods (ISO 14577) have been set 

in place based on the different scales at macro-, micro-, and nano-level [81]. Specimens can be 

embedded in resin and surface polishing is required prior to testing [82,83].  
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Table 1: Four most commonly used indentation tips: Spherical, Rockwell, Vickers and Berkovich [81] 

 

Microindentation is characterised by the indentation load (L < 2 N) and depth (h > 0.2 μm). There are 

two principal tests; the Vickers and Knoop. The main difference between the two is in the tip (Table 

1), both have a pyramidal shaped, however the dimensions differ. The shape of the indentation 

imprint is used to measure the mechanical properties of the bone.  It is used for hardness testing in 

individual trabeculae and osteons of bone. According to Evans et al. (1990) hardness testing is 

associated with the yield strength of the material instead of the Young’s modulus, because the imprint 

of the indentation is related to the plastic flow in the material. Microhardness is used to quantify the 

physical effects of small scale spatial variation in the composition of bone. It has been used to identify 

the differences between the properties of interstitial and secondary osteonal bone, the variation of 

the properties of long bones along their length and of younger secondary osteons from older ones 

[84]. Microindentation also provides information on the microporosity correlated with the lacunae 

and degree of mineralisation.  It has also been employed to identify intact from damaged bone [85], 

aged and osteoporotic tissue [82].  Furthermore, the micromechanical properties of femoral cortical 

bone in both axial and transverse direction have been identified in female and male donors confirming 

the anisotropy of the tissue [86]. Through microindentation and compression of micropillars it was 

seen that the strength and ductility of the tissue in the microscale is higher than in the macroscale 

[87]. However, when it comes to fracture toughness they appeared to be similar [88]. In fact, Vickers 

test has been used extensively to assess the fracture toughness by indenting directly next to pre-

existing cracks [89]. It has however, raised a concern regarding the state of the volume under/near 

the indentation imprint, since lateral or cone cracks have been observed during Vickers indentation 

[90].  Microindentation protocols dictate a variety of holding time once the maximum load/depth has 

been reached to avoid the creep effect. In some cases holding time is set at 10-15 s [80,91] and in 

other at 30 s [86,92]. In Evans et al., (1990) the recovery effect of indentation due to removal of the 

load was investigated, proving that variation of loading around 10 seconds seems negligible whereas 

holding the sample for 5 secs showed higher values of the hardness.  
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Nanoindentation, as the name implies uses a nanoindenter tip.  The displacement of the tip is 

continuously measured with high precision, providing a force-displacement curve (Fig. 10) [80]. The 

average pressure under load is representing the hardness, which is computed by dividing the 

maximum load with the indentation contact area. The reduced modulus, is produced by the plastic 

deformation (unloading part of the force-displacement curve). At last, the elastic modulus (E) is 

calculated using the reduced modulus (Er), Poison’s ration (ν) of the sample and the indenter tip 

material properties. (Eq. 4), where Et and vt are elastic modulus and Poisson’s ratio respectively of the 

tip [93]. 

1

𝐸𝑟

=  
1 − 𝜈2

𝐸
+

1 − 𝜈𝑡
2

𝐸𝑡

 

Equation 4: Elastic modulus calculation using the Oliver-Pharr method [93]. 

The most commonly used tips in nanoindentation are the Berkovich and cube cornered [81]. The 

Berkovich tip is a three-sided pyramid with a face angle of 65.3° with the vertical axis. Likewise, the 

cube cornered has also a three-sided pyramidal shape, however the angle is equal to that of the corner 

of a cube. In cases of soft tissue (i.e. cartilage, artery tissue) a spherical tip can be used (diameter >50 

μm) [26,94,95]. 

The sample preparation plays a significant role in the results. The surface roughness can affect the 

readings, same as the hydration status. Samples are usually polished with progressive grades of sand 

paper. Additionally, it has been shown that the indentation modulus in wet conditions decreases up 

to 40%. This is due to the fact that the mechanical properties of both cortical and trabecular bone 

depend on the water content [96].  

Nanoindentation in bone has approximately 1 μm spatial resolution and is used to analyse the lamellar 

and interlamellar regions of the bone [97]. This spatial resolution, makes specimen preparation 

essential (i.e. surface polishing) as roughness or surface discrepancies affect the measurements [98]. 

Nanoindentation and nanoscratching have been used extensively to identify the mechanical 

properties of the cortical bone in all directions. Nanoindentation was used on both cortical and 

trabecular tissue to identify the degree of anisotropy [99,100]. Specifically, the elastic moduli of the 

osteonal and interstitial lamellae was measured, seeing that in the longitudinal direction it was 45% 

higher than the transverse [100]. Lewis and Nyman (2008) have reported the different elastic moduli 

from nanoindentation studies accounting for both skeletal site and hydration status of the tissue 

(Table 2) [101]. 
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Figure 10: Typical representation of the Load-Displacement curve. Pmax = maximum applied Load; hmax = penetration depth; 
hc =  contact depth (height of the contact between the sample and the tip); hf = final depth; S =  the elastic unloading stiffness 
[93]. 

 

Figure 11:  Representation of the indentation cross-section, made by a Berkovich tip. hc =  contact depth; hmax =  maximum 
elastic displacement between the tip and the sample surface; Pmax =  maximum indentation load; hf =  permanent or final 
depth of indentation after the elastic displacements have fully recovered [101]. 
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Table 2: Elastic Modulus (E) and Hardness (H) of Bone and Teeth tissue derived from Nanoindentation measurements (Table 
adjusted from [101]). 

Tissue E (GPa) H (GPa) Reference 

Human trabecular, lamellar (L2 vertebra) 
  

[102] 

Cadaver of 92‐year‐old female 20.8a ± 1.8b 880 ± 200 
 

Cadaver of 63‐year‐old male 32.3 ± 2.7 970 ± 160 
 

Cadaver of 77‐year‐old male 22.9 ± 2.0 780 ± 100 
 

Cadaver of 64‐year‐old male 22.9 ± 1.8 850 ± 70 
 

Male human cortical tibia 
  

[99] 

Osteons (longitudinal, Lc) 22.4 ± 1.2 617 ± 39 
 

Interstitial lamellae (L) 25.7 ± 1.0 736 ± 44 
 

(Transverse, Tc,d) 16.6 ± 1.1 564 ± 34 
 

Human trabecular (T12 and L1 vertebrae) 
   

(L) 19.4 ± 2.3 618 ± 61 
 

(T) 15.0 ± 2.5 515 ± 82 
 

Mid‐shaft of radius of 2‐year‐old thoroughbred 
horse Equus caballus L 

  
[103] 

Osteon (anterior, mid) 21.65 ± 0.59 
  

Osteon (anterior, outer) 16.48 ± 1.08 
  

Osteon (posterior, mid) 19.64 ± 0.58 
  

Osteon (posterior, outer) 15.12 ± 0.96 
  

Carp (Cyprinus carpio) rib bone 
  

[104] 

Proximal end (L) 8.25 ± 0.27 
  

Proximal end (T) 15.4 ± 1.24 
  

Distal end (L) 16.0 ± 0.76 
  

Distal end (T) 9.64 ± 0.39 
  

Rat tibia 
  

[105] 

Toothless mutation 17.97 ± 4.77 840 ± 60 
 

Osteoporosis mutation 21.88 ± 1.47 890 ± 50 
 

Incisors‐absent mutation 22.02 ± 1.25 800 ± 30 
 

Cortical bone from femur of 4‐months‐old 
female mouse 

  
[106] 

C3H/HeJ strain 30.5 ± 0.80 1080 ± 30 
 

DBA/2J strain 28.5 ± 0.50 1110 ± 20 
 

C57BL/6J strain 26.6 ± 0.60 1070 ± 30 
 

Cancellous bone from left distal lateral femoral 
condyle of skeletally mature male New Zealand 
white rabbit 

  
[98] 

Lamellar bone tissue 26.6 ± 2.27 990 ± 140 
 

Interlamellar bone tissue 20.3 ± 2.09 950 ± 110 
 

Bovine femur 
  

[107] 

Osteons (wet) 21.1 ± 2.0 578 ± 52 
 

Osteons (dry) 24.4 ± 2.2 680 ± 102 
 

Interstitial lamellae (wet) 25.1 ± 1.6 730 ± 48 
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Interstitial lamellae (dry) 27.5 ± 1.2 818 ± 49 
 

Distal left femur of adult dog 
  

[108] 

Trabecular bone 12.97 ± 4.15 530 ± 240 
 

Third molars from human subjects 
  

[109] 

Enamel 63.55a [62.09, 
65.02]e 

3510a  [3380, 
3630]e 

 

Intertubular dentin 19.65a[18.61, 
20.69]e 

830a [740, 
920]e 

 

Mandibular third molars from human subjects 
  

[110] 

Cementum (ultrasectioned, dry     specimens) 19.1 ± 2.7 640 ± 1000 
 

Cementum (ultrasectioned, wet specimens) 7.9 ± 1.3 200 ± 40 
 

Cementum (polished, dry specimens) 19.13 ± 1.15 860 ± 500 
 

Cementum (polished, wet specimens) 13.38 ± 0.91 380 ± 60 
 

 

2.7.3.3 Compressive Testing 

Compressive tests have been applied in many occasions on bone [77,111–113] and even more so 

recently with in situ microcomputed tomography [9,114–117]. They are used to calculate the strain 

and stress induced by the load on the specimen. The specimens are loaded until failure to identify the 

yielding point and therefore, the Young’s modulus. The load-displacement curve and associated 

stress-strain ones, are separated into two parts, same as with the indentation curve, the elastic and 

plastic deformation areas. As mentioned before, the elastic region represents the level of temporary 

deformation from which the bone can recover from once the load is released. It should be noted 

however, that bone is an anisotropic, heterogeneous material and its behaviour is not exclusively 

elastic. In particular it has shown a non-linear behaviour in the lower level of the pre-yielding elastic 

region [118].  

Compressive test requires either cubical or cylindrical samples. The standard compression test set up 

has two fixed parallel platens. The specimen is placed between those for compression. The orientation 

of the bone specimen is similar to the anatomical one. Misalignment, leads to errors in the calculation 

of the mechanical properties [119,120]. In cases of wet conditions a water bath is used filled with 

saline solution [121,122]. The posterior and anterior boundaries of the sample need to be parallel to 

each other to avoid error in measurements, hence the use of end caps to both ends is recommended 

[123].  

Strain measurements are taken based on the displacement reported in compression. There is a variety 

of ways to obtain the strain. One can get the strain by applying machine compliance correction [124–

127], or by the use of extensometers [128–133]. In recent years the use of DIC and digital volume 

correlation (DVC) has become quite popular [75,77,117,134–141] (see Section 2.8.3).  
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2.7.3.4 In situ mechanics 

In situ mechanics, or image-guided failure assessment (IGFA), is a technique that allows evaluation of 

fracture initiation and progression in the microscale as well as the monitoring of differences in their 

structure due to the loading [142]. Accurate failure analysis of the bone structure involves examination 

of its 3D volume. In situ mechanics engages the use of a microCT system for image acquisition of 

specimens in combination with a micromechanical loading device [76,115,117,140,143]. The latter is 

employed for step-wise mechanical testing. The loading device is placed in the microCT chamber and 

the step-wise mechanical testing (i.e. compression, indentation, tension etc.) is performed after each 

tomogram acquisition [14,144,145]. In fact, the first tomogram is obtained when the specimen is in 

the undeformed state. After applying the load and before the acquiring the images, the bone 

specimens are allowed to relax, considering their viscoelastic properties. In addition to the 3D imaging 

of the structure, the mechanical testing provides information about the behaviour of the sample. For 

example, in case of a compression/tension test the stress/strain curve is derived, whereas in 

indentation the elastic modulus is calculated. It should be noted however, that these curves can show 

discontinuity due to tissue relaxation [142]. Admittedly, it is a technique that has been extensively 

used to characterise healthy and diseased trabecular and cortical bone tissue at different dimensional 

scales and loading conditions [14,76,115,117,140,142,143,145]. 

2.8.1 Mechanical properties of cortical bone 

Cortical bone has been identified as a major factor in bone strength and its structural indices as a 

fundamental indicator of bone loss and bone fragility. It contributes significantly to the mechanical 

strength of bone. Specifically, cortical bone stiffness is influenced by small changes in the density of 

the tissue in comparison to trabecular bone. Proximal femur fracture due to osteoporosis is mainly 

dictated by the reduction in the cortical bone mass rather than trabecular [146]. Thus, it is vital to 

understand cortical bone parameters that describe the geometry, mass and other strength-related 

properties. The material behaviour of cortical bone is considered anisotropic, meaning that its 

mechanical properties in the longitudinal direction are greater than in the radial and circumferential. 

However, strength and elastic modulus are similar in respect to the radial and circumferential 

direction. This is indicating that it can be treated as transversely isotropic [73]. Consequently, it 

behaves differently under longitudinal and transverse compressive loads. In the first, it experiences 

rapid hardening post-yielding followed by softening, whereas in the second the accumulated strains 

cause brittle fracture. Due to this anisotropy, cortical bone behaves differently in multiaxial loading 

compare to uniaxial. Multiaxial loading can cause significant decrease in the stiffness and fatigue life 

of the tissue in comparison to uniaxial [147]. Over the years, in order to fully comprehend the 
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anisotropy of cortical bone mechanical properties, the micro- and nanoscale have been investigated. 

The micromechanical behaviour of bone depends on a variety of factors. The size and distribution of 

the lacunae is one of those and it is known to influence the stiffness of the tissue. In cortical bone the 

average area of a lacuna is between 30 to 40 μm2 and density is reported to be 460 g/mm2 [148]. Cané 

et al. (1982) states that the size and number difference of lacunae (lacunae/mm2) in cortical and 

trabecular bone (vertebral cortical bone: 52 μm2,  577/mm2 ) affects the bone tissue and hence cortical 

bone is stiffer [13]. Osteon mechanical properties vary depending on the orientation of collagen fibres, 

mineral density and loading modes. Specifically, shear loading stiffness accounts to approximately 4 

GPa, whereas in tensile and compressive loading it ranges between 5-17 GPa [149,150]. Furthermore, 

the interfacial strength of cement lines is less than that of the osteonal lamellae (17.5 MPa and 30.4 

MPa) [151,152]. The alignment of osteons also contributes to the effective toughening of the cortical 

bone, in an anisotropic way. That means that, a crack propagating vertical to the osteons (in the 

transverse orientation) has a higher probability of deflecting than if it was parallel to the osteon 

(longitudinal orientation) [153]. 

The osteocytes in bone are mechanosensitive, which entails regulating any permanent biological 

remodelling occurring in the bone tissue, thus allowing adaptations to the mechanical load that can 

be sustained [154]. The bone stiffness can be defined by the response of the osteocytes to a load 

induced by local strain. Therefore, the bone functional adaptation mechanisms can also be examined 

through a detailed analysis of the bone stiffness. 

It should be noted, that cortical bone is a viscoelastic material and hence the strain and loading rates 

affect its behaviour, enhancing its brittleness as they increase [155]. When damage occurs to the 

tissue, there is degradation of its mechanical properties [156]. Damage can occur in either the meso-

, micro or nanostructure of the bone. Microdamage increases the risk of fracture and it is proven to 

accumulate exponentially with age, especially in women [157,158].  However, microdamage does not 

always induce fragility to the bone. It has been seen that it can also contribute to its toughness. In 

particular, linear microcracks ahead of a larger crack strengthen the resistance to crack propagation 

[153].  

Age is also a critical determinant in the mechanical properties. It can affect porosity, 

hypermineralisation and microdamage accumulation [159]. Tension and compression strength 

undergo 2% of reduction every 10 years after the third decade of someone’s life and fracture 

toughness 4%. Whereas, tensile ultimate strain has a 10% reduction, from a 5% strain at the first 30 

years to less than 1% for ages above 80 years [160,161]. The degradation of mechanical properties in 

bone due to aging are not always discernible from those of osteoporosis due to the pathology of the 
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disease. The cortical bone mass is reduced and the cavity area is increased. That causes reduction in 

the tensile ultimate and elastic modulus [162]. Other diseases affect cortical bone properties such as 

osteogenesis imperfecta, vitamin D deficiency and Paget’s disease [138]. The first one is a genetic 

disease, where the bone toughness is reduced and the porosity of the bone increases leading to tissue 

brittleness [163]. Lastly, Vitamin D deficiency and Paget’s disease can cause decrease in the stiffness 

and toughness as well affect the manner cracks propagate [164]. 

2.8.2 Mechanical properties of trabecular bone 

Trabecular bone has higher porosity than cortical and that is the main factor which defines its 

mechanical properties at the apparent-level, followed by the arrangement of the trabecular network 

and properties of each trabecula at tissue-level [73]. In the long bones, it transfers mechanical loads 

from the joints to the cortical bone and in the vertebral bodies it is the predominant load bearing 

structure [165]. Its compressive strength is greater than the tensile one [166]. The yield in compression 

has been shown to be 0.7% of the total applied strain, however it can withstand up to 50% 

compressive strain when the loading and unloading  does not exceed 3% [132]. The physiologic loads 

for human trabecular specimens are in the order of 1500 microstrain (με) at tissue level [73].  

Trabecular architecture parameters have been investigated using high-resolution, three-dimensional 

techniques like micro-computed tomography (μCT), peripheral quantitative computed tomography 

(peripheral QCT) and micro-magnetic resonance (MRI) [58]. These parameters consist of trabecular 

thickness, spacing and number, connectivity density, structure model index (SMI; defining the 

differences between rod and plate architecture) and degree of anisotropy [167]. 

Trabecular bone is anisotropic due to the variation of elastic modulus and strength in its 

microstructure [73,165,168,169], therefore predicting its mechanical properties is difficult. It often 

shows an orthotropic behaviour that is characterising fully its elastic behaviour [170,171] and it has 

also been described as transversely isotropic in cases of vertebral bodies [172,173]. The elastic 

behaviour of trabecular bone is determined by the loading direction, anatomical site, geometry of the 

sample as well as the condition of the cartilage close to it [174].  

Heterogeneity in the architecture and density of the tissue also affects the elastic behaviour and 

mechanical properties. Differences in the density of trabecular bone has been seen in the superior-

inferior and posterior-anterior sites in vertebral bodies [175]. Apparent density is proportional to the 

square root of strength and modulus of trabecular bone [176]. The modulus of human trabeculae 

diverges from 10-3000 MPa and strength between 0.1 and 30 MPa. This fluctuation in the modulus 

and strength can be partially explained by the apparent density or volume fraction [177]. 
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Nevertheless, it has been observed that in a single anatomic site, where the apparent density 

variations is less than an order magnitude the strength and modulus relation is linear [119]. 

The apparent modulus of trabecular tissue is decreased when overloading occurs leading to 

microscopic damage. In fact, microdamage has an effect on both the tissue and apparent level strains 

(Torres et al., 2016). Digital Image/Volume Correlation (DIC and DVC respectively) are techniques (see 

Section 3.3.5) that have been employed to investigate tissue-level deformations. Using DIC to analyse 

the bending of a single trabecula, it has been stated that tissue-level strain for compression is different 

from that of tension and that microcracks start forming at strain of 1.6% [179]. The tissue-level strains 

in combination with the heterogeneity in the tissue can lead to local yielding that can, in turn, cause 

reduction in the properties of the whole specimen [180]. In vitro, microdamage in trabecular tissue is 

common and it is increasing with age, similarly to cortical bone, and has been associated with volume 

fraction and architectural parameters [181].  

Another reason for accumulation of residual strains at tissue-level, loss of stiffness and strength is 

cyclic compressive loading. As the magnitude of the strain increases, the damage accumulation due 

to fatigue grows and the modulus decreases [182]. The elastic modulus of trabecular bone is 

determined using a variety of tests; such are, tensile [183], ultrasonic measurements [184], 

nanoindentation [185]. Comparing the elastic modulus of trabecular to that of the cortical it is seen 

that first is approximately 10% less [150]. However, it has also been noticed that trabecular tissue can 

withstand larger deformations without complete loss of its load-bearing capability [183]. 

As in the cortical bone, age has a negative effect on the strength and modulus of trabecular bone. 

Except from the architectural change and density reduction, the degree of anisotropy in the structure 

of the tissue seems to be increasing [73]. Osteoarthritis is one of many diseases causing changes in 

the bone architecture indicating low mineral density and stiffness of the tissue [186]. 

2.8.3 Digital volume correlation 

Digital volume correlation (DVC) is a method of computing the 3D full-field displacement and strain 

distribution between undeformed and deformed 3D volumes (Fig. 12). It is a technique that gives 

substance to strain measurements using the 3D visual information often obtained from in situ XCT 

mechanics. To be specific, it is a continuation of digital image correlation (DIC), which is a non-contact 

optical method used to measure in-plane displacement and strain fields in a variety of specimens 

under mechanical or thermal loading [113,187]. 

It was first developed by Bay et al. (1999), in an effort to measure the strain in trabecular bone tissue 

by determining the continuum level of displacement, under compression loading [188]. According to 
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the same study, DVC can be divided in three gradual processes; (a) acquisition of tomograms of 

samples in the loaded and unloaded state, (b) measurement of the resulting displacement field in the 

correlated volumes and (c) extraction of the strain tensors from the calculated displacement vector 

field.  Acquisition of the tomograms is predominantly achieved through high-resolution X-ray microCT 

imaging,  however, techniques such as confocal microscopy [189], micro-magnetic resonance imaging 

(microMRI) [190], high-resolution peripheral quantitative computed tomography (HR-pQCT) [191] and 

optical coherence tomography [192] have also been used. Images in the undeformed and deformed 

state are obtained using any of the aforementioned imaging modalities either after the applied load 

is removed or during. The discrete displacement in DVC is computed by correlating the reference 

(undeformed) volume to the target (deformed) one. The computation is based on the grey-level 

intensity values in the images, which depend on the detectable features of the specimen. Discrete 

points are defined in the reference where the displacement measurements are then executed. These 

points can be identified manually by the user or through meshing techniques. The measurement of 

the displacement field of the reference to the target image can be achieved in two ways: the local and 

global approach. In the first, the undeformed volume is divided into sub-volumes (usually cubic 

shaped) with size determined by the imaging scale. The advantage of this local approach is in the 

flexibility, however, in cases of large deformation there can be errors due to discontinuity [117,139] 

(Fig. 12). In the global approach a mesh is created, selecting the element size, and the displacement 

field is considered continuous [193]. A comparison between the two has shown that both give similar 

displacement uncertainties (0.009-0.094 voxel), however the second one has lower systematic errors 

[117].  

The correlation of the images (target to reference) is determined by the DVC procedure. It entails the 

undeformed subvolume to deform predicated on an affine transformation; such as translation (most 

commonly used) [188,194,195], rotation, normal and shear strain [196,197]. The mapping of the 

reference feature to the respective point in the target image, is achieved by a correlation function, or 

otherwise known as objective function. This function defines the degree of correspondence between 

the two images. Such functions are the cross-correlation (CC), specifically direct correlation (DC) where 

the products of the voxel grey values of the initial and deformed tomograms are added directly [198]. 

Additionally, in cases of sub-voxel deformations, due to the implemented affine transformations, 

interpolation is needed between the voxel locations, so as to estimate the image data. In most studies 

tricubic interpolation is applied [188,195,196,199]. 

DVC is a relatively new technique and its accuracy and precision is being evaluated. It is highly 

determined by the quality of the images as well as errors in the displacement measurements. At tissue 

level such errors in the displacement have been estimated at 0.001 and 0.056 voxels for accuracy and 
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precision respectively [200]. Moreover, displacement errors can be attributed to the subvolume size. 

It has been observed that the larger the subvolume, the less the error. However, as mentioned above, 

the subvolume size is determined by the imaging scale. Therefore, it is up to the individual user to 

dictate the acceptable magnitude of the measuring error. Considering that, a method has been 

suggesting to minimise the systematic uncertainty error based on the zero-strain condition. In 

particular, two consecutive tomograms of the reference volume are acquired and registered, 

considering every non-zero value as error [201–203]. 

To conclude, DVC is a strain-measurement method with increasing popularity, that has been applied 

on cortical [204] and trabecular [141] as well as whole bone tissue [101,162] with the intention of 

characterising their mechanical properties and structural behaviour under mechanical testing. 

 

 

Figure 12: Digital volume correlation process. The volume of interest is specified and the measurement points are identified, 
the displacement is measured based on the correlation between the reference and target digital volumes and the strain is 
calculated at each point through approximation of the neighbouring deformation gradients. (p: points at location, κ0 and κ: 
subvolumes, t: displacement vector). Adapted from [199]. 
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Abstract 

Exposure to X-ray radiation for an extended amount of time can cause damage to the bone tissue and 

therefore affect its mechanical properties. Specifically, high-resolution X-ray Computed Tomography 

(XCT), in both synchrotron and lab-based systems, has been employed extensively for evaluating bone 

micro-to-nano architecture. However, to date, it is still unclear how long exposures to X-ray radiation 

affect the bone, particularly in relation to lab-XCT systems. Microindentation has been widely used to 

identify local mechanical properties such as hardness and elastic modulus of bone and other biological 

tissues, often in combination with XCT imaging. The purpose of this study is therefore to use 

microindentation and XCT-based investigative tools such as digital volume correlation (DVC) to assess 

the microdamage induced by long exposure of trabecular bone tissue to X-ray radiation and how this 

affects its local mechanical properties. Trabecular bone specimens were indented before and after X-

ray exposures of 33 and 66 hours, where variation of elastic modulus was evaluated at every stage. 

The resulting elastic modulus was affected by the irradiation displaying a decrease in the specimens 

with crack formation after the first long X-ray exposure and an increase in the ones with crack 

formation after the second exposure. High strain concentration from DVC was also present around 

the damaged tissue largely exceeding 10000 με. The outcomes of this study show the importance of 

designing appropriate XCT-based experiments also in lab systems to avoid degradation of the bone 

tissue mechanical properties due to irradiation and will help to inform future studies that may require 

long X-ray exposure for in situ experiments or generation of reliable subject-specific computational 

models.  
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Introduction 

Bone is an anisotropic, heterogeneous material, with hierarchical structure [1–6]. In order to evaluate 

the mechanical behaviour of bone, the hierarchical relationship in its material structures at the 

different length scales needs to be understood [7,8]. The microstructural properties of bone 

determine its macrostructural behaviour [4,9], therefore it is important to study its mechanical 

properties at the micro level.  

The mechanical properties at tissue level are not affected by shape, size, and porosity of the bone 

[10,11]. Thus, microindentation testing is proven an effective way of evaluating bone tissue properties 

(elastic modulus and hardness). Microindentation has been used extensively in the last few decades 

to characterise trabecular bone in axial, longitudinal and transverse directions [3,12–14]. Moreover, 

it has been combined with a variety of techniques to better inform computational models [1,15,16] 

and enhance the understanding of the relation between microscopic and macroscopic bone 

properties [17]. 

More specifically, X-ray computed tomography (XCT) and indentation have been integrated at 

different scales (nano and micro) to characterise the bone morphology and mechanical properties. In 

2003 Hengsberger et al., estimated the local anisotropic elastic constants of cortical bone using 

synchrotron X-ray computed tomography (SR-XCT) to calculate the porosity prior to obtaining the 

apparent longitudinal modulus via nanoindentation [3]. Different regions of the same samples were 

used for nanoindentation and imaging, to ensure that mechanical properties of the tissue were not 

compromised by the radiation. Furthermore, Harrison et al. (2008) proposed an approach of finite 

element (FE) modelling trabecular bone by determining the heterogenity of the tissue modulus 

aquired from nanoindentation and matching it with the heterogenity in the grey levels of lab-based 

XCT scans [18]. They used different parts of the same sample, similar to Hengsberger et al. (2003). In 

their case, the specimens were sliced in two parts prior to the procedure, one part was used for the 

nanoindentation and the other for the imaging, so as not to compromise the mechanical intergrity of 

the tissue. More recently, Lowe et al., (2018)  performed an in situ high-resolution XCT 

microindentation in dried mouse femoral head, using a lab-XCT system, to visualise and track plastic 

deformation and crack propagation; an experiment that lasted 52 hours [19]. Conventional lab-based 

XCTs use polychromatic x-ray cone beam, whereas sychroton CTs use monochromatic parallel beam. 

That means that the radiation of sychrotron systems is more aggressive compare to conventional 

XCTs, that have limited amount of photons [20]. However, to optimise the quality of a lab-based XCT 

high-resolution scan a higher signal-to-noise ratio (SNR) is need, and thus the acquisition time is 

increased. This leads to an increasing of the irradiation in the tissue that negatively affects its 



56 
 

mechanical properties [21]. The radiation affects the collagen network resulting in a cross-linking 

reaction that degrades the structural integrity of the collagen fibres [22]. 

High-resolution XCT has been also combined with in situ mechanical testing (4D evaluations) and 

employed to study bone micromechanical properties and behaviour [23,24]. In these studies, the 

deformation induced by compression was analysed using digital volume correlation (DVC). DVC is a 

three-dimensional technique where the full-field strain distribution is derived on the measured 

displacement field, which is computed based on the differential variation of grey level intensity for 

XCT images of the material undergoing in situ step-wise loading. The technique and its principles are 

widely documented in literature [24–26]. DVC analysis has been improving through the years, 

becoming more accurate in computing the strain distribution in deformed bone at both apparent and 

tissue level [26–30]; thus, providing enough confidence in its use to evaluate initiation and 

development of microdamage in the tissue due to mechanical and/or other factors. Recently, Peña-

Fernández et al. (2018a) assessed the influence of the radiation dose on the trabecular bone tissue by 

variating the exposure times within a SR-XCT system [31]. It was noticed that highly irradiated 

specimens developed more microcracks within the tissue. Another study [32] retained the bone tissue 

integrity by performing in situ SR-XCT, while controlling the temperature at 23˚C and 0˚C. It was 

observed that the decrease in the temperature promoted tissue preservation, as there were no visilbe 

microcracks. This was due to the reduction of the cross-linking reactions, of highly reactive oxygen 

free radicals produced by high-energy X-ray radiation, within the collagen fibres. The advantage of the 

temperature reduction was also seen in the DVC analysis of the specimens, where at 0˚C the strain 

levels were lower. 

However, to the best of the authors knowledge an assessment of how XCT radiation in a lab-system 

can promote bone tissue degradation and how this is linked to potential variation of local mechanical 

properties has not been proposed yet. Therefore, the aim of this study is to evaluate trabecular bone 

tissue damage induced by X-ray irradiation by combining microindentation and high-resolution XCT, 

using DVC to confirm the increased strain levels corresponding to microdamage (i.e. formation of 

microcracks) induced in the trabeculae by prolonged X-ray exposure.  

 

Materials and Methods 

A schematic diagram with detailed description of the experimental protocol is given in Fig.1. 
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Figure 1:  A. Bone plugs (D= 3mm) extracted from the anterior part of the vertebral body in positions indicated by the red dots (n=1 in 
position 1, n=2 in position 2, n=1 in position 3 and n=1 in position 4). B. Holding setup for the (a) XCT system and (b) microindenter. C. 
Experimental testing outline guided by red arrows for step sequence. The first indentation set was performed on D= 3mm samples, then 
the sample diameter was reduced to 1 mm for the remaining tests. Indentation location (1,2,5,8) and XCT details of trabeculae after each 
indentation set (3,6,9) are also shown. D. (a) Oliver-Pharr elastic modulus formula was using the indentation data of the trabecular bone, 
(b) DVC analysis performed on the XCT images. 
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Sample Preparation 

Slices of bone in 5 mm height were cut using a diamond band saw (Exact GmbH, Germany) under 

constant irrigation from three porcine lumbar vertebrae. Seven bone plugs, of 3 mm diameter, were 

cored from different locations within the slices along the axial direction (Fig.1A). The specimens (S1-

S7) were dried at room temperature overnight, then, they were embedded in epoxy resin (Epofix, 

Struers, Denmark) and polished with progressive grades of sandpapers and Alumina paste using 

distilled water as a lubricant [33].  

Microindentation Settings 

Indentations were performed in dry condition on the embedded and polished samples using a 

NanoTest Platform 3 (Micro Materials, UK) nanoindenter, using a Berkovich tip. To maintain the 

consistency between the NanoTest Platmorm and the subsequent XCT scanning, a mounting set up 

was designed where the sample was fixed onto a steel pin (Fig.1B). Depth control indentation mode 

was chosen, with the maximum depth set at 2.5 μm [34]. To minimise the creep effect, a 30s holding 

time was introduced between the loading and unloading stage. Both the loading and unloading rate 

was set at 0.8 mN/s [34]. Although a nanoindenter instrument was used, this indentation is defined 

as microindentation due to the micron size of the indents. The elastic moduli were calculated using 

the Oliver and Pharr method [35], considering a local isotropy poison’s ratio of 0.3 [18]. All the indents 

closer to the edges of the trabeculae were discarted from the analysis. 

X-ray Computed Tomography imaging 

At defined indentation steps, as reported in Fig. 1C, the samples were XCT imaged (Versa 510, Zeiss, 

USA). As shown in Table 1 the overview scan was performed at 1.86 μm of voxel size, which allows the 

whole geometry of the sample to be in the field of view (FOV) (Fig.2), whereas in the higher-resolution 

zoom in scan the voxel size was reduced to 0.13 μm. The images were reconstructed and each 3D 

dataset consisted of 991 images (984x1009 pixels, 32-bit grey levels). After conversion of the images 

to 8-bit, they were rigidly registered using Fiji (ImageJ 1.52p, USA) and cropped to parallelepipeds in 

the center of the specimens. To reduce the noise in the images a mean filter was applied. At last, to 

reduce artifacts from the epoxy surrounding the trabeculae the datasets were segmented by 

introducing a zero-intensity value in the epoxy voxels [27,32].  
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Experimental Protocol 

Prior to the XCT imaging, to evaluate the effect the X-ray radiation had on the tissue, the first 

indentation set was executed.  The diameter of each sample was 3 mm, an average number of 30 

indents was performed in specific locations identified using the integrated optical microscope inside 

the nanoindenter. The three following indentation sets on the same samples, where the diameter was 

reduced by means of milling to 1 mm, consisted of 3 indents each; keeping a minimum distance of 20 

μm from previous indents [9,33]. The diameter of the samples was reduced to facilitate the high-

resolution XCT imaging. The specimens were exposed to radiation for several hours (hx, x represents 

the number of hours), depending on the acquisition time of the tomograms. The first overview scan, 

to visualise the trabecular microstructure at and underneath the indentation site, was done after the 

2nd indentation set (h3), directly followed by a higher-resolution scan on a single indent location (h33). 

Similarly, to examine the effect of exposure to radiation in the trabeculae, a 2nd pair of scans was 

executed after the 3rd indentation set (h66). The final overview  scan was taken to fully appreciate the 

effect the radiation has on the trabeculae (h69).  

The first sample (S1) was tested as control for the mechanics. Overview scans were obtained and the 

sample was indented after each overview tomogram to assess the effect of h3, h6 and h9 irradiation 

on the mechanical properties of the tissue. Initially, its diameter was 10 mm due to the epoxy 

Figure 2: XCT images showing the indentation sites, (A): D = 3 mm mechanics control sample (S1), (B): D = 1 mm imaging control sample 
(S2), (C-E) D = 1 mm samples following the main experimental protocol S3-7. All samples showed no visible damage after the first image 
acquisition (h3). 
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surrounding the bone. The epoxy was then removed by means of milling after the first indentation set 

and the diameter remained 3 mm throughout the rest of the process (Fig.3), to allow a larger number 

of indentations in each set.  

The temperature was monitored, to ensure no cracks were forming due to expansion or contraction. 

A thermocouple was attached onto a sample aligned with the X-ray beam and an overview and high-

resolution scan were acquired. It should be noted that the tomograms from these scans were not used 

for the analysis, only the temperature readings were of interest.  

Furthermore, indentations were randomly placed on the epoxy surrounding the trabeculae on S3, S5 

and S7 throughout the protocol to calculate the effect of radiation on the epoxy.  

Digital Volume Correlation 

DVC on the XCT images (sequential overview scans) was computed using sum of differential 

correlation with a multi-pass processing, 74 to 44 voxels of subvolume size (DaVis 10.0.5, LaVison, 

Göttingen, Germany). The error uncertainty was calculated using two approaches complimentary to 

each other. Overview scans for a 1 mm sample (S2) were obtained sequentially without the high-

resolution scans and removing the sample form the XCT microscope for indentation. These tomograms 

were used to compute the error uncertainty as well as the strain induced by radiation at h9.  The 

second approach was by virtually translating the 1st overal scan images 10 pixels in each direction 

[26,27]. This method was applied to the rest of the 1 mm sampled in order not to add additional 

repeated scans and therefore inducing more exposure to X-rays. The correlation coefficient was 

filtered at 0.9 and a geometric mask used to reduce the error uncertainty. The 1st, 3rd principal strains 

(p1, p3) and the maximum shear strain (max) were computed to evaluate the radiation damage.  

Table 1: XCT scanning specifications used in this study for overview and higher-resolution imaging 

 
Overview Scan Higher-resolution 

Zoom in Scan 

Objective 4X 40X 

Binning 2 1 

kVolt/Watt 60/5 80/7 

Filter Air Air 

Projections 2001 2101 

Exposure time (s) 1.5 46 

Pixel size (μm) 1.86 0.13 
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Results 

The elastic modulus of the S1, which had not been exposed to the high-resolution zoom in scan 

irradiation, showed a similar median throughout the four different indentation sets (Fig 3.B). The 

median/SD E in the first step resulted in 15.8 ± 1.8 GPa and after the 6 hours of exposure to radiation 

it was 14.19 ± 2.1 GPa. In fact, also observing the indents individually, there was no increase in the 

elastic modulus locally (Fig 3. A). Furthermore, by observation of the three overview scans there were 

no visible cracks. 

 

Figure 3: Mechanics control sample indentation (S1): (A) Trabeculae under optical microscope, with different sets of indents 
identified and coloured respectively (blue: indents at h0 when specimen diameter was D = 3 mm, yellow: indents after h3 and 
D= 3 mm grey: indents after h6 and D= 3 mm). (B) Median/SD of elastic modulus of indentation sets (orange: median when 
specimen diameter was D= 10 mm, blue: median when specimen diameter was D = 3 mm, yellow: median after h3 and D= 3 
mm, grey: median after h6 and D= 3 mm). 

The samples which were exposed up to 69 hours to radiation during the scanning showed a change in 

the elastic modulus. As seen in Figure 4B, the median/SD of the elastic modulus at the initial state of 

the sample (33 indents) (D=3 mm) was 10.74 ±1.85 GPa, which reached after h66 a maximum value of 

16.33 GPa. S4 (Fig. 5A) showed a decrease in the moduli. More specifically, the median/SD of the first 

indentation set (30 indents at h0) was 14.24±2.69 GPa. The maximum indent elastic moduli value in 

the last set (6 indents at h66) was 7.99 GPa and the minimum 4.88 GPa. Similarly, the median/SD elastic 

modulus of S5 (Fig. 5B) in the initial set (26 indents at h0) was 14.26 ±2.48 GPa and at the last 

indentation set, the maximum value of elastic modulus decreased to 7.39 GPa (3 indents at h66). The 

bone structure in S6 (Fig. 5C) allowed a larger number of indents in the first and last sets, 42 and 5 

respectively. The median/SD of the initial set was 14.89 ± 2.26 GPa and in the last set it reached a 

maximum value of 24.48 GPa. In S7 (Fig. 5D) the median/SD of the first set (36 indents at h0) was 14.79 

±2.93 GPa and the maximum elastic moduli value in the last set (4 indents at h66) was 22.34 GPa.  
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Figure 4: S3: (A) Trabeculae under optical microscope, with different sets of indents identified and coloured respectively 
(blue: indents at h0 when specimen diameter was D = 1 mm, yellow: indents after h33 and D = 1 mm, grey: indents after h66 

and D = 1 mm). (B) Median/SD of elastic modulus of trabeculae at h0 (orange) and elastic modulus of each indent for the 
following indentation sets at increasing exposure to X-ray radiation (blue: h0 and D = 1 mm, yellow: h33 and D = 1 mm, grey: 
h66 and D = 1 mm). 
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Figure 5: Median/SD elastic modulus at zero exposure to radiation (orange) and elastic modulus of each indent of the 
following indentation sets at increasing exposure to X-ray radiation stating their values for the remaining samples (A) S4, (B) 
S5, (C) S6 and (D) S7. 
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DVC was used to assess the strain induced on the tissue at increasing levels of X-ray exposure. The 

analysis on S4 for the 3rd principal strain (p3) showed higher values around the areas where cracks 

were formed at h36, which were even further damaged at h69 (Fig. 6A). Similar pattern appeared for 

the max shear strain (max). The strain initially reached 10000 με around the cracks, approaching 20000 

με at h69 in the same area without further crack opening (Fig. 6B).  

 

 

S5 was the sample with the largest crack formation; at h69 the 3rd principal strain (p3) in the trabeculae 

exceeds absolute strains of 10000 με (Fig. 7A). An increase of strain between the h36 and h69 also 

occurred regarding the max shear strain (max), which exceeded 10000 με at the last stage (Fig. 7B).  

 

Figure 6: DVC analysis of S4, where red line identifies the indentation plane and red arrow direction (90 μm apart from the 

represented volume). A) 3rd principal strain (p3) at h36 and h69 reaching ~-8000  at areas of crack formation (white arrows) 

and exceeding -10000  throughout the volume, respectively. b) maximum shear strain (max) at the same time points, 

reaching strains over 30000   around the cracks (white arrows) after h69. Maximum strain distribution around cracks at h69 

for cross section are reported at the bottom right corner. 
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Crack formation is also visible in the higher-resolution zoom in XCT of the trabecular bone. Particularly, 

in S3 cracks are forming at h66 (Fig. 8B), starting from the edges of the tissue propagating to the centre. 

In S4 however, there is crack formation from the first zoom in scan (Fig.8C). As seen in Fig.8C one of 

the cracks is starting gradually from the edge of the trabecula and at h66 it reaches the closest lacuna 

opening further (Fig.8D). Whereas the second crack is starting from a lacuna in the middle of the 

structure at h33 propagating towards the boarders at h66.  

In addition to the XCT image acquisition, the temperature was monitored during the imaging and it 

was noticed that, in the overview scan (h3) the temperature increased by 2˚C and remained at the 

same level through the zoom in scan (h33).  

Figure 7: DVC analysis of S5, where red line identifies the indentation plane and red arrow direction (234 μm apart from 

represented the volume). A) 3rd principal strain (p3) at 36 and 69 hours of exposure to radiation reaching ~-8000 με at areas 
of crack formation (white arrows) and exceeding -10000 με at crack propagation, respectively. B) maximum shear strain 

(max) at the same time points, reaching ~5500 με around the cracks (white arrows) at 36 hours and approaching ~9000 με 
after 69 hours. 
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Discussion 

The aim of the present study was to investigate the effect of high-resolution XCT radiation on the 

trabecular tissue at the micro level. High-resolution XCT has been extensively used to assess the 

microstructure of trabecular bone [36–38]. However, to investigate features in the micro/ nano-scale, 

such as the imprints of indentation to potentially extract important and more localised mechanical 

properties of bone tissue (i.e. via DVC), high-resolution and long exposure scans are required [19,39]. 

In fact, the long exposure to radiation is known to affect the mechanical properties of the tissue 

[21,40], as exposure time in XCT imaging is directly related to the quality of the imaging and thus this 

impacts on the signal-to-noise ratio (SNR) and therefore on the overall quality of the image [20]. 

In this study, microindentation was performed to assess the bone tissue mechanical properties 

throughout the indentation process. In addition, high-resolution XCT imaging was employed to 

visualise the region of indentation and the internal volume underneath the individual indents for 

subsequent DVC analysis.  

The average elastic modulus obtained from all the specimens at h0 was 14.5 ± 3.11 GPa, which is in 

line with values reported in literature for dry vertebral trabecular bone, 15.4 ± 1 GPa [1] and 13.4 ± 2 

GPa [41]. The difference in the two can be attributed to the nature of the bone; porcine and human, 

as well as the fact that in the first study they used both thoracic and lumbar vertebrae.  

It was observed that (Fig.5), after the first long exposure scan (h33), there is a change in the mechanical 

properties of approximately 2 GPa, which can also be attributed to the bone anisotropy [6]. However, 

Figure 8: High-resolution Zoom in Scans (0.18 μm pixel size) of S3 (A, B) and S4 (C, D) at h33 and h66; (A, B):  the indent was 
applied in the 3rd indentation set and crack formation appeared after h33. (C, D): the indent was applied in the 1st indentation 
set and crack formation started at h33, propagating further at h66; red arrows pointing at indentation imprint on the surface of 
the bone, white arrows showing cracks due to irradiation 
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after 69 hours of scanning, the effect of the radiation is more distinct. In S3, S6 and S7 there is an 

increase in elastic modulus, indicating that the tissue has become stiffer and more brittle. This is even 

more apparent when comparing individual values of neighbouring indents at h0 and h66 as shown in 

Fig.4. Specifically, 1c and 3a in Fig. 4A (indents at h0 and h66 respectively), which are 140 μm away from 

each other; have a 5.24 GPa difference in the individual calculated elastic modulus. In S6 at h0 and 

specimen diameter 3 mm, there were two indents with elastic modulus 19.11 and 18.87 GPa at a 80 

μm distance. In the middle of these two at a 30 μm distance two consequent indents were placed at 

h33 with elastic moduli of 21.63 and 21.97 respectively (Fig.5C). This shows a distinct increase of 

approx. 2GPa even after the first high-resolution zoom in scan. This trend, however, does not seem to 

correspond to all the samples, since S4 and S5 displayed a decrease in the elastic modulus (≈ 4 GPa) 

(Fig.5 A, B). In fact in S5, the indent with modulus 10.13 GPa (h0) (Fig.5B) has a 30 μm distance from 

indent with modulus 7.39 GPa (h66) in the middle of the same trabecula. Dall’Ara et al.(2012) reported 

how severe damage due to compressive deformation (ranging from 12-53%) in the trabeculae reduced 

the indentation moduli and therefore elastic modulus by 55%. To such extent, the high-resolution 

zoom in tomograms of the tissue showed details in the structure of the trabeculae with clear 

microdamage formation that was not visible in the overview tomograms due to the larger voxel size. 

The timing of the microcrack formation might be directly related to the elastic modulus measurements 

from the microindentation data. In S3 the cracks start forming at h66 where the modulus is increased, 

making the tissue stiffer. Whereas in S4, the cracks form at h33 and at h66 the modulus is decreased 

leading to tissue failure as previously observed.  

From the overview scans it was observed that crack formation occurred in all the samples after the 

first long exposure followed by crack propagation in the second one (Figs.6,7). At h36, the tissue 

experienced strain (p1, max) exceeding 5000 με, with microcracks formation. After that, the 

microcracks propagate further, surpassing 10000 με (p1, max). This trend of increasing strain is 

consistent to the one reported in Peña-Fernández et al. (2018b), where the tissue was exposed to  

synchrotron X-ray (SR-XCT) radiation. In that case, p1 reached 1500 με after the second scanned and 

it increased to 5000 με after the fifth one. However, bone specimens of that study [30] were exposed 

for approximately 80 min to the radiation of the monochromatic pink beam, whereas here they were 

exposed (polychromatic X-ray) for 69 hours. Also, the hydration status of the tissue might also affect 

the strain and microcrack accumulation, since in the current study the specimens were embedded in 

epoxy resin and kept dehydrated throughout the procedure. However, the irradiation difference 

cannot be assessed with certainty since the dose of radiation could not be computed in this study, as 

the information needed for the dose estimation could not be disclosed by the lab-XCT manufacturer. 

The dose of radiation in a laboratory-based XCT system depends on the energy, the pixel size, detector 
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filter, exposure time and number of projections [43]. Particularly, in higher-resolution scans where 

bone morphological measurement are need, an increased dose is required [44]. An experiment 

performed on mice hindlimb with an XCT tomogram in vivo of 19 min total scan duration, showed 

trabecular bone loss with total radiation 776 mGy [45]. In a different study it was observed that the 

trabecular bone volume of mice was reduced after irradiation of 712 mGy almost weekly (1, 2, 3 and 

5 weeks) [46]. At last, single radiation doses of 15-20 Gy at the abdomen of mice led to femoral and 

tibial bone mass loss 7 days post-irradiation [47]. The mechanical properties degradation in trabecular 

bone specimens, due to irradiation, has been assessed in a SR-XCT system before [30]. At 32.9 kGy 

radiation dose the apparent bone volume decreased and the strain, obtain through DVC, increased 

compared to the specimens irradiated at 4.7 kGy [30].  

 

The strain distribution in the overview tomograms (DVC control, S2) did not exceed 2000 με for p1 

and max and -1800 μm for p3, values that are associated to physiological loads in trabecular bone 

[11,29]. Thus, It is assumed that 9 hours of exposure to radiation did not lead to crack initiation and 

degradation of the mechanical properties.  

The initiation of microcracks from the edges of the trabeculae could be either a result of the effect of 

the X-ray radiation to the mechanical properties of the bone, or the epoxy surrounding the tissue. In 

this sense, the radiation-thermal effects on mechanical properties of epoxy film polymer have been 

previously investigated [48] for samples exposed to different rates of X-ray radiation, ranging from 0 

to 300 kGy. The Young’s modulus of the epoxy at zero exposure was 4.84 MPa, it reached 5.86 MPa 

at 100 kGy and 5.34 MPa at 300 kGy. At higher irradiation dose, the mechanical properties decreased 

due to the polymer chain scission reactions. In the case of the current study, the elastic modulus of 

the epoxy resin surrounding the bone was measured throughout the process and showed no 

significant difference during all the stages of the protocol, with a median of 3.8 ± 0.038 GPa. It can be 

therefore assumed that the movement of the polymer chains remained relatively the same, since it 

has been shown that an increase in the movement accounts for decrease in the modulus.  Hence, the 

cracks forming in the lacunae (Fig.8) should be attributed to the radiation and not the potential 

contraction or expansion of the epoxy resin.  

This study has a number of limitations. The number of indents obtained after the specimen diameter 

was reduced at 1 mm was limited due to the tissue surface available.  Therefore, in order to generalise 

the findings, the protocol should be implemented on a larger number of specimens in the future. 

Furthermore, the signal-to-noise ratio (SNR) in the high-resolution zoom in scans was not adequate to 

achieve an accurate DVC analysis of the specimens. High-resolution scans using SR-XCT provide a 
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better SNR, making it easier to track changes in the volume but at a higher flux and increased tissue 

damage [30]. 

Conclusions 

In conclusion, this study presents an experimental approach to evaluate the degradation in the 

trabecular bone mechanical properties due to X-ray irradiation combining microindentation and XCT 

imaging. Specimens that exhibited crack formation from the first high-resolution zoom in scan 

experienced a decrease in the elastic modulus that can be related to severe tissue damage. 

Conversely, specimens with crack formation at a later stage displayed an increase in the elastic 

modulus. The DVC analysis in all the specimens shows higher strain accumulation as the exposure time 

is increased, with peak values in correspondence to the cracks. The findings of this study can be used 

to inform experimental protocols in the future, to avoid damage of the tissue due to irradiation in long 

XCT-based experiments.  
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Abstract 

Cortical bone structure is hierarchical and therefore its mechanical behaviour depends on its 

microstructural properties. X-ray computed tomography (XCT) has been widely used to identify the 

microstructural properties of the cortical tissue (i.e. pore network, Haversian and Volkmann’s canals). 

However, the connection between the microstructural properties and the cortical bone behaviour 

during plastic deformation is unclear. Hence, the purpose of this study is to investigate the behaviour 

of the canal network in cortical bone specimens regarding the strain induced by plastic deformation. 

In situ XCT indentation was used to introduce a deformation on the surface of the specimen and digital 

volume correlation (DVC) was employed to assess the three-dimensional (3D) full-field strain 

distribution in the volume. The region of the imprint was under tensile strain, whereas the volume 

underneath, was under compressive strain. Canal loss was displayed in region of higher compressive 

strains exceeding -20000 με and crack formation occurred in specimens were Haversian canals were 

parallel to the indentation tip. The results of this study outlined the relation between the 

microstructural mechanical behaviour of cortical bone to plastic deformation, providing information 

on cortical bone fracture initiation. 
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Introduction 

Cortical bone is a load-bearing hard tissue with hierarchical structure from nano to macroscale [1,2]. 

It determines bone strength and it is an indicator of bone loss and fragility [3]. The details of its 

structural organisation affect macroscopic mechanical behaviour and ability to resist fracture [4].  

Assessing and preventing bone fracture has been one of the predominant aims in bone research [5–

9]. Fracture involves initiation and propagation of cracks to the point of failure. The ability of bone 

tissue to resist crack formation is vital in sustaining load without fracturing [10]. In fact, resisting 

fracture and sustaining microdamage involves a variety of mechanisms at different scales [11]. Its 

mechanical behaviour in the macroscale is affected by the stiffness in the mesoscale (millimetre-scale) 

[2,12]. For instance, investigation of the mesoscopic level has been useful in assessing stress and strain 

distribution in long bones with osteoporotic fractures [13]. Tissue porosity at the submicrometer scale 

in the cortical bone has been shown to cause discontinuities and affect its mechanical behaviour [14] 

by largely affecting its ability to resist deformation [15]. Porosity in the cortical bone refers to the canal 

network (i.e. Haversian and Volkmann’s canals), osteocyte lacunar and canalicular system [16]. In fact, 

differences in the cortical porosity have been associated with increased fracture risk [17]. The 

microstructural properties influence fracture behaviour; either by acting as constrains in the crack 

propagation or defects in stress concentration [14,18–20]. This also depends on the orientation of the 

load. Nalla et al. (2005) [10] investigated the strain-controlled mechanism for the onset of fracture in 

bone. It was observed that the impact of the properties in the microstructure is more dominant in the 

transverse direction due to the fact that the cement lines deflect the crack along the length.  

Three-dimensional analysis (3D) of the microstructure of cortical bone has been completed 

successfully with the use of either laboratory based or synchrotron radiation (SR) x-ray Computed 

Tomography (XCT) imaging providing information on the porosity of the structure [21]. Cai et al. (2019) 

[16] used SR-XCT to study the vascular pore and mineral content phenotypes in femoral cortical bone 

specimens. Moreover, micro-compression and SR-XCT have been combined to investigate the canal 

network under loading in femoral cortical bones [22]. Both studies concluded that the canal surfaces 

were acting as starting points for crack formation.  

In the recent years, digital volume correlation (DVC) has been employed to compute the 3D full-field 

strain concentration in correspondence of bone microcracks using high-resolution XCT images [23–

25]. DVC has been also used to assess the strain distribution around the intracortical canals in mice 

femoral bone under micro-compression during SR-XCT imaging [26]. A cross-sectional notch was 

introduced in the diaphysis of the femur, similar to Voide et al. (2009) [22], and the strain in two 
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different regions of the bone containing microcracks was computed. In all specimens cracks occurred 

at the canal surface and high shear and tensile strains were found it those areas. 

Indentation has been extensively used to characterise bone mechanical properties at the micro- and 

nanoscale [27–29]. Plastic deformation due to indentation testing usually occurs when using pointed 

indentation tips; i.e. Vickers [30]. In fact, the plastic deformation due to the indentation is sustained 

by compressive and tensile strains in the whole volume rather than just the area under the indenter 

[31]. In that sense, in situ 3D X-ray nanoCT indentation has been recently used on an elephant tusk to 

investigate the relation between the plastic deformation and the microstructure [32]. Elephant dentin 

is an anisotropic material with hierarchical microstructure. At the mesoscale, it includes dentinal 

tubules that follow a wavy path. The plastic deformation resulted in crack formation that was studied 

regarding the tubules location. It was seen that when the tubules where parallel to the indentation tip 

large crack propagated towards the axial direction following the tubules orientation. Conversely, when 

the tubules where at 45° and 70° angle, less crack formation was observed. DVC on the volume under 

the indentation surface of the specimens showed the highest compressive strain in specimens with 

tubules at 45° and the lowest in those with 70°. 

To the best of the author’s knowledge, an investigation of crack initiation and propagation of cortical 

bone tissue due to plastic deformation via in situ XCT indentation and DVC has not been reported. 

Therefore, the purpose of this study was to investigate the strain distribution in the cortical bone 

tissue due to plastic deformation accumulated during indentation. In addition, strain distribution and 

microdamage initiation/progression were coupled with detailed analysis of the canal and pore 

network in the microstructure, both axially and transversely. A strong correlation between the strain 

distribution, microstructural phenotypes of crack formation and prevention was observed. 
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Methodology 

Sample preparation  

Bovine femoral bone harvested from a single animal bred and slaughtered for alimentary purposes 

was used in this study. The bone was cleaned and soft tissues removed using surgical tools. Cylindrical 

cortical bone specimens were extracted from the same region in the diaphysis of the femur (D = 4 

mm, H = 6 mm), six in the transverse and six in the axial direction with respect to the long vertical axis 

of the bone. The specimens were cut using a diamond drill bit in a pillar drill (Pacera, Meddings 

Machine tools, UK) under constant water irrigation and 800 grade sandpaper was used to polish the 

top surface using distilled water as lubricant. Brass endcaps were used on the distal and intracortical 

part for both axial and transverse specimens. All specimens were kept frozen at -20°C and thawed for 

approximately 2 h in saline solution at room temperature before testing. 

In situ Indentation and Imaging 

A custom-made indentation set up was designed for the purposes of this experiment. The top plate of 

the XCT in situ loading stage (CT5000, Deben, UK) was adjusted to attach a Vickers’ pyramidal diamond 

tip. A bottom cylindrical steel plate was designed to fit in the loading stage chamber with a recess in 

the middle to secure the sample with its end cup. The tip was fixed in the middle of the top plate 

aligned with the middle of the bone. Initially, the jaws of the loading stage were fully open and two 

consecutive XCT (Versa 510, Zeiss, USA) tomograms were taken prior to the in situ step-wise 

indentation to allow for DVC error analysis. After each indentation step a tomogram was acquired.  

The exposure time was set at 3 s/projection, 110/9 kV/W, resulting in a voxel size of 4.2 μm. The field 

of view (FOV) included all the specimen diameter and approximately half of its height (4.2 x 4.2 mm). 

The loading stage was set in depth control and the displacement rate was 0.1 mm/min. The specimens 

were divided in three different groups of four, two axial and two transverse specimens in each group. 

In the first group (S1-2 axial, S3-4 transverse) the specimens were indented once at a displacement of 

0.4 mm. The second group (S5-6 axial, S7-8 transverse) involved two indentation steps; first reaching 

0.2 mm and then increasing the depth to 0.4 mm in the same location. The third group included three 

steps at 0.2 mm, 0.3 mm, and 0.4 mm displacement (S9-S12). These indentation stages are annotated 

as I0, I2, I3, I4 for 0 mm, 0.2 mm, 0.3 mm and 0.4 mm displacement, respectively.  

The loading stage used here is not a conventional set up for indentation and does not automatically 

recognise contact with the surface of the specimen. Instead, the initial contact of the tip with the 

specimen was identified by the user, as the point where an increase in the force, of more than 0.3 N, 

occurred and the loading continued until it reached the desired displacement. Therefore, the 
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measurements mentioned above are not the plastic depth of indentation, rather the displacement of 

the loading stage actuator.  

Image post-processing 

The 3D datasets were obtained from the tomograms after reconstruction, at 32-bit gray levels), and 

all the imaging post-processing was performed using Fiji (ImageJ, USA). The images were converted to 

8-bit and rigidly registered to the first scan prior to indentation. Parallelepipeds containing the whole 

specimen were cropped discarding images with zero grayscale value images at the top of the 

tomographic dataset, to be used for the DVC analysis. The artefacts and noise in the images were 

removed by creating a dataset specific mask. Using a plug-in (BoneJ), a purifying cycle was run in the 

binary images of each dataset [33]. The mask was applied by implementing an arithmetic and logical 

operation between the original and purified dataset. 

Bone morphometry 

A second set of parallelepipeds in the middle of the bone volume under the indent were cropped using 

Fiji (ImageJ, USA). The size of the parallelepipeds varied among the specimens due to the discrepancies 

in the borders of their volume (i.e. uneven edges, coarse surfaces etc.), the mean volume was 13 ± 

2.27 mm3. The binary images of the datasets were imported into Avizo 9.7.0 (ThermoFischer Scientific, 

USA). The void in the cortical bone volume was segmented using the wand function and the 

intracortical porosity, pore and canal network were determined. The canal network identifies the 

Haversian and Volkmann’s canals. The porosity represents the percentage of pores and the canal 

network volume. Properties such as the number of canals (N.Ca), canal diameter (Ca.Dm), number of 

pores (N.Po) and pore diameter (Po.Dm) were obtained to evaluate how incremental indentation 

relates to changes in morphology. The statistical difference in the mean Ca.Dm and mean Po.Dm 

between the in situ XCT indentation stages in each sample was estimated using a non-parametric 

independent Kruskal-Wallis test using SPSS Statistics 25 (IBM, US). 

Digital Volume Correlation 

A local DVC approach was used in the cropped parallelepipeds (Davis 10.0.3, LaVision, UK). A multi-

step pass processing (128 to 48 voxels/subvolume) was employed for the strain computation. The first 

two tomograms obtained prior to the indentation were used to calculate the error uncertainty (MAER 

= 700 ± 256 με, SDER = 664 ± 287 με) [34,35]. The first and third principal full-field strains (εp1 and εp3 

respectively) were obtained. 
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Results 

Microcracks were formed in four of the axial specimens (S1, S2, S5, and S9). The transverse samples 

did not show any large crack formation. In fact, in all the specimens that showed microcrack 

development, this started at the end of the indentation pile-up. S1 and S2 were indented in one step 

(I4) whereas S6 and S9 went through two (I2, I4) and three (I2, I3, I4) indentation steps, respectively. In 

all specimens, pile-up of the bone was observed and it was more dominant in the ones that showed 

crack formation. It was seen that microcrack initiated when the ends of the pile-up were located in 

close proximity to a Haversian canal, propagating further following the side of the pyramidal shaped 

imprint.  

The effective depth of indentation was measured from the 3D images (Fig.1). The minimum effective 

depth was observed in S3 and S4 at 0.07 mm. The largest imprint displacement occurred in S2, at 0.19 

mm, followed by S1 at 0.18 mm. Furthermore, S5 and S9 achieved 0.15 mm final depth. From the 

segmentation of the reversed volume in the area underneath the imprint, loss of the original canals 

was observed (Fig.1). In the specimens where fracture occurred, the microcrack was visible at the side 

of the imprint as well as distortion of the original network. Distortion was also present in those that 

did not crack. Specifically, as shown in Fig. 1, the network in S8 and S12 appears different. The 

alteration in S12 was not related to any canal loss; instead the load had a compressive affect in the 

horizontal canals reducing the distance between them (Fig. 1). 

 

Figure 1: Representation of the canal network underneath the indentation area, before (I0) and after the defect (I4), showing 
the effective indentation depth [(S1, S9) depth (brown font) identifying the cracked axial specimens; (S8, S11): transverse 
specimens]. Red arrows are showing the microcracks. 
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The global porosity was calculated after every indentation stage. It varied among the specimens and 

it was observed that none of the specimens with the highest porosity values developed crack. The 

highest porosity was found is S12 (9%), followed by S7, S10, S3 and S8 (7.6%. 5.1%, 4.8% and 3.72% 

respectively). The four specimens that formed microcracks had a mean porosity value of 1.46%. The 

porosity in the rest of the samples ranged between 1.53% and 1.68%.  S1, S2, S9 showed higher 

porosity values after microcrack formation. However, in S5 despite the fact that a microcrack 

developed at I4, the porosity is reduced. The remaining samples displayed a general decrease, with 

the exception of S4 and S10. The porosity in S4 increased by 0.41% after I4 and in S10 by 0.83% after 

I2. 

The distortion and microcracks were also visible in the canal network for the rest of the volume (Fig. 

2). In S1 the canal network appeared to be thicker and more connections between the canals are 

created due to the cracking. This was also observed in the N.Ca that increased from 365 to 1531 from 

I0 to I4. The N.Po also increased in this particular sample by 445. Similarly, the porosity rise in S4 

occurred due to the increase of the N.Ca by 50. The N.Ca in S5 after I2 is halved with major N.Ca 

reduction at the borders of the specimen (from 696 to 320). In S9, there is both loss of canals (Fig. 2) 

and porosity increase after microcrack formation. The N.Ca in S9 was reduced from 403 to 395 after 

I4; however, the N.Po in the final stage was twice as much (183 to 458). In addition, in S10 the larger 

porosity in I2 was the result of both the N.Ca increasing by 50 and the Ca.Dm widening; in an individual 

canal, it was seen that the diameter increased from 242 to 256 μm.  
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Figure 2: Illustration of the segmented canal network underneath the defect area of S1, S9 (cracked, axial specimens) and 
S8, S12 (transverse specimens) at the initial state I0 and after the different stages of indentation. Microcrack formation was 
observed in S1 at I4 and in S9 it initiates at I3, propagating further at I4. n/a: indentation stages not applicable; Red arrows 
are pointing at the alterations in the canal network throughout the indentation stages. 

 

Statistical significance in the mean Ca.Dm and Po.Dm of each sample within their indentation stages 

was found in all the specimens that developed microcracks (Fig.3). In all the cases with fracture the 

mean Ca.Dm increased and mean Po.Dm decreased. Significant difference (p < 0.0001) in the mean 

Ca.Dm was also found in S12. The comparison between the mean Po.Dm however showed no 

significance. Conversely, statistical significance in the mean Po.Dm, but not in the mean Ca.Dm, was 

observed in S11.  
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Figure 3: Graphical analysis of the mean canal network diameter (Ca.Dm) of all the specimens in the different groups. Blue 
bar: mean Ca.Dm at I0 prior to defect; grey bar: mean Ca.Dm at I2 after 0.2 mm tip displacement; yellow bar: mean Ca.Dm 
at I3 after 0.3 mm tip displacement; orange bar: mean Ca.Dm at I4 after 0.4 mm tip displacement. The significant difference 
between the indentation stages was estimated with a Kruskal-Wallis test. 
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The imprint left on the bone surface after the last indentation step was approximately ¼ of its area, 

resulting in a global compression effect on the specimens, as shown in the strain maps (Fig.4). The εp1 

and εp3 where computed using DVC. The strain maps showed a combination of tension and 

compression throughout the specimen volume.  Specifically, εp3 illustrated a reduced compressive 

strain in the region of the imprint (see also Appendix). The specimens extracted in the axial direction 

(S1, S2) experienced strain reaching -26000 με under and on the side of the pile-up. In the region of 

the microcrack formation for both these specimens the strain is locally ~-14000 με (Fig.4). In S3, 

compressive strain is concentrated under the indent in the middle of the volume (~-20000 με) and in 

the rest of the specimens remained under -4000 με. The strain map in S4 presented high compressive 

strains on the borders of the specimen locally of ~-26000 με; however, no microcracks were observed. 

In the second group only one of the two axial specimens fractured under the indentation load (S5) and 

only after I4. In the first indentation (I2), high compressive strain concentration was observed on one 

side of the imprint; reaching ~-26000 με locally. In I4, microcrack is formed at the opposite side 

attaining ~-14000 με. The rest of the specimens extracted in transverse direction (S6-8) experienced 

similar values of εp3 at I2 not exceeding -4000 με overall, with some compressive strain concentration 

in the borders of their volume. At I4, however, the strain in the axial specimen (S6) increased; 

compressive strain reached -28000 με around the pile-up region. Similarly to the second group, in the 

third one only one of the axial specimens failed (S9) (Fig.4). Both axial specimens showed similar 

behaviour at I2 not surpassing overall -5000 με. The strain in S9 however, started to increase from the 

one side in I3, causing microcrack formation in the opposite side after the last indent repetition (Fig.4). 

S10 exhibited elevated compressive strain local concentration at I4 especially in the imprint region 

reaching -18000 με. The last two specimens, that were from the transverse direction, did not display 

any crack formation. In S11 εp3 was increasing locally in multiple regions with the highest strain 

occurring in the borders (~-20000 με) during I3. In fact, at I4 it followed the same pattern rising overall 

with values adjacent to the indent of approximately -26000 με. At last, S12 showed the same strain 

pattern in all three indentation stages (Fig.4). There were high compressive values laterally on the one 

side of the specimen achieving ~-29000 με. At I3 and I4 there was an isolated strain concentration at 

the other side of the specimen and in the region of the imprint.  

In the first group εp1 displayed the same trend in all the specimens (see also Appendix). High strain 

values were distributed in the imprint region (maximum value ~27000 με) following the shape of the 

imprint. In S1 and S2 however, the strain continued to the distal part of the volume decreasing in 

magnitude (~ 16000 με). S5 (transverse), presented elevated tensile strain values at I2 in the region of 

the imprint (~ 30000 με). At I4 however the strain decreased and crack appeared adjacent to the 
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imprint. Tensile strain, at the same magnitude (~28000 με) also appeared in the distal part of S5 

opposite to the crack in both I2 and I4. S6, at I2, demonstrated a uniform strain map following the shape 

of the indent (pyramidal distribution) with peak value in the middle of the imprint (10000 με). It 

increased to 27000 με in I4 maintaining the same trend. S7 exhibited the least tensile strain in all the 

specimens and remained at approx. 3000 με overall in all the stages. S8 experienced the same trend 

as S6, where tension was present at the imprint region rising in I4; however, the distribution here 

showed a circular trend around the imprint. In the last group, the tensile strain varied around the 

specimens. S9 experienced concentration of strain only around the imprint. Specifically, the 

magnitude increased with the increase of the depth until microcrack formation in I4, where it attained 

~30000 με. S10 displayed maximum εp1 strain of ~6000 με at I2 in the indent region. At I3 the strain was 

uniformly distributed around the volume at ~8000 με. It increased at the last stage in the indented 

area at one side of the specimen reaching ~23000 με. I2 and I3 appeared similar in the last two 

specimens. Specifically, tensile strain concentration was present in one side of the specimens (~20000 

and ~260000 με for S11 and S12, respectively). Furthermore, an increase in the strain was observed 

in S12 at I3 around the imprint (~23000 με). For I4, S11 the tensile strain expanded towards the centre 

of the volume and the indentation region (~27000 με). In S12 however, the distribution remained the 

same similar to the previous two stages with a slight increase of strain in the opposite boarder as well. 
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Figure 4: Visualisation of the strain maps (εp3) in axial (S1, S9) and transverse (S8, S12) specimens with different indentation 
stages. In all specimens, higher compressive strain values appeared on the sides. S1 experienced a combination of low and 
high compressive strain values reaching ~-26000 με closer to the borders of its volume. In the rest of the specimens, the 
strain was increasing steadily as the depth of the defect increased. n/a: indentation stages not applicable; Red arrows 
pointing at the indentation site 
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Discussion 

The aim of this study was to investigate the behaviour of cortical bone microstructure after plastic 

deformation achieved by in situ XCT indentation in the axial and transverse orientation, in relation to 

the strain distribution (calculated via DVC) in the region.   

Overall, in all the specimens, the canal network directly under the imprint is compressed, where the 

pile-up observed in the tomograms was localised around the indent and resulted in the deformation 

of the volume and thus strain concentration. It was observed that samples with higher porosity values 

did not crack. In the ones with intermediate levels of porosity (i.e. S3, S7, S8 and S10) the distribution 

of the strain in the overall volume was uniform and less in magnitude compared to the remaining 

specimens (maximum value: -4000 με). This phenomenon is dominant in the transverse samples. 

Specifically, in S7 where the porosity is 7.6 % and maximum canal diameter 295.5 μm at I0. There was 

almost no tensile strain present after I4 (mean εp1 = 2500 ± 500 με). The porosity decreased slightly by 

0.08 and 0.25 % at I2 and I4, respectively and there was Ca.Dm widening. The combination of the two 

helped maintain bone integrity. This is in accordance with findings from Zebaze et al. (2019) [36], 

where it was found that high porosity levels in cortical bone does not necessarily lead to fracture.   

Additionally, the orientation of the network has been deemed a major factor in the formation and 

prevention of microcracks [10]. In the current study, S1 and S2 both experienced microcrack 

formation. These specimens were in axial direction where the indentation was performed in one stage 

and large deformation was introduced in the structure, without allowing relaxation to occur. However, 

this procedure was also completed for S3 and S4, where crack formation was avoided. This can be 

attributed to the fact that the first two were extracted from the axial direction along the long axis of 

the femur, whereas the last two from the transverse [37]. Observing the morphometry in S2, it was 

observed that a Harversian canal (Ca.Dm = ~200 μm) was adjacent to the borders of the imprint 

longitudinally, creating a weakness point, resulting in fracture. In Group 2 only one of the axial 

specimens failed under applied load (S5) in the last indentation stage, I4. The morphometry in S5 and 

S6 was very similar. In fact, at I0 the N.Ca is 696 and 659, and N.Po. is 263 and 230 for S5 and S6, 

respectively. The mean Ca.Dm was also similar (Fig. 3), at approximately 23 μm for both. The principal 

difference found however, was the canal network distribution under the indentation area. In S5, there 

was a canal located under the edges of the imprint. It can be assumed that with the large strain 

concentration in this region, due to the indentation pile-up, the canal created a weakness point 

leading to crack formation [30]. A similar behaviour occurred in S9, where microcrack initiated at I3, 

propagating further at I4 (Fig. 2). A canal was located under the surface and when the imprint periphery 
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size increased, reaching that point, microcrack formation occurred, which then expanded towards the 

inferior part of the volume. 

In cases where a Harversian canal was directly under the indent tip at contact, failure was avoided 

(S10). This could be considered as a mechanism that prevents crack propagation. In fact, it is known 

that bone plasticity ahead of a crack dissipates energy and reduces the strain locally [38]. Although, 

with the resolution used in this study osteons are not visible, they are known to deflect crack 

formation [38]. Furthermore, in the transverse direction the Harversian canals, which are 

perpendicular to the indent, assisted in maintaining the structural integrity, hence no crack formation 

occurred. The lack of fracture in the transverse specimens was better understood when observing the 

morphology variation along with the mechanical behaviour. The change of the N.Ca and N.Po in the 

specimens throughout the indentation stages was representative of the strain distribution in the 

transverse samples. Specifically, in regions where the N.Ca was reduced, there was high compressive 

strain and when the N.Ca increased there was a high tensile strain.  

This was more obvious in the case of S12, where at I0 the N.Ca resulted in 1285. The N.Ca was reduced 

at I2 to 918, increased to 1000 at I3 and finally reaching 897 in the last stage (I4). These values were in 

accordance to the strain, reaching values of compressive strain of ~-29000 με at I2 in the border of the 

specimen where most of the loss occurs. At I3, tensile strain increased in the opposite side (~23000 

με), leading to believe that there was an opening of the canals augmenting their number. In the last 

stage, the strain distribution expanded throughout the volume with combination of tensile and 

compressive values. The effect of the load in the structure is clear from the N.Ca and pore network 

distribution. Specifically, presence of larger pores is dominant in regions of high strain concentration 

(either tensile or compressive). The distribution in the pore network follows that of the canals. This 

observation produced evidence that the defect location in respect to the canal and pore network was 

a major determinant in fracture initiation. As seen from S12, large pores and canals surrounding the 

indentation region (defect) were allowing uniform deformation in the structure that prevented large 

crack formation. Instead, strain was concentrated in these areas and not directly in the defect region.  

The canal network influence in the mechanical behaviour has been previously investigated in regards 

to axial compressive loading in mice femur [22]. Specifically, a transverse notch was artificially 

introduced in the diaphysis of the bone, in situ SR-XCT microcompression was applied to the 

specimens and morphometric properties such as canal volume (Ca.V) and thickness (Ca.Th) were 

estimated. It was observed that the cracks were initiated at the canal surface, propagating towards 

the endosteal and periosteal. In a different study with similar mice models under micro-compression, 

DVC was computed for regions of microcrack formation [26].  In both cases it was observed that canals 
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act as stress raisers and encourage crack formation axially. However, in both these cases the notch in 

the bone has created a residual deformation to the canal network prior to testing. In the present study 

the network is intact prior to the plastic deformation. Furthermore, both axial and transverse 

orientation were examined. 

In situ XCT Indentation has been previously employed for evaluation of plastic deformation in a 

specimen [32]. In particular, in has been used to investigate the behaviour of tubules in elephant tusk 

[32]. In that study the elephant dentin tubules were running parallel to the length of the tusk and 

three different tubules orientation with respect to the indentation axis were examined. Consistent to 

the results found in the present study, tubules parallel to the indentation tip created a weakness point 

for the structure leading to larger crack formation. For tubules at 70°, crack propagation is prevented 

and tiny cracks due to the contact with the tip deflect horizontally, in the axial direction. The 

orientation of the bone canal network is more complex than that of the tubules, however; the canals 

seemed to behave in the same manner regarding the axial and transverse alignment.  

This study has a number of limitations. A small number of specimens were tested and in order to 

generalise the findings and the conditions at which fracture occurs, the protocol should be 

implemented in a larger group. Furthermore, although the canal network in the structure was intact 

prior to the testing, the morphometry and mechanical behaviour of the microstructure should also be 

investigated in whole bone specimens. Resistance of bone to microcracks highly depends on metabolic 

diseases and aging [16,39–41]. Thus, it is vital to assess these phenotypes in diseased tissue. At last, 

in the resolution of these datasets, the role of osteons could not be assessed as well potential sites of 

microcrack formation.  

Conclusions 

This paper presented the first study combining the plastic strain accumulation and canal network 

distortion in cortical bone using in situ XCT indentation and DVC. Fracture development as a result of 

plastic deformation was obtained in the axial and transverse orientation of the intracortical 

microstructure. It was observed that crack formation was predominant in the axial direction, whereas 

when the Harversian canals were perpendicular to the vertical axis of the tip they acted in preventing 

fracture. Furthermore, the indentation testing caused deformation, and hence strain distribution, in 

the whole volume of the specimen, affecting the canal and pore network of the structure underneath 

the surface. The importance of the canal network regarding the deformation was seen in the strain 

accumulation patterns. 3D strain maps were introduced to analyse tomographic images of the cortical 

bone microstructure during plastic deformation. In areas of canal loss, compressive strain was 
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observed and widening of the canals was accompanied by tensile strain. Tensile strain was also 

present in the indentation imprint. 
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Abstract 

The mechanical behaviour of the regenerated tissue in fracture healing is a key factor for whole bone 

to withstand loading. However, to date it is still unclear how newly formed bone performs under 

loading. X-ray Computed Tomography (XCT) has been used to assess the progress of the mineralised 

tissue in bone regeneration. Furthermore, in-situ XCT mechanics combined with digital volume 

correlation (DVC) have been extensively implemented to understand the mechanical behaviour and 

full-field three-dimensional (3D) strain distribution in bone at the apparent level.  The purpose of this 

study is to use in-situ XCT mechanical testing and DVC to investigate the load-bearing capacity and 

strain distribution in the regenerated diaphyseal bone tissue of rat femoral specimens. Rat femurs 

with 1 and 2 mm osteotomy gap where tested under step-wise compression in the apparent elastic 

region. High strain concentration was present in the mineralised newly formed bone exceeding 20000 

με. Histological analysis was completed for observation of the unmineralised tissues in the fractured 

region. The variation in the 3D strain distribution at the regenerated bone region that are directly 

related to the presence of unmineralised tissue seen in the histological images. The outcomes of this 

study contribute in understanding regenerated bone mechanical behaviour under loading.  
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Introduction 

Bone fracture healing is a complex process that has been investigated extensively  throughout the 

years [1–5]. It is influenced by both the local biological and mechanical environment [6]. Optimal 

fracture healing involves local mechanical stability along with close proximity in the fracture ends, 

since instability and large movements can negatively affect the healing. However, some micromotion 

is necessary, as completely rigid fixation has shown only partial fracture healing [1,6]. In cases where 

the two fracture ends are not in contact, secondary fracture healing occurs. Secondary fracture healing 

can be described by three basic steps; inflammation, cellular proliferation and differentiation, and 

remodelling [7]. These phases occur in different locations at different rates. In the second step, 

intramembranous woven bone is deposited in the void between the ends, and it is later replaced in 

the remodelling process by mature bone [1]. Intramembranous and endochondral ossification can also 

happen simultaneously leading to formation of both soft and hard callus (uncalcified and 

calcified/woven bone respectively). It has been shown that hard callus starts forming in the inner layer 

of periosteum at a certain distance from the fracture site, progressing towards the gap, predominantly 

at the periphery [2,3]. Whereas, soft callus is forming centrally [6]. The combination of these two 

actions increases the fracture stiffness and stability. Any defect that cannot heal spontaneously 

without intervention is a critical size defect. It was recognised that defects without complete healing 

after 52 weeks would remain as such. In humans, non-healed defects are those induced by trauma or 

ablative oncological surgery [8]. The first studies to assess critical size defects were by Schmitz and 

Hollinger (1985) [9], and Hollinger and Kleinschmidt (1990) [10]. A standardised method to stabilise a 

critical size defect is requiring the use of external fixators [11–14]. They ensure alignment of the bone 

fragments and allow control over the degree of interfragmentary movement, which develops under 

external loading and muscle activity. Intramembranous bone formation is induced by low 

interfragmentary strain (IFS) [1]. A moderate interfragmentary movement leads to endochondral 

ossification, whereas a high one obstructs fracture healing [15].  

Histology has been widely used to assess bone healing at the microscale throughout the entire healing 

process [16,17] to identify the type of defect [18,19], as well as to evaluate fixation efficiency [20,21]. 

It is employed to classify the mineralised and unmineralised tissue formation throughout the healing 

stages [16,19]. In fact, the mineralisation percentage in the fracture in the duration of the healing, 

provides information on different fixation designs [19] as well as bone grafts [18]. However, this 

technique, other than being destructive, is capable of investigating only selected two-dimensional (2D) 

regions of the tissue. Macroscopically, fracture healing has been also analysed in a three-dimensional 

(3D) manner with the use of radiography and high-resolution X-ray computed tomography (XCT). It is 

mainly employed for examination of the mineralised tissue development  and fracture healing 
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progress [22–26]. Furthermore, investigation of bone regeneration mechanics using high-resolution 

XCT imaging has been completed formerly, in femoral condyles defects injected with different bone 

grafts. The regeneration progress along with the mechanical behaviour under in-situ step-wise 

compressive loading in the new tissue were examined [27]. 

Healing in the human tibia has been investigated under bending to measure the deflection of the bone 

in vivo [28]. It was observed that for deflection of more than 1°, the theoretical ultimate strength of 

the fracture can be compared within the first week of healing. Evans et al. (1988) calculated the 

fracture stiffness during healing using a transducer located onto the external fixator. The fracture 

stiffness was obtained by considering the system stiffness (fracture and fixator) as a ratio of the force 

and deflection. To avoid the errors in measurement induced by the fixator stiffness, another study 

[29] mounted U-shaped strain gauges onto the pins of each fragment on both fracture ends in sheep 

tibia. The load was applied by a cell implemented on to the external fixator parallel to the bone. 

Conversely, the fixator pin loosening in the bone affected the readings.  

Digital volume correlation (DVC) is gaining increased popularity in the experimental computation of 

full-field strain in bone. Specifically, images at different stages in the mechanical testing are obtained 

by XCT (3D-DVC) and correlated to measure the full-field strain at tissue [30,31] and bone apparent 

level [32–34]. Moreover, DVC has been used on long bones to better understand the 3D full-field strain 

distribution of experiments in vivo on mice tibia [35]. In fact, the mice tibiae were scanned in the 

preloaded and loaded conditions within an in-vivo XCT system and DVC performed on these 

tomograms to identify the precision error of local strains in the whole tibia. Additionally, in the study 

of Peña Fernández et al. (2018) DVC was achieved, computing the full-filed 3D strain at tissue level in 

bone specimens that consisted of mature and new bone as well as the biomaterial [27]. Digital image 

correlation (DIC) has also been employed to identify the 2D strain on the surface of intact whole bone 

[36].  Specifically, Yavari et al. used DIC to examine 3D surface strains in the linear elastic region of rat 

femora during compression testing until failure, in order to investigate strain-based fracture criteria 

[37].However, to the best of the authors’ knowledge, the investigation of internal strain distribution 

in the regenerated bone of healed fracture models using DVC is missing.  

Therefore, the aim of this study is to assess the load-bearing capacity and the full-field strain 

distribution in the regenerated diaphyseal bone tissue using DVC. Furthermore, histology is used to 

assess the regeneration status of both calcified and uncalcified tissue in the region. 
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Methodology 

Sample preparation  

Seven Wistar rat female femurs with osteotomy in the diaphysis of 1 mm and 2 mm gap (S1-S4 and 

S5-S6, respectively) were used in this study. The gap was stabilised with a Stanmore Micro-External-

Fixator (SMExF) [21]. The animals were sacrificed 5 weeks postoperative and the femurs were 

extracted and fixed in formalin solution (10% buffered formaldehyde). Both ends were embedded in 

Poly(methyl methacrylate) (PMMA) and Acetyl endcaps [38]. The average height of the femurs was 

38±2.3 mm, consequently the tissue in between the endcaps was 20±2.3 mm. The fixator was 

removed prior to the in-situ mechanical testing.  

High-resolution XCT imaging  

High-resolution XCT was performed using the Zeiss Versa 510 system (Zeiss, Germany). The system 

operated at 110V/9kW and 1601 projections with exposure time of 3 s were acquired over a 360, 

resulting in a 12 μm voxel size. The resulting field of view (FOV) included the osteotomy gap and 2 out 

of the 4 holes induced by the fixator pin (12000 x 12000 μm). 

In situ XCT mechanics 

A preliminary test was conducted in order to document damage induced by fixator removal as well as 

the apparent elastic region of the sample, in order to plan the following step-wise in situ XCT 

experiments. One 1 mm osteotomy gap sample (S1) was XCT imaged before and after removal of the 

fixator, then uniaxially compressed in situ with a loading device (CT5000, Deben, UK) until failure and 

finally XCT imaged post-failure. It was shown that removal of the fixator did not cause any visible 

damage to the sample (Fig.1A) and the yielding occurred at ~1.2mm displacement (Fig.1B, C).  

For the in situ step-wise compression testing the bone was kept hydrated throughout the process by 

wrapping the tissue with a gauze immersed in saline solution and then paraffin film to avoid leakage. 

The distal end of the femur was fixed on the bottom plate. An initial pre-load of 7 ± 2.7 N was applied 

and two consecutive tomograms were acquired to allow DVC error analysis. The specimens were then 

step-wise compressed to 0.5 mm and 1 mm displacements, as dictated by the preliminary experiment, 

within their apparent elastic region. Following the application of each displacement step, the 

specimens were allowed to relax for 15 min, to allow for stress relaxation, before acquiring XCT images 

[39].  

Image post-processing 

The 3D datasets obtained from the tomograms after reconstruction, consisted of 1010 projection 

images (1004x1024 pixels, 32-bit grey levels). They were converted to 8-bit and rigidly registered using 
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Fiji (ImageJ, USA). Parallelepipeds were cropped in the centre of the dataset ensuring that the 

osteotomy and one of the pin holes were in the region of interest (ROI) (Fig. 3, Fig. 4). Artefacts in the 

images were removed by applying a mask to each dataset. The mask was created by running a 

purifying cycle on the binary image of each dataset with BoneJ plug-in. An arithmetic and logical 

operation was executed between the original dataset and the purified images to remove the noise 

using the same software. 

Digital Volume Correlation 

A local approach DVC analysis was performed for the cropped volumes (Fig. 2, Fig. 3) using Davis 10.0.3 

(LaVision, UK). A multi-step pass processing (128 to 48 voxels/subvolume) was used to compute the 

strain. That was followed by a vector post-processing, where the correlation coefficient was 

thresholded to 0.8. The first two consecutive datasets where the pre-load was applied were used for 

the calculation of the error uncertainty (MAER = 287 ± 150 με) [33,40,41]. The 1st, 3rd principal (εp1 and 

εp3 respectively) and shear (γ) strains were computed.   

Histological analysis 

After in situ testing the specimens were decalcified in formic acid, dehydrated in increasing 

concentration of ethanol (50%, 75%, 85%, 95%, 100%) and cleared in xylene (C8H10). Then, they were 

infiltrated with paraffin wax for 30 hours and embedded in wax horizontally with the pin holes 

oriented vertically. Thin slices of 5 μm were cut from the middle of each specimen using Leica RM2235 

rotary microtome (Leica Biosystems, UK) [21]. The paraffin wax was removed from the slices and they 

were stained using Hematoxylin & Eosin (H&E) staining [42,43]. The osteotomy gap region was located 

under 10x magnification lens and the tissue was analysed 50x magnification lens using Olympus BX40 

(Leica Biosystems, UK). The soft (i.e. cartilaginous matrix, skin, muscles, fibrous) and hard (i.e. cortical, 

woven bone) tissue were identified in the periosteal, intracortical and intramedullary zones.  
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Figure 1: XCT tomograms of S1 before (A) and after (B) compression until failure, (C) Load-Displacement Curve for the 
compression. Red arrows pointing at cracks forming in the regenerated bone tissue. 
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Results 

The XTC images showed differences in the morphology of the regenerated mineralised tissue. Only S1 

showed complete healing after 5 weeks (Fig.1A). In S2, S3, S4 (1 mm gap, Fig. 2A-C) and S5 (2 mm gap, 

Fig. 3A) partial healing was shown, whereas S6 (Fig.3B) formed a non-union. 

 

Figure 2: XCT images of rat femurs with 1mm osteotomy gap (red arrow) under 7 ± 27 N pre-load, red square outlining the 
ROIs of S2 (A), S3 (B) and S4 (C) cropped during the image post-processing. 

 

Figure 3: XCT images of rat femurs with 2 mm osteotomy gap (red arrow) under 7 ± 27 N pre-load, red square outlining the 
ROIs of S5 (A) and S6 (B) cropped during the image post-processing. 
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The strain induced on the regenerated tissue throughout the compression steps was assessed using 

DVC. Based on the distribution of the first and third principal strain (εp1 and εp3, respectively)  in S2-S5 

a combination of tension and compression was seen (Figs. 4A-C; 5A) illustrating an overall buckling in 

the structure. Specifically, in S2 (Fig. 4A) compressive strains are accumulated laterally (≈ -30000 με) 

in the first compression step; prompting contact between the two fracture ends at the second 

compression step, where the volume of the tissue under compression is increased, not exceeding -

32000 με (Fig. 4). The load in S3 (Fig. 4B) was primarily maintained by the woven bone leading to less 

than -2000 με at ΔL = 0.5 mm and inducing compressive strains locally in regions with less hard tissue 

formation levels (≈ -28000 με). At ΔL = 1.0 mm, εp3 in S3 (Fig. 4B) resulted in similar trends as before; 

however, the strain induced in the woven bone reached a value of -5000 με. The strain distribution in 

S4 (Fig. 4C) was similar throughout its volume ranging between -1000 to -4000 με after the first 

compression step. The hard callus peripherally of the periosteum sustained the load, reaching -43000 

με locally in the second compression step. In S6 (Fig.6A), the strain was concentrated in the middle of 

the woven bone locally in the first compression step, spreading laterally in the regenerated tissue on 

the second step. The behaviour of S7 (Fig. 5A) is different compared to the first; since the compression 

induced a sliding-like effect on the two parts of the fracture. The strain in the woven bone laterally 

shows a decrease of approximately 10000 με going from ≈ -20000 με to ≈ -30000 με (Fig. 6).  

Focusing on the 1st principal strain (εp1) the increase of the strain is clear as the displacement is 

increased in all the samples (Appendix). However, a wide variation of the strain concentrations was 

observed locally. S2 experience higher strain level in the borders of the specimen where there was 

lack of woven bone maximum ≈ 29000 με). Conversely, in S3 and S4 strain concentration was present 

in the woven bone (exceeding 20000 με). The 2 mm osteotomy gap samples exhibit different  strain 

distributions due to their morphology. S5 exhibits an increase in the stain inferiorly, not exceeding 

15000 με. The results for S6 is different from the rest since it is observed in the XCT images that there 

is no radiopaque callus bridging the osteotomy region. The DVC analysis shows higher strain levels on 

the surface of the proximal fracture end (maximum ≈ 18000 με). 
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Figure 4: DVC analysis of 1 mm osteotomy gap, showing εp3 of cross sections (A-A) in the ROIs of S2 (A), S3 (B) and S4 (C) in the first 
and second compression steps (top and bottom row, respectively) 

 

Figure 5: DVC analysis of 2 mm osteotomy gap, showing εp3 of cross sections (A-A) in the ROIs of S6 (A) and S7 (B) in the first and 
second compression step (top and bottom row respectively) 
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Histological results were attained to gain more information on the radiolucent tissues. From the 5 μm 

mid-sagittal slides in S2, S3, S4 and S5 (Figs.6-9) it was observed fracture healing in progress. Hard and 

soft callus formation were occurring simultaneously, with mineralisation of the tissue being dominant 

laterally. In the higher magnification images, it was observed an advanced endochondral ossification 

(disorganised woven bone) extracortically and on the surfaces of the cortical bone (Fig.6-9). Cartilage 

matrix was observed intercortically of the osteotomy gaps, with mineralised chondrocytes (Fig.6, 7, 

9). The histology in S4 also showed evidence of fibrous tissue intercortically (Fig.8). S6 was classified 

as a non-union based on the histology (Fig.10). Woven bone was found to be present at the surface of 

the both fracture ends, along with the cartilage matrix in the middle of the osteotomy gap. However, 

there was no bridging between the two. 

 

 

Figure 6: S2 Histology images of fracture healing in progress of 1 mm osteotomy gap. Images shown at x10 and x50 magnification; 
MT: muscular tissue, CoB: cortical bone. 



104 
 

 

Figure 7: S3 Histology images of fracture healing in progress of 1 mm osteotomy gap. Images shown at x10 and x50 magnification; 
CoB: cortical bone, FP: fixator pin location. 

 

Figure 8: S4 Histology images of fracture healing in progress of 1 mm osteotomy gap. Images shown at x10 and x50 magnification; 
MT: muscular tissue, CoB: cortical bone, FP: fixator pin location 
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Figure 9: S5 Histology images of fracture healing in progress of 2 mm osteotomy gap. Images shown at x10 and x50 magnification; MT: 
muscular tissue, MC: marrow cavity, CoB: cortical bone, FP: fixator pin location. 

 

 

Figure 10: S6 Histology images of pseudarthrosis of 2 mm osteotomy gap. Images shown at x10 and x50 magnification; MT: muscular 
tissue, MC: marrow cavity, CoB: cortical bone, FP: fixator pin location. (A): Cartilage matrix, (B): region of endochondral ossification. 
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 Discussion  

XCT images showed that the fracture healing status differed in all 6 samples, having complete (S1, 

Fig.1A) and partial (S2-S4, Fig.2A-C and S5, Fig.3A) healing, as well as non-union (S6, Fig.3B). The tissue 

formation patterns throughout the healing process highly depended on the duration of the healing, 

gap size and intramembranous strain induced by the fixator [21,44,45]. In fact, as seen in sheep tibia, 

an early stage of healing a semi-rigid fixation lead to higher levels of callus formation compare to a 

rigid one. However, after two weeks callus densification is more advanced with rigid-fixation, due to 

the more stable mechanical environment [44]. It was also observed that the healing is influenced by 

the location of the external fixator. In fact, the side of bone adjacent to the fixation displayed a slower 

callus development [44]. This has been apprehended on the reduced interfragmentary movement 

closer to the fixator site [15]. 

The IFS induced by the SMExF in this study has been evaluated  previously in similar rat femur models 

[21]. It was determined that for the 1 mm and 2 mm osteotomy gaps, the IFS accounted for 11.2 ± 13 

and 6.1 ± 1.2% N/mm respectively, whilst the stiffness remained the same. In both this study and the 

one of Meeson et al. (2019) [21] the 2 mm gap samples exhibited a reduced healing compared to that 

of the 1 mm. Conversely, to Perren theory [1] where IFS needs to be below 2% to stimulate fracture 

healing, in Meeson et al. (2019) the reduction in the IFS and increase in the gap size inhibited the 

healing [21]. The variation in the tissue formation affected the strain distribution under the two 

displacement conditions. It has been shown that the intermittent tissue calcification during 

endochondral ossification and continuing growth of callus volume, increased the fracture stiffness and 

stability [6]. 

This clarified the divergence in the strain levels of the tissue. In the 1 mm osteotomy gap samples (Fig. 

5) at ΔL = 0.5 mm, S2 exhibited high strain accumulation laterally. Compressive strain (≈ -30000 με) 

appeared in the area with visually higher levels of hard callus formation. From the histology images it 

was seen that area under tension is filled with cartilage matrix and mineralised chondrocytes (Fig. 6). 

This was promoted by an unstable interfragmentary mechanical environment, where the woven bone 

sustained the compressive load causing the cartilage matrix to tension.  S3 and S4 displayed lower 

strain levels compared to S2 in the first compression step reaching -4000 and -5000 με, respectively 

(Fig. 4). Specifically, it is realised that lower strain was distributed when woven bone was present in 

either side of the gap, maintaining a stable mechanical environment. The callus formation in S4 

supported the compressive load at ΔL = 1.0 mm without signs of buckling and concentration of 

compressive strain is experienced on both sides of the fracture (Fig. 4). The behaviour of S3 and S4 is 

better understood from the histology images. S3 illustrates an even distribution of soft and hard callus 
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formation in the osteotomy gap. As seen in the higher magnification images (Fig. 7) with soft callus 

formation and advanced endochondral ossification where the cartilage matrix mineralised into woven 

bone. The combination of the two provided the mechanical support in the overall structure under 

loading [2,28]. However, the fact that endochondral ossification was more dominant on one side 

instigated the buckling effect. In the case of S4 the XCT images showed high levels of woven bone 

formation extra- and intracortically and it could be assumed that the bone was at the beginning of the 

remodelling stage in the fracture healing (Fig. 2) [22]. Only a small region presented no hard callus 

formation. The histology images of that area showed presence of fibrous tissue along with osteoblast 

in close proximity (Fig. 8).  

S5 showed increased levels of compressive strain localised in the intracortical callus in the first 

compression step, which extended towards the rest of the callus as well as the cortical cortex of the 

fracture ends in the second step. In this case of 2 mm osteotomy gap, union has formed, providing 

interfragmentary mechanical stability [2]. At the second compression step the distal side of the 

fracture with the delayed endochondral ossification exhibited less strain levels in the order of -6000 

με. The histological analysis showed presence of cartilage matrix in that area that helped load transfer 

in these regions (Fig. 9) [46]. Although the maximum value of strain is decreased at ΔL = 1.0 mm, the 

volume under higher compressive strain levels increased thus maintaining the higher load. The last 

specimen S6 was a clear case of non-union. The load was conveyed between the two fracture ends 

through contact and sustained by the skin and muscles surrounding the bone. This assumption is made 

through observation of the specimen status post-XCT imaging and histological analysis (Fig. 3, 10). By 

contact, the fracture ends of the specimen appeared to be more flexible than the rest and visually 

there was no tearing of the skin surrounding the bone. From the histological images endochondral 

ossification was detected; however, there was no bridging. Both ends were surrounded by cartilage 

matrix. The sliding-like effect of the compressive load deformed the interfragmentary mineralised 

tissue reaching locally a maximum of approximately -30000 με (Fig. 5B).  

Control samples were not available for comparison of the mechanics of intact and whole bone during 

fracture healing. However, the strain induced via compression on healthy young and mature rat 

femurs has been measured previously using DIC on the surface on the diaphysis [37]. The full-field 

measurements before failure displayed high levels of strain in the diaphysis reaching approx. -11000 

με in the younger specimens and -17000 με in the mature ones. Furthermore, full-field strain 

distribution using DVC in long bones under physiological loading conditions (not exceeding 13 N of 

total load) exhibited higher strain level in the proximal and distal end of the bone [35]. Specifically, 

the highest and lowest εp3 values in the mid-shaft region in all the specimens reached -17000 ± 2390 

and -7504 ± 4347 με. In the current study, the strains obtained for the fracture site at the first 
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compression step in S4 were one order of magnitude lower than the ones presented in both these 

studies [35,37]. Overall, the first specimen group only locally in the extracortical woven bone exhibited 

higher values of strain than that mentioned in Giorgi and Dall’Ara. The full-field strain measurements 

in the second group displayed higher values (-43000 με), which can be attributed to the larger 

osteotomy gap and therefore axial volume of woven bone. 

The mechanical behaviour of the soft tissue (cartilage matrix, muscles and skin) in the fracture site 

cannot be quantified with XCT-based evaluations. The cartilage matrix, where endochondral 

ossification occurred, should have experienced similar deformation as the woven bone around it. 

However, in areas of intramembranous ossification the strain was unknown. Characterisation of the 

mechanical properties of the callus formed via intramembranous ossification is vital in the 

understanding of factors determining healing process and mechanical stability [25]. In fact, the 

heterogeneity of an external callus formed during healing (next to the periosteum) has been assessed 

by means of nanoindentation [16]. The indentation modulus across the mineralised tissue showed an 

increase over the first 6 weeks of healing at the rate of 2.5 GPa/week. Additionally, after 6 and 9 weeks 

it was found to reach approximately 13 GPa, which was considerably less than that of the neighbouring 

cortical bone tissue (28 GPa).  Nanoindentation of the newly formed woven bone has been performed 

to investigate the spatial and temporal differences of its elastic modulus  [17]. The study demonstrated 

the heterogeneity of the indentation modulus with a coefficient of variation ranging from 18 to 60%. 

The mechanical behaviour  of intervertebral discs, which consist hyaline cartilage, has been previously 

examined through DIC [47]. More specifically, whole vertebral elements were compressed and the 

vertebral discs connecting the bodies showed higher levels of strain compared to that of the vertebral 

bodies. In fact, under lateral bending the side of the intervertebral disk under tension ε1 reached a 

maximum of 143000 με; during flexion ε1 varied between 12000 and 87000 με. The strain values for 

the vertebral discs were below 500 and 600 με for bending and flexion respectively. The differences 

in strain magnitude between the bone and the cartilage represent the more elastic behaviour of the 

second. The mechanical properties of woven bone in fracture sites have been also compared to that 

of the adjacent mature bone by means of nanoindentation. The indentation modulus obtained from 

the mineralised callus after 6 weeks of healing was between 10 to 13 GPa, considerably less than that 

of the cortical bone adjacent to it, 28 ± 1.0 GPa [16]. The high full-field strain measurements on the 

surface of cartilaginous vertebral discs [47] and the lower values of indentation modulus [16] can 

explain the high strain values attained in new regenerated tissue under compression in all six 

specimens for the current study. 3D full-field strain concentration in regenerated tissue has been 

examined in cylindrical trabecular bone specimens that included osteoregenerative grafts [27]. DVC 

analysis was performed in regions which included the interface between the native bone tissue and 
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grafts. In the case of this study there are no biomaterials introduced to the structure; however, a 

correlation can be made in the strain values of regenerated tissue between the two studies. The 

specimen with the largest amount of new bone formation displaced higher compressive strain levels 

in the regenerated tissue compared to bone graft reaching a maximum of -15000 με.  

Limitations should be considered in this study. A limited number of samples for both 1 mm and 2 mm 

osteotomy gaps were available and the ex situ analysis is representative of a single time point. 

Therefore, generalisation of the current results will require further analysis. Nevertheless, the 

differences observed in the bone formation for both osteotomy gaps were indicative of the local strain 

distribution induced in vivo during the remodelling phase. Despite the fact that mechanics of bone 

tissue may be altered by the fixation process, it has been shown that fixation should not alter the 

elastic properties of bone [48]. In the future, to better understand the behaviour of new bone 

formation in fracture healing, fresh bones should be tested following the same procedure. 

Conclusions 

This study presented an approach to evaluate the full-field strain distribution, within the regenerated 

tissue of two different osteotomy gaps in the diaphysis of rat femurs, induced by compression loading 

in the apparent elastic region. The regenerated mineralised tissue was evaluated via high-resolution 

XCT imaging and the soft callus formation was examined through histology. All specimens were at a 

different stage of healing progress leading to variability in the strain values under loading. The 

histological analysis showed endochondral ossification in all the specimens however, in the last one 

bridging of the tissue was not present. Overall, it was observed that in the specimens with partial 

regeneration the newly formed bone was able to withstand high strain values (εp3 between -30000 

and -40000 με). In the case of non-union the strain accumulation reached a maximum of -30000 με 

(εp3), the cartilaginous and soft tissues in the region of the osteotomy gap sustained the load.  
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Chapter 6 - Synopsis 

6.1 Discussion 

The main aim of this PhD thesis is to investigate bone mechanical properties at different scales to 

provide a better understanding of its mechanical behaviour. Bone is an anisotropic [1–3], 

heterogeneous [4–6], hierarchical [7–9] material and its structure implies that the microstructural 

mechanical properties can predict the macrostructural behaviour [10]. Therefore, in order to better 

understand bone mechanics a multiscale investigation is essential. This project has been a 

combination of three main studies evaluating the native trabecular (Chapter 3), cortical bone (Chapter 

4) leading up to mechanics at organ level and investigation of regenerated bone tissue (Chapter 5).  

Laboratory-based X-ray computed tomography (XCT) and digital volume correlation analysis (DVC) 

were the two main techniques used throughout this work. The combination of the two has been 

previously employed for bone at both apparent and tissue level [11–14]. Specifically, the Versa Xradia 

510 (Zeiss, USA) at the Zeiss Global Centre (University of Portsmouth) was used for the XCT imaging in 

all the studies involved. DVC analysis was implemented to assess the three-dimensional (3D) full-filed 

strain in bone due to the respective mechanical tests (DaVis 10.0.3, LaVision, UK).  

XCT imaging has been used extensively in this study to characterise the morphology of bone. The 

resolution capabilities of the equipment were investigated reaching 0.13 μm voxel size for imaging of 

a single trabecula. In fact, the original aim of the first study was to examine the plastic deformation of 

microindentation imprint on trabecular bone using in situ XCT mechanics and DVC. However, it was 

observed that high-resolution XCT required longer exposure times to obtain a high signal-to-noise-

ratio for good quality images, which are essential in morphological and DVC analysis [15]. Nonetheless, 

the long exposure to the radiation was observed to affect bone structural and mechanical properties 

[16–18]; therefore, it was deemed essential to first investigate the degradation of mechanical 

properties in the sub-microscale due to the irradiation. Microindentation at 2.5 μm depth was 

performed using a nanoindenter on the surface of trabecular bone pre- and post-irradiation. 

Additionally, high-resolution XCT imaging and DVC analysis were employed to assess the damage due 

to the irradiation in the 3D volume of the specimens underneath the indented areas. Tomograms of 

the specimens were acquired at two different resolutions; at 1.86 μm where an overview of the whole 

specimen volume was obtained and at 0.13 μm where a zoom in, focusing on a single trabecula was 

completed. The control specimens that were exposed to the radiation of the overview scan, did not 

show any change in the elastic modulus nor strain accumulation higher than 2000 με. That lead to the 

conclusion that at 1.86 μm voxel size and 60 kV with total exposure time of approximately 9 hours, 

the irradiation did not affect the bone mechanics at the micro-level. In the specimens exposed to the 
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high-resolution XCT imaging with long exposure times (total exposure of 69 hours), large crack 

formation was present corresponding to strain values that exceeded 10000 με in both the third 

principal and shear strain (εp3 and γmax respectively). High-resolution XCT imaging with long exposure 

times such as the one used here are essential in evaluating the microstructure of bone [15]. In fact in 

situ indentation has been achieved previously using a Histron nanomechanical testing rig inside a Zeiss 

Xradia 520 Versa XCT, in order to evaluate crack formation in nanoindentation of mice femoral head 

[19]. The overall imaging time was 52 hours with a pixel size ranging between 2-3 μm. Evidently, this 

type of imaging is vital in understanding bone mechanics at the microlevel, however the mechanics 

can be affected by the irradiation. This was also observed in the elastic modulus attained here, where 

trabeculae with less damage accumulation displayed an increase of elastic modulus (from 19.11 to 

21.97 GPa after 66 hours of irradiation), whereas those with more damage a decrease (from 10.13 to 

7.39 GPa after 66 hours of irradiation). It is therefore vital to preserve the mechanical properties when 

examining the behaviour of bone, hence, the rest of the studies involved here did not exceed 10 hours 

of imaging p/experiment as well as 1.86 μm voxel size. A complementary study, assessing the effect 

of temperature in the preservation of cortical and trabecular bone tissue integrity during irradiation 

in SR-XCT, has been produced in the duration of this PhD project [20]. Microdamage was observed in 

trabecular bone at room temperature whereas at 0° no microcracks formed neither in cortical, nor in 

trabecular bone.  The strain developed in the tissue due to irradiation was computed using DVC. High 

levels of residual strain (εp1 ≈ 3500 με) were displayed in areas of microcrack formation in trabecular 

bone at room temperature. In the cortical bone, although no crack formation was observed, high 

levels of strain accumulation (εp1 ≈ 4000 με) was seen around the Haversian and Volkmann’s canals. 

From both lab-XCT and SR-XCT studies, emerged the necessity of carefully designing in situ experiment 

in order to obtain meaningful mechanical information that would not be (or minimally) affected by 

exposure to X-ray radiation. 

Eventually, to avoid tissue degradation and examine progressive bone plastic deformation via 

indentation, the indent and voxel size were increased. An experimental set-up was designed for in situ 

indentation using a Vickers tip and cortical bone microstructure was studied using in situ indentation 

in the microscale, while the XCT imaging was performed using 4 μm voxel size. In comparison to the 

trabecular bone, where specimens were retrieved in the axial direction, the cortical bone specimens 

were extracted from both transverse and axial directions (with respect to the long bone axis). This is 

essential in order to understand the influence of microstructure orientation on the behaviour of bone 

during plastic deformation. In accordance with the findings of Basillais et al. (2007) [21], microcracks 

occurred in the axial specimens, whereas the transversely cut ones did not display any crack 

formation. This was due to the orientation of the larger canals in the structure (Haversian canals) [22], 
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that were perpendicular to the indentation tip. Moreover, DVC was performed to assess the plastic 

deformation in the region of indentation, as well as the deformation induced to the microstructure of 

the cortical bone due to the testing. Tensile strain values reached 29000 με in the imprint region and 

compressive strain up to -26000 με underneath this region locally. The strain accumulation in the rest 

of the volume varied depending on the distribution of the cortical bone canal network.  In fact, strain 

distribution related to canal network and osteocyte lacunae in cortical bone has been previously 

investigated [23]. An artificial notch was introduced in the diaphysis of the femur transversely and the 

bone was step-wise compressed (in situ SR-XCT) until failure. Tensile strain, exceeding 15% was 

accumulated around the osteocyte lacunae where microcrack formation occurred, whereas the rest 

of the volume was experiencing shear strain locally [23]. Although strain values reported in the study 

of Christen et al. (2012) are greater compare to the ones observed here, both studies show tensile 

strain concentration around canals where microfracture occurred.  

At last, mechanical behaviour at organ level was examined with in situ XCT step-wise compression 

testing and the 3D full-field elastic deformation induced in the bone was evaluated using DVC analysis. 

The regeneration of the tissue in the osteotomy gap was not complete at the time of femur extraction 

and the irregular shape of the tissue in this region led to high local strains. The DVC results displayed 

a combination of compressive and tensile strain reaching ~-30000 and ~29000 με respectively, after 

the second step of compression in the newly formed woven bone. It should be noted that DVC at 

organ level (mice tibia) has been previously studied for bone under physiological condition reaching 

minimum principal strain approximately -17000 με in the mid-shaft [24]. The differences found in 

these values and the ones reported here for the newly formed bone, can be attributed not only to 

irregular shape of the tissue but also to its mineralisation state. The radiolucent soft tissues in the rat 

femurs were studied using histological analysis. Using 50x magnification lens in the microscope 

(Olympus BX40, Leica Biosystems, UK) details of the cells in the osteotomy gap were acquired. 

Cartilage matrix was present, in areas not observable in the XCT tomograms, connecting the woven 

bone in the osteotomy gap and allowing for load transfer between the fracture ends. The sporadic 

advanced endochondral ossification detected was evidence of healing in progress [25] leading to the 

assumption that if more time was allowed for healing it would have reached full resorption. 

6.2 Conclusions 

A multi-scale study of bone mechanics was completed, where the sub-micron, microstructure and 

organ level mechanics were investigated. A variety of methods were employed for the mechanical 

characterisation at the different scales i.e. submicron, microscale and mechanics at organ level. 

Indentation was performed in both the trabecular and cortical bone studies. In the first, depth control 
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microindentation was completed, and the elastic modulus of bone was attained with a depth of 

indentation of 2.5 μm, the size of approximately three lamellae. In situ XCT indentation was carried 

out on the cortical bone, in the microscale, where a Vickers tip was mounted on a loading stage 

(CT5000, Deben, UK) using a custom made set up. The total displacement of the tip was 0.4 mm and 

the technique was used to induce plastic deformation in a known geometry of the cortical bone 

specimen. In the last part of this study, rat femurs, with diaphyseal fracture healing, were examined 

using in situ XCT compression, using the same loading stage as before. The mechanical behaviour of 

the mineralised woven bone in the fracture was evaluated via DVC from the XCT datasets and the non-

mineralised soft tissues were studied through histological analysis. 

In this work, an investigation of native and regenerated bone mechanical properties has been carried 

out using a range of experimental techniques. The following main conclusions are drawn: 

 Laboratory-based XCT radiation caused degradation in bone mechanical properties at tissue 

level. It was observed that exposure for approximately 9 hours is unlikely to induce damage, 

thus experimental protocols should consider exposure time as a major factor in their 

methodology. 

 Optimisation between exposure time and resolution in imaging is also essential for high-

quality tomograms, which are used for morphological and DVC analysis of bone. 

 The strain accumulation in the tissue showed an increase with the increase of the irradiation, 

due to the high-resolution XCT imaging, exceeding 10000 με. 

 Cortical bone microstructure is a significant determinant in its mechanical behaviour. The 

orientation and arrangement of its canals (i.e. Haversian and Volkmann’s) as well as the pore 

distribution encourage or prevent fracture, when plastic deformation occurs. 

 The change in the canal network parameters (i.e. number, diameter size) can be attributed to 

the compressive and tensile strain applied during indentation, hence supporting the argument 

of its importance in bone structural integrity. Tensile strain was accompanied by widening of 

the canal diameters and increase in the number of canals locally. Additionally, compressive 

strain was observed when canal loss occurred. 

 The strain distribution in the regenerated woven bone of fracture healing resulted highly 

dependent on the presence of mineralised tissue. Specimens with higher level of 

mineralisation showed a more uniform distribution of the strain.  

 Combination of compressive and tensile strain was observed in all the specimens since healing 

was in progress exceeding 30000 με. 
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 Histological results provided information on the non-mineralised, radiolucent tissue in the 

fracture as well as the progress in the regeneration process. 

 Overall, DVC has been deemed a reliable method to measure the 3D full-field deformation in 

the tissue and apparent level of bones. 

 The mechanics of native and regenerated tissue were examined with techniques addressing 

primarily the microscale. The mechanical behaviour of native bone shows consistent patterns 

of strain, whereas woven bone mechanics is highly dependent on the degree of 

mineralisation. Moreover, in the case of bone with diaphyseal fracture healing, organ level 

mechanics are dictated by the healing progress.  

6.3 Future work 

Degradation of mechanical properties due to irradiation 

Although the degradation of the mechanical properties has been identified, the dose of radiation 

induced on bone should also be evaluated either computationally or experimentally with dosimeters. 

Furthermore, it could be of great interest to assess the point at which degradation in the mechanical 

properties of tissue occurs in different laboratory-based XCT imaging scenarios. In fact, the increased 

use of XCT imaging systems in bone evaluation demands knowledge of such limitation. These will 

provide valuable information for in situ XCT experimental protocols requiring long X-ray exposures. 

Microstructural morphology evaluation of cortical bone 

It has been proven over the years that mechanical behaviour of cortical bone depends on its 

morphological arrangement. To better understand bone mechanics and inform computational 

models, the canal and pore network should be examined in organ level at a higher XCT resolution. 

Organ level mechanics can allow investigation of behaviour under physiological and high-energy 

impact response in the whole bone. Additionally, higher resolution has the advantage of examining 

the nanoscale mechanical behaviour of the tissue and its connection to the macrostructural response.  

Mechanical behaviour of fracture healing at organ level  

The experimental protocol applied in this work should be implemented in specimens at different time-

points and post-operative. This will allow characterisation of the mechanics of the regenerated tissue 

at different stages assessing its ability to sustain load. Specimens at the resorption stage of the healing, 

where woven tissue is becoming lamellar bone, should also be evaluated in order to assess and 

understand the mechanical behaviour of the tissue during this stage, were there is no non-mineralised 

cartilage matrix present. Moreover, after the in situ XCT compression the specimens could be 

prepared for nano-/microindentation to obtain the elastic modulus at that scale, which was not 
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possible in the specimens used here since they were fixed in formalin solution. This will enhance the 

understanding of bone regeneration and its mechanical behaviour.  
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Appendix 
 

Chapter 4  - In situ XCT indentation 

1st principal strain  

 

Figure A1: Visualisation of the strain maps (εp1) in axial (S1, S2) and transverse (S3, S4) specimens with one indentation step 
(I4, Group 1). In all specimens, higher tensile strain values appeared on the imprint region. S1, S2, S3 experienced a 
combination of low and high tensile strain values reaching ~30000 με closer to the imprint. In S4, the strain was increasing 
steadily as the depth of the defect increased.  
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Figure A2: Visualisation of the strain maps (εp1) in axial (S5, S6) and transverse (S7, S8) specimens with two indentation steps 
(I2 and I4, Group 2). In S5 tensile strain reached 30000 με at I2 leading to crack formation at I4. S6 and S8 experienced high 
tensile strain values reaching ~30000 με closer to the imprint. In S7, the strain remained almost the same at I2 and I4 steadily 
as the depth of the defect increased. Red arrows pointing at indentation imprint 
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Figure A3: Visualisation of the strain maps (εp1) in axial (S9, S10) and transverse (S11, S12) specimens with three indentation 
steps (I2, I3 and I4, Group 3). In S9 tensile strain reached 26000 με at I2 leading to crack formation at I4. Tensile strain in S10 
increased at I4 reaching 23000 με in the imprint area and on the sides. S11 and S12 experienced high tensile strain values in 
the borders of the specimens exceeding ~20000 με. The strain expanded towards the centre of the specimens at I4. 
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Figure A4: Visualisation of the strain maps (εp3) in axial (S1, S2) and transverse (S3, S4) specimens with one indentation step 
(I4, Group 1). S1 and S2 experienced a combination of low and high compressive strain values reaching ~-14000 με locally at 
the microcracks. In S3 compressive strain of ~-20000 με was present underneath the indentation region. In S4 a combination 
of high and low compressive strain was displayed with highest values in the borders reaching ~-26000 με. 
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Figure A5: Visualisation of the strain maps (εp3) in axial (S5, S6) and transverse (S7, S8) specimens with two indentation steps 
(I2 and I4, Group 2). In S5 microcrack formed at I4 indentation stage, with high concentration of compressive strain at the 
borders (~-26000 με). S6-8 showed similar values of εp3 at I2 not exceeding -4000 με overall, with some compressive strain 
concentration in the borders of their volume. S6 experienced an increase at I4 reaching ~-28000 με around the imprint area. 
In S7 and S8 the area underneath the imprint displayed compressive strain of ~-9000 με and ~-16000 με respectively. 
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Figure A6: Visualisation of the strain maps (εp3) in axial (S9, S10) and transverse (S11, S12) specimens with three indentation 
steps (I2, I3 and I4, Group 3). In S11 microcrack formed at I4 indentation stage, with high concentration of compressive strain 
at the borders (~-14000 με). S10 exhibited elevated compressive strain at the indentation site at I4 (-18000 με). In S11 and 
S12 the strain reached maximum values of strain ~-26000 με and ~-29000 με respectively locally. 
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Figure A7: Visualisation of pore network in the middle of the volume of Group 1 with one indentation stage, axial 
specimens: S1, S2, transverse specimens: S3, S4. S1 and S2 formed microcracks at I4. 
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Figure A8: Visualisation of pore network in the middle of the volume of Group 2 with two indentation stages, axial 
specimens: S5, S6, transverse specimens: S7, S8. S5 formed microcracks at I4. 
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Figure A9: Visualisation of pore network in the middle of the volume of Group 3 with three indentation stages, axial 
specimens: S9, S10, transverse specimens: S11, S12. S9 formed microcracks at I3 propagating further at I4. 
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Figure A10: Visualisation of canal network in the middle of the volume of Group 1 with one indentation stage (I4), axial 

specimens: S1, S2, transverse specimens: S3, S4. S1 and S2 formed microcracks at I4. Haversian canals perpendicular to the 

indentation surface shown at S3 and S4 
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Figure A11: Visualisation of canal network in the middle of the volume of Group 2 with two indentation stages (I2 and I4), 
axial specimens: S5, S6, transverse specimens: S7, S8. S5 formed microcracks at I4. Haversian canals perpendicular to the 
indentation surface shown at S7 and S8. 
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Figure A12: Visualisation of canal network in the middle of the volume of Group 3 with two indentation stages (I2, I3 and I4), 
axial specimens: S9, S10, transverse specimens: S11, S12. S9 formed microcracks at I3 propagating further at I4. Haversian 
canals perpendicular to the indentation surface shown at S12. 
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Figure A13: Graphical analysis of the mean pore network diameter (Po.Dm) of all the specimens in the different groups. Blue 
bar: mean Po.Dm at I0 prior to defect; grey bar: mean Po.Dm at I2 after 0.2 mm tip displacement; yellow bar: mean Po.Dm at 
I3 after 0.3 mm tip displacement; orange bar: mean Po.Dm at I4 after 0.4 mm tip displacement. The significant difference 
between the indentation stages was estimated with a Kruskal-Wallis test. 
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Chapter 5 - Organ level mechanics 

1st principal strain 

 

Figure 13: DVC analysis of 1 mm osteotomy gap, showing εp1 of cross sections (A-A) in the ROIs of S2 (A), S3 (B) and S4 (C) in 
the first and second compression steps (top and bottom row, respectively) 

 

Figure A14: DVC analysis of 2 mm osteotomy gap, showing εp1 of cross sections (A-A) in the ROIs of S6 (A) and S7 (B) in the 
first and second compression step (top and bottom row respectively) 
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