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Abstract 

 
Bone is an anisotropic material with a hierarchical structure, which consists of 

mineralized collagen fibers with biological apatite (BAp), water and protein at the nano-

scale. A system of downscaling multiscale analysis by finite element method (FEM) 

based on micro-CT and second harmonic generation (SHG) images has been 

developed to study the strain distribution considering the collagen fiber in the human 

mandible near the dental implant under different loading conditions. Models in three 

scale are created. Macroscopic model is constructed based on the micro-CT images 

and two types of Dirichlet loading conditions are imposed to macroscopic model. 

Mesoscopic model is also based on micro-CT images to bridge the large gap in mesh 

size between macroscopic model and microscopic model. To maintain the continuity 

of problem setting, the collagen fibers are filled in the vacant space of the bone in the 

mesoscopic model. The microscopic models of collagen fiber structure as well as bone 

are based on SHG images. This is so far the first attempt to create a FEM model based 

on a combination of both micro-CT and SHG images. The microscopic results indicate 

that the high strain level occurs in the collagen-rich regions and the strain level is 

relatively lower in the fibrous region. Under two loading conditions, the compression 

direction is almost parallel to fiber orientation in ROI 3 in the fibrous region. However 

the connection between fiber orientation and loading direction is not clearly observed 

in the fibrous region in ROI 1 and ROI 2. Besides, the nonlinear analysis indicates that 

the geometrical nonlinear effects can be neglected.  

 

Keywords: Bone; Collagen Fibers; SHG Images; Downscaling Multiscale Analysis; 
Micro-CT images; FEM 
  



 

 

 

Sommario 

 
 

Il tessuto osseo è un materiale anisotropo caratterizzato da una struttura gerarchica 

che consiste in fibre di collagene mineralizzate che su scala nanometrica sono 

composte da Apatite Biologica (BAp o idrossiapatite), acqua e proteine. Il lavoro si 

concentra sulla realizzazione di un modello che consenta di studiare la distribuzione 

delle deformazioni in una mandibola umana, sottoposta a diverse condizioni di carico, 

nella zona prossima a un impianto dentale. A questo proposito è stato sviluppato un 

codice che consenta una simulazione agli elementi finiti (FEM) delle deformazioni 

tramite un’analisi multi-scala del tessuto osseo che viene ricostruito basandosi su 

immagini micro-CT e SHG. Il modello è composto di tre diversi livelli. Il modello 

macroscopico è costruito sulla base di immagini micro-CT ed è sottoposto a due 

tipologie di condizioni di carico di Dirichlet. Il modello mesoscopico è anch’esso 

costruito sulla base di immagini micro-CT e, per mantenere la continuità delle 

condizioni del problema, è caratterizzato dal riempimento delle vacanze del tessuto 

osseo, artefatti derivanti dalle immagini, tramite fibre di collagene. Il modello 

microscopico della struttura delle fibre di collagene e dell’osso è basato su immagini 

SHG. Questo è il primo tentativo di creare un modello FEM bastato sulla combinazione 

di immagini micro-CT e SHG. I risultati microscopici indicano che elevati livelli di sforzo 

si concentrano delle zone ricche di collagene, mentre in quelle di matrice fibrosa 

presentano sforzi relativamente più bassi. Sottoposto a due condizioni di carico, il 

modello rivela una direzione di compressione quasi parallela all’orientamento delle 

fibre nella zona fibrosa ROI3, mentre nelle zone fibrose ROI1 e ROI2 non è 

chiaramente osservabile una connessione tra l’orientamento delle fibre e la direzione 

di carico. Inoltre, l’analisi non lineare mostra che gli effetti geometrici non lineari sono 

trascurabili. 
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1 Introduction 

1.1 Dental implant and osseointegration 

Missing natural tooth can affect the patient’s way of chewing and speaking. More 

severely the lost tooth makes the nearby teeth to move from their previous position 

and increase the difficulty to clean the teeth. The lost tooth should be replaced by the 

dental implant immediately otherwise the remaining natural teeth can suffer from 

severe decaying problem in the long term. A dental implant is placed in the jawbone to 

support a dental prosthesis (Figure 1.1). A dental implant consists of the implant, 

abutment and dental prosthesis. The implant directly interacts with the bone of skull. 

After the dental implant is placed into the bone, osseointegration process happens, 

which creates a direct connection between living bone and a load-carrying endosseous 

implant at the light microscopic level [1]. 

 

 

Figure 1.1 Dental implant in the mandible 

 

Figure 1.2 shows the process of osseointegration [2]. In step 1, an implant bed is 

prepared through drilling surgery and the surgery causes the wound. In step 2, the 

implant is placed in the implant bed and the process of wound healing starts. In step 

3, mesenchymal stem cells recruit on the surface of the implant, proliferate and 

differentiate into pre-osteoblast, which leads to osseointegration.  In step 4, after a 

certain time, the wound is healed and the bone grows around the implant, which 

stabilizes the implant. The interface of the natural tooth and the bone is a group of 

specialized connective tissue fibers that essentially attach a tooth to the bone [3 ], 

which is different from the interface of bone and dental implant (Figure 1.3).  

https://en.wikipedia.org/wiki/Connective_tissue
https://en.wikipedia.org/wiki/Tooth
https://en.wikipedia.org/wiki/Alveolar_bone
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Figure 1.2 Steps of osseointegration 

 

 

Figure 1.3 The tooth-bone interface and implant-bone interface 

 

The nature of newly grown bone near the dental implant is not clearly known to 

dentists and this study attempted to study the mechanical behavior of the newly grown 

bone near the dental implant with the numerical approach based on FEM.  
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1.2 Hierarchical Structure of Bone 

To study the mechanical behavior of the newly grown peri-implant bone, learning 

its hierarchical structure helps to model the bone and understand the simulation results. 

Bone has hierarchical structure at different length scales [4], which provides the bone 

with multiple mechanical capabilities, such as stiffness, weight-supporting and fracture 

resistance. To understand the anisotropy and inhomogeneity of the bone, it’s important 

to understand the architecture and mechanical properties at different scales [5].   

Figure 1.4 shows the hierarchical structure of human’s mandible, which is the 

lower jaw bone of human skull. At the macroscale, the bone of mandible can be divided 

into two types of bone: the cortical bone which is compact and dense, and trabecular 

bone which is porous. The macroscale can be observed in the micro-CT images, 

whose resolution ranges from several micro-meters to hundreds micro-meters. At the 

microscale, osteons of cylinder shape with a blood vessel (Harversian cannel) in the 

center constitute of the cortical bone.  The diameter of osteons ranges from 100μm to 

500μm. At the sub-micro scale, layers of lamella are concentrically arranged around 

Harversian canal and each layer has an alternating direction of collagen fiber to form 

the osteon. The thickness of lamella ranges from 3μm to 8μm. At nanoscale, collagen 

fiber is of a cylinder shape, inside which are water, mineralized particles, protein and 

collagen fibrils arranged parallel to the axis of collagen fibers. The diameter of collagen 

fiber is smaller than 0.6μm. With micro meter resolution, SHG imaging technique allows 

to observe the collagen fibers, lamella layers and osteons. At sub-nano scale, inside 

each collagen fibril, collagen molecules are connected with crosslinks and arranged 

parallel to the axis of collagen fiber and plantlet biological apatites are distributed within 

the fibril.  

 

Figure 1.4 Hierarchical structure of the mandible 
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1.3 Purpose of this Study 

According to the observation under SHG microscope, the newly grown bone near 

the dental implant is supposed to be the cortical bone because osteons with blood 

vessels can be observed. The arrangement of collagen fibers near the dental implant 

is different from the natural tooth. So the effect of the dental implant on the collagen 

fiber near the interface between bone and dental implant is of great interest to dentists. 

The collagen fiber at the interface zone between the living bone and the dental implants 

changes due to osseointegration process [6]. Circularly polarized light (CPL) and 

scanning electron microscopy (SEM) were used to investigate the density and 

orientation of the collagen fiber near the dental implants after loading [7]. Similarly, pigs 

were inserted dental implants and the behavior of collagen fibers is studied with SEM 

and profilometric analysis to compare the effects of different dental implants on the 

collagen fiber [8]. These researches studied the distribution of collagen fibers by 

observing different medical images using statistics.  

There are also researches on the mechanical properties of collagen fiber. The 

elastic modulus of collagen fiber in bone is estimated by determining Debye–Waller 

factor through the diffracted X-ray intensity [9]. Direct homogenization procedure using 

the finite element method is used to estimate the elastic modulus of collagen fiber as 

a function of the volumetric mineral content [10].  

However, no numerical approach has combined both micro-CT images and SHG 

images to study the nanostructure of the collagen fiber with the dental implants. To 

explore the correlation between the observed nanostructure of collagen fibers and 

strain distribution under different loading conditions, a semi-automatic system of 

downscaling multiscale analysis has been developed by the author to pass the result 

of micro-CT image-based model to the SHG image-based model. A mandible with two 

dental implants of a human cadaver is scanned with micro-CT, to which the loading 

condition is imposed. Meanwhile the collagen fibers near the implants are scanned 

with SHG imaging technique, whose resolution is about 100 times higher than the 

micro-CT images.  Based on the image resolutions, the 3D structures of mandible with 

implants are created using micro-CT images. The 3D structure of collagen fibers is 

created using the stitched SHG images, in which three ROIs are extracted and used 

for analysis.  

The purpose is to connect the model of mandible and collagen fiber with the 

downscaling multiscale analysis. The mesoscopic model is proposed to reduce the 

computational error because the gap in the resolution of mandible and collagen fiber 

is large. Also the mechanical behavior of collagen fibers will be studied when the 

implants in the mandible are subjected to different loads in the multiscale analysis. The 

semi-automatic system has been implemented in VOXELCON. 
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2 Literature Review  

2.1 SHG histological studies 

2.1.1 Mechanism of SHG 

SHG is a powerful imaging technique in many biological studies. SHG relies on a 

nonlinear optical process in which two incident low energy photons with same 

frequency are combined to form a new photon with twice the incident frequency (Figure 

2.1). It happens after the two incident photons interact with a nonlinear material. The 

nonlinear optical interaction can provide contrast and optical sectioning capability for 

high-resolution imaging [11]. 

 

 

Figure 2.1 Nonlinear optical process of SHG 

 

So far, there are a number of SHG microscopes in the market. Different SHG 

microscopes adopt different laser sources, optical path, detection geometry, and 

detection electronics to fully exploit SHG’s contract mechanism [12]. An example of 

SHG microscope is shown in Figure 2.2. A multi-photon femto-second pulse laser is 

essential as an excitation source. The laser light passes an optical path to reach the 

sample and generate a SHG wave, which is reflected back to the photomultiplier tubers, 

where the SHG signals are analyzed to generate SHG images.  

SHG imaging technique is an ideal tool to visualize tissues in situ with several 

advantages. Firstly photobleaching and phototoxicity can be greatly reduced because 

in SHG imaging process an induced polarization rather from absorption [12]. Also the 

wavelength of laser source is in the near infrared spectral range, high resolution, deep 

tissue imaging to depths of several hundred microns can be readily achieved [13]. 

Besides, SHG has high specificity for collagen, to enable quantitative scoring and the 

ability to distinguish between fibrillar and non fibrillar collagens [14]. And one of the 

main advantage of SHG microscope is its unique capability to provide 3D images of 

the organization of collagen fibers with micrometer resolution. 
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Figure 2.2 A schematic of SHG microscope. PMT: photomultiplier tuber; PD: 

photodetector 

 

2.1.2 Histological application of SHG 

With the advantageous features, SHG imaging technique has been widely used 

in histological application. By visualizing the collagen fibers in the tissues, new 

information about collagen fibers can be obtained to help medical researchers 

diagnose diseases and understand the role of collagen fibers in different tissues. The 

applications of SHG are introduced in the following.  

SHG allows to observe the collagen fibers in both normal and disease state to 

understand the alternation caused by diseases. In the skin tissues, the morphology of 

collagen and elastin and their biochemical variations in skin tissue were analyzed by 

SHG [15]. Comparison of normal skin tissues and skin with scars was made to 

understand the pathophysiology of hypertrophic scars. In the cardiovascular tissues, 

SHG imaging has been performed to observe collagen structure inside an artery wall 

of healthy samples and region affected by atherosclerosis [ 16 ]. The observation 

indicates that a disorder of the organization in collagen is affected by the disease. Also, 

by observing the structure of collagen in tissues with SHG, the functions and 

capabilities of the collagen are explored. In the eye tissues, SHG imaging revealed that 

corneal collagen fibrils function as the transparency of cornea. Meanwhile scleral fibrils 

possess inhomogeneous, tube-like structures with thin hard shells, maintaining the 

high stiffness and elasticity of the sclera [17]. In the dental research, SHG is also used 

to investigate the structural characteristics of the human jawbone with the long - term 

implant and the location and direction of the osteon [18].  

 



7 

 

 

2.1.3 SHG apparatus in this study  

In this study, the SHG images were acquired with a multiphoton confocal 

microscopy system (A1R+MP, Nikon, Japan) (Figure 2.3 and Figure 2.4) with an 

excitation laser (Mai Tai eHP, wavelengths: 690-1040 nm; repetition rate: 80 MHz; 

pulse width: 70 fs; Spectra-Physics, Tokyo, Japan) and a water-immersion objective 

lens (CFI75 Apo 25 Ẃ MP, numerical aperture: 1.1; Nikon, Tokyo, Japan). The 

excitation wavelength for the observation of collagen fibers was 880 nm. Image 

acquisition, processing for orthogonal views and cropping were performed using NIS-

Elements version 4.0 (Nikon).  The minimum dimension of the observed objective is about 

350μm, which allows to observe osteons, lamellas and collagen fibers. The resolution of 

discrete SHG images is 0.83μm × 0.83μm × 20μm. The meaning of image resolution is as 

follows: one discrete SHG image consists of 1024 × 1024 pixels on the 2D plane and the area 

of each pixel is 0.83μm × 0.83μm (Figure 2.5 ). The discrete SHG images are stacked in the 

normal direction of the 2D plane and the interval of two continuous images is 20μm (Figure 

2.6 ). 

 

 

 
Figure 2.3 SHG system in this study (A1R+MP, Nikon, Japan) 

 

 

Figure 2.4 Table of SHG apparatus 

 



8 

 

 

 

Figure 2.5 Pixel number of a discrete SHG image in this study 

 

 

Figure 2.6 Image stacking of discrete SHG images to create 3D model 

 

 

2.2 Micro-CT image-based FEM 

2.2.1 Previous micro-CT image-based numerical studies 

In the biomechanical researches, micro-CT images has been widely used to 

construct the three-dimensional structure of bone parts. Micro-CT images of  50μm 

resolution is used to construct the 3D structure of human mandible of a cadaver with 

two dental implants  [19] (Figure 2.7 ). 3D FEM were performed to compute the peri-

implant loading path of the trabecular bone near the implants and explore the 

correlation between the trabecular architecture and its biomechanical role. The bones 

of animal were also scanned by micro-CT images to study their functions. The maxilla 

of a young beagle dog after implant surgery was resected and imaged with micro-CT 

images of 50μm resolution [20] (Figure 2.8). 3D FEM model revealed that when the 

implant is under vertical loading, the trabecular bone functioned as a load buffer and 

bone trabeculae supporting load transfer from implants undergo remodeling. 
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Figure 2.7 Modelling of human mandible with two dental implants based micro-CT 

image whose resolution is 50μm 

 

 

 

Figure 2.8 Load transfer path in the modelling of maxilla of beagle dog based micro-

CT image whose resolution is 50μm 

 

2.2.2 Micro-CT imaging technique in this study 

In this study, the specimen is a mandible with two screw-vent 4 × 10mm implants planted 

for 22 years. The mandible and two implants were scanned by micro-CT imaging technique 

separately (Figure 2.11 ), whose resolution is 90μm × 90μm × 50μm. One micro-CT image 

consists of 1024 × 1024 pixels on the 2D plane in this study (Figure 2.9 ) and the area of each 

pixel is 90μm × 90μm. 

The micro-CT images are stacked in the normal direction of the 2D plane and the interval 

of two continuous images is 50μm (Figure 2.10 ). 
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Figure 2.9 Pixel number of a micro-CT image in this study 

 

 

Figure 2.10 Image stacking of micro-CT images to create 3D model 

 

 In this study, each micro-CT image covers region of 45mm2and totally 512 images were 

obtained for both mandible and implants (Figure 2.11 (a) and (b)). In the micro-CT image of 

mandible, the white region represents the mandible and black region represents the empty 

space. Meanwhile, in the micro-CT images of dental implant, the white region represents the 

dental implant and the black region is the empty space. In this study, micro-CT images were 

also binarized with software of Image-J. 
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Figure 2.11 Micro-CT image samples of bone and implant 

 

2.3 Review of multiscale analysis  

2.3.1 Homogenization method 

Homogenization method is one typical upscaling method in the computational 

solid mechanics. The heterogeneous composite material is substituted with equivalent 

material model computed in the homogenized modelling. Based on the 

homogenization theory, attempt was made to determine the effective average elastic 

constants of linear elasticity of general composite materials by considering their 

microstructure[ 21 ]. The theory of homogenization method is introduced briefly as 

following.  

Assume the whole domain Ω is a heterogenous composite material which consists 

of basic cell arranged periodically (Figure 2.12). The traction boundary is denoted as 

Γt. The macroscale and the microscale are defined a X and Y and the scaling ratio ε =

𝑋/𝑌.  The microscopic equation (2.1) consider the periodic boundary condition of 

microscopic structure where E is the elastic tensor. And 𝜒 is a periodic function, called 

the characteristic displacement, which expresses the mismatch of the mechanical 

properties of the constituents and the geometrical configuration. 

∫ 𝐸𝑖𝑗𝑚𝑛
𝜕𝜒𝑚

𝑘𝑙

𝜕𝑦𝑛𝑌

𝜕𝛿𝑢𝑖
1

𝜕𝑦𝑖
𝑑𝑌 = ∫ 𝐸𝑖𝑗𝑘𝑙

𝜕𝛿𝑢𝑖
1

𝜕𝑦𝑗𝑌

𝑑𝑌    ∀𝛿𝑢𝑖
1 (2.1) 

The macroscopic elastic tensor can be computed in (2.2) based on (2.1).  

𝐸𝑖𝑗𝑘𝑙
𝐻 =

1

|𝑌|
∫ (𝐸𝑖𝑗𝑘𝑙 − 𝐸𝑖𝑗𝑚𝑛

𝜕𝜒𝑚
𝑘𝑙

𝜕𝑦𝑛
)𝑑𝑌

𝑌

(2.2) 

where 𝐸𝐻 is the homogenized maro-properties and Y is the region of microscale and 

|𝑌| is the volume of microscale. Not only the macroscopic homogenized properties but 

also the microscopic mechanical behavior can be obtained. The microscopic stress σ 

can be computed in (2.3), 

𝜎𝑖𝑗 = (𝐸𝑖𝑗𝑘𝑙 − 𝐸𝑖𝑗𝑚𝑛
𝜕𝜒𝑚

𝑘𝑙

𝜕𝑦𝑛
) 𝑒𝑘𝑙 = (𝐸𝑖𝑗𝑘𝑙 − 𝐸𝑖𝑗𝑚𝑛

𝜕𝜒𝑚
𝑘𝑙

𝜕𝑦𝑛
) (𝐸𝑘𝑙𝑝𝑞

𝐻 )−1Σ𝑝𝑞 (2.3) 
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where e is the macroscopic strain and Σ  is the macroscopic stress. The detailed 

formula deviation can be found in [22]. 

Homogenization method has been widely used in biomechanical research to 

compute the homogenized mechanical properties and microscopic stress. The 

structure of trabecular in the human lumbar vertebra was modelled based on micro-

CT images and the macroscopic homogenized properties for healthy and osteoporotic 

bones were computed to make a comparison [ 23 ]. In the dental research, a 

homogenization material model of trabecular bone is used to recover the lost region 

due to the saw thickness of 0.3 mm [24]. Besides the application in biomechanical, 

homogenization method is also applied in 3D printing manufacturing. The 

homogenization method is used to predict the elastic mechanical properties of the 

carbon fiber-reinforced lamina [25], which were manufactured using an innovative 

process based on the fused filament fabrication and the result of computed mechanical 

properties matches the experiment measurement.   

There is also limitation of homogenization method. If the heterogenous material is 

dispersed in the whole domain, homogenization method can work well by choosing a 

periodic cell. However, when the heterogenous material only exists in a small region 

in the whole structure, the homogenization method will fail to work because such a 

periodic cell is impossible to be chosen. In this case, mesh superposition [26] is 

adopted to solve this kind problem.  

 

 

Figure 2.12 A two-scale problem 

 

2.3.2 Mesh superposition method 

Homogenization method is impossible to work on problems with respect to non-

uniformity of macroscopic fields. And in this case, mesh superposition was developed 

to predict the microscopic stress with higher accuracy. Mesh superposition method is 

also a multiscale computational method, in which both macroscopic stress and 

microscopic stress can be computed.  



13 

 

 

The brief theory of mesh superposition is introduced as follows. In the Figure 2.13, 

the global domain and its boundary are defined as Ω𝐺 and Γ𝐺. The boundary of Γ𝑡 is 

subjected to the traction. In the local model, the domain and its boundary are defined 

as defined as Ω𝐿 and Γ𝐿. The displacement vector {u} in the local domain  Ω𝐿 is defined 

in (2.4). 

{u} = {𝑢𝐺} + {𝑢𝐿} (2.4) 

where {𝑢𝐺} is the displacement vector in the global mesh and {𝑢𝐿} is the displacement 

vector in the local mesh. At the boundary Γ𝐺𝐿, (2.5) has to be achieved to maintain the 

continuity of displacement.  

{𝑢𝐿} = 0 (2.5) 

The strain vector can be defined based on (2.4).  

{ε} = [B]{u} = {
[𝐵𝐺]{𝑢𝐺} + [𝐵𝐿]{𝑢𝐿}  in Ω𝐿

[𝐵𝐺]{𝑢𝐺}                        in Ω𝐺
(2.6) 

where [B] is the strain-displacement matrix. Then the governing equation can be 

summarized in (2.7): 

[
[𝐾𝐺] [𝐾𝐺𝐿]

[𝐾𝐺𝐿]𝐿 [𝐾𝐿]
] {
{𝑢𝐺}

{𝑢𝐿}
} = {

{𝑓}

{0}
} (2.7) 

where 

[𝐾𝐺] = ∫ [𝐵𝐺]𝑇

Ω𝐺
[𝐸𝐺][𝐵𝐺]𝑑Ω + ∫ [𝐵𝐺]𝑇

Ω𝐿
[𝐸𝐿][𝐵𝐺]𝑑Ω (2.8) 

[𝐾𝐿] = ∫ [𝐵𝐿]𝑇

Ω𝐿
[𝐸𝐿][𝐵𝐿]𝑑Ω (2.9) 

[𝐾𝐺𝐿] = ∫ [𝐵𝐺]𝑇

Ω𝐿
[𝐸𝐿][𝐵𝐿]𝑑Ω (2.10) 

{𝑓} = ∫ [𝑁𝐺]𝑇

Γ𝑡

{𝑡}𝑑Γ (2.11) 

Here [𝐾𝐺] and [𝐾𝐿] are the stiffness matrix with respect to the global mesh and local 

mesh. And [𝐾𝐺𝐿] expresses the coupling of local mesh and global mesh. (2.7) can be 

solved to obtain the {𝑢𝐺} and  {𝑢𝐿}. The detailed formula deviation can be found in [22]. 

 

 

Figure 2.13 Definition of global model and local model 
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There are some applications of mesh superposition method. For example, mesh 

superposition method was used to compute the microscopic stress in the trabecular 

bone around acetabular cup implant in total hip arthroplasty under non-uniformity of 

macroscopic strain  [27]. Attempt had been made to study crack propagation for large 

scale or complicated geometry structures using mesh superposition method  [28]. Mesh 

superposition allows to study the effects of local heterogeneity on the global structure. 

However, in this study, only the mechanical behavior in the local structure is of interest 

so mesh superposition is not applied. Instead, downscaling multiscale analysis based 

on zooming method is applied to study the mechanical behavior of collagen fibers in 

the nanostructure. The mesh size of each scale will be introduced in Chapter 2.4.  
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3 Computational method and its implementation 

In this study, downscaling multiscale analysis was executed to study the 

mechanical behavior of collagen fibers. The theory of the downscaling multiscale 

analysis and the implementation in the software VOXELCON are as follows. 

3.1 Theory of downscaling method 

3.1.1 Interpolation with shape function 

In FEM, the continuous region is discretized with elements and the interpolation 

within the elements is achieved through shape function. Assume there is one voxel 

element (Figure 3.1). A local  𝜉 − 𝜂 − 𝜇 coordinate is created, whose origin point is 

placed at the center of the element. The length of each side is normalized. And the 

coordinate of each node is noted as  𝜉𝑖 , 𝜂𝑖 , 𝜇𝑖 and can be easily obtained (Table 3-1). 

The displacement in the 𝜉, 𝜂 and 𝜇 directions of each node is already known as: 𝑢𝑖 , 𝑣𝑖 ,𝑤𝑖,

where =1,2,3 ,7,8i . The red point is assumed to be a random point inside the 

element: 𝜉0, 𝜂0, 𝜇0. Its displacement is unknown: 𝑢0, 𝑣0,𝑤0. 

 

Figure 3.1 A voxel element 

 

Table 3-1 Coordinate of each node 

Node Coordinate ( , ,   ) Node Coordinate ( , ,   ) 

1 (1,-1,-1) 2 (-1,-1,-1) 

3 (-1,1,-1) 4 (1,1,-1) 

5 (1,-1,1) 6 (-1,-1,1) 

7 (-1,1,1) 8 (1,1,1) 

 

The eight shape functions are defined according to the coordinate of each node: 

𝑁𝑖 = (
𝜉 − 𝜉𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖, 𝜉−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒

𝜉𝑖 − 𝜉𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖, 𝜉−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒
)(

𝜂 − 𝜂𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖,𝜂−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒

𝜂𝑖 − 𝜂𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖,𝜂−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒
)(

𝜇 − 𝜇𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖,−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒

𝜇𝑖 − 𝜇𝐹𝑜𝑟 𝑛𝑜𝑑𝑒 𝑖,𝜂−𝑎𝑥𝑖𝑠 𝑛𝑜𝑑𝑒
) 

(3.1) 
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To expand (3.1): 

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 𝑁1 = −

1

8
(𝜉
1
+ 𝜉

0
)(𝜂

1
+ 𝜂

0
)(𝜇

1
+ 𝜇

0
) = −

1

8
(1 + 𝜉

0
)(−1 + 𝜂

0
)(−1 + 𝜇

0
)

𝑁2 = −
1

8
(𝜉
2
+ 𝜉

0
)(𝜂

2
+ 𝜂

0
)(𝜇

2
+ 𝜇

0
) = −

1

8
(−1 + 𝜉

0
)(−1 + 𝜂

0
)(−1 + 𝜇

0
)

𝑁3 = −
1

8
(𝜉
3
+ 𝜉

0
)(𝜂

3
+ 𝜂

0
)(𝜇

3
+ 𝜇

0
) = −

1

8
(−1 + 𝜉

0
)(1 + 𝜂

0
)(−1 + 𝜇

0
)

𝑁4 = −
1

8
(𝜉
4
+ 𝜉

0
)(𝜂

4
+ 𝜂

0
)(𝜇

4
+ 𝜇

0
) = −

1

8
(1 + 𝜉

0
)(1 + 𝜂

0
)(−1 + 𝜇

0
)

𝑁5 = −
1

8
(𝜉
5
+ 𝜉

0
)(𝜂

5
+ 𝜂

0
)(𝜇

5
+ 𝜇

0
) = −

1

8
(1 + 𝜉

0
)(−1 + 𝜂

0
)(1 + 𝜇

0
)

𝑁6 = −
1

8
(𝜉
6
+ 𝜉

0
)(𝜂

6
+ 𝜂

0
)(𝜇

6
+ 𝜇

0
) = −

1

8
(−1 + 𝜉

0
)(−1 + 𝜂

0
)(1 + 𝜇

0
)

𝑁7 = −
1

8
(𝜉
7
+ 𝜉

0
)(𝜂

7
+ 𝜂

0
)(𝜇

7
+ 𝜇

0
) = −

1

8
(−1 + 𝜉

0
)(1 + 𝜂

0
)(1 + 𝜇

0
)

𝑁8 = −
1

8
(𝜉
8
+ 𝜉

0
)(𝜂

8
+ 𝜂

0
)(𝜇

8
+ 𝜇

0
) = −

1

8
(1 + 𝜉

0
)(1 + 𝜂

0
)(1 + 𝜇

0
)

(3.2) 

And the interpolated displacement can be computed using the shape function: 

{

𝑢0 = 𝑢1𝑁1 + 𝑢2𝑁2 + 𝑢3𝑁3 + 𝑢4𝑁4 + 𝑢5𝑁5 + 𝑢6𝑁6 + 𝑢7𝑁7 + 𝑢8𝑁8
𝑣0 = 𝑣1𝑁1 + 𝑣2𝑁2 + 𝑣3𝑁3 + 𝑣4𝑁4 + 𝑣5𝑁5 + 𝑣6𝑁6 + 𝑣7𝑁7 + 𝑣8𝑁8

𝑤0 = 𝑤1𝑁1 + 𝑤2𝑁2 + 𝑤3𝑁3 + 𝑤4𝑁4 +𝑤5𝑁5 + 𝑤6𝑁6 + 𝑤7𝑁7 + 𝑤8𝑁8

(3.3) 

(3.3) can be written in the matrix form: 

{

𝑢0
𝑣0
𝑤0
} = [

𝑁1 0 0 𝑁2 0 0 ⋯
0 𝑁1 0 0 𝑁2 0 ⋯

0 0 𝑁1 0 0 𝑁2 ⋯
]

{
 
 

 
 
𝑢1
𝑣1
𝑤1
𝑢2
𝑣2
𝑤2
⋮ }
 
 

 
 

(3.4) 

For simplicity, (3.4) can be written as: 

{𝑑0} = [𝑁]{�̅�} (3.5) 

Where {𝑑0} is the interpolated displacement vector of the unknown point; {�̅�} is 

the displacement vector of the nodes of one element; [𝑁] is the shape function matrix. 

In this way, the displacement of any point inside an element can be obtained.  

In the multiscale analysis, the solution in the global mesh is interpolated in this 

way to create the boundary condition for the local mesh. Because VOXELCON doesn’t 

have the interpolation capability, the interpolation process is achieved in python code 

and the result is imported into VOXELCON automatically afterwards also in python 

code.  

3.1.2 Theory of the downscaling multiscale method 

The concept of global model and local model was firstly introduced in the zooming 

method [29].  The basic procedure of zooming method is that an approximate solution 

is firstly computed over the entire region with the coarse global mesh. Then a zoomed 

region is separated from the entire region and meshed with finer local mesh. The 
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boundary condition of local mesh utilized the results of global analysis. The accuracy 

and efficiency were tested in ([29] and [30]). 

 

Figure 3.2 Zooming method in the three-scale problem. System 1:  the macroscopic 

model; System 2: the mesoscopic model; System 3: the microscopic model 

 

In this case, the problem is assumed to be three-scale: macroscale, mesoscale 

and microscale (Figure 3.2). Γ represents the boundary of the model and Ω represents 

the region.  {𝑢𝑚𝑎𝑐𝑟𝑜} , [𝐾𝑚𝑎𝑐𝑟𝑜] and{𝐹𝑚𝑎𝑐𝑟𝑜}are defined to be the displacement vector, 

stiffness matrix and loading vector of the macroscopic model. Partition all the nodes in 

the macroscale into two sets, {𝑢𝑎
𝑚𝑎𝑐𝑟𝑜}which has 𝑛𝑎

𝑚𝑎𝑐𝑟𝑜 nodes outside the mesoscopic 

region, {𝑢𝑏
𝑚𝑎𝑐𝑟𝑜}which has  𝑛𝑏

𝑚𝑎𝑐𝑟𝑜  nodes inside the mesoscopic region. The total 

number of the nodes in the macroscale is 𝑛𝑚𝑎𝑐𝑟𝑜, which is the summation of  𝑛𝑎
𝑚𝑎𝑐𝑟𝑜 

and 𝑛𝑏
𝑚𝑎𝑐𝑟𝑜. 

The displacement equation for system 1 is: 

[𝐾1]{𝑢1} = {𝐹1} (3.6) 

Where {𝑢1} = {𝑢𝑚𝑎𝑐𝑟𝑜}, [𝐾1] = [𝐾𝑚𝑎𝑐𝑟𝑜] and  {𝐹1} = {𝐹𝑚𝑎𝑐𝑟𝑜}. 

Expand (3.6) we obtain： 

[
𝐾𝑎𝑎
𝑚𝑎𝑐𝑟𝑜 𝐾𝑎𝑏

𝑚𝑎𝑐𝑟𝑜

𝐾𝑏𝑎
𝑚𝑎𝑐𝑟𝑜 𝐾𝑏𝑏

𝑚𝑎𝑐𝑟𝑜] [
𝑢𝑎
𝑚𝑎𝑐𝑟𝑜

𝑢𝑏
𝑚𝑎𝑐𝑟𝑜] = {

𝐹𝑎
𝑚𝑎𝑐𝑟𝑜

𝐹𝑏
𝑚𝑎𝑐𝑟𝑜} (3.7) 

The displacement equation for the system 2 includes both the nodes of 

macroscopic and mesoscopic model: 

[𝐾2]{𝑢2} = {𝐹2} (3.8) 

or 
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[
𝐾𝑎𝑎
𝑚𝑒𝑠𝑜 𝐾𝑎𝑏

𝑚𝑒𝑠𝑜

𝐾𝑏𝑎
𝑚𝑒𝑠𝑜 𝐾𝑏𝑏

𝑚𝑒𝑠𝑜] {
𝑢𝑎
𝑚𝑒𝑠𝑜

�̅�𝑏
𝑚𝑒𝑠𝑜} = {

0
𝑓𝑏
𝑚𝑒𝑠𝑜} (3.9) 

Where {𝑓𝑏
𝑚𝑒𝑠𝑜}  is the unknown reaction force on the boundary; {�̅�𝑏

𝑚𝑒𝑠𝑜}  is the 

displacement vector on the boundary (Γ𝑏
𝑚𝑒𝑠𝑜); {𝑢𝑎

𝑚𝑒𝑠𝑜} is the displacement vector of 

nodes in the rest of region of mesoscopic model (Ω𝑎
𝑚𝑒𝑠𝑜). {�̅�𝑏

𝑚𝑒𝑠𝑜} can be computed by 

interpolating the macroscopic displacement using (3.5): 

{�̅�𝑏
𝑚𝑒𝑠𝑜} = [𝑁]𝑚𝑒𝑠𝑜{𝑢𝑏

𝑚𝑎𝑐𝑟𝑜} (3.10) 

{𝑢𝑎
𝑚𝑒𝑠𝑜} can be solved:  

[𝐾𝑎𝑎
𝑚𝑒𝑠𝑜]{𝑢𝑎

𝑚𝑒𝑠𝑜} + [𝐾𝑎𝑏
𝑚𝑒𝑠𝑜]{�̅�𝑏

𝑚𝑒𝑠𝑜} = 0 (3.11) 

From (3.11) we can compute: 

{𝑢𝑎
𝑚𝑒𝑠𝑜} = −[𝐾𝑎𝑎

𝑚𝑒𝑠𝑜]−1[𝐾𝑎𝑏
𝑚𝑒𝑠𝑜]{�̅�𝑏

𝑚𝑒𝑠𝑜} (3.12) 

Then the result of mesoscopic model is obtained.  

Now isolate the mesoscopic model and the system 3 is obtained, whose 

displacement equation is:     

[𝐾3]{𝑢3} = {𝐹3} (3.13) 

or  

[
𝐾𝑎𝑎
𝑚𝑖𝑐𝑟𝑜 𝐾𝑎𝑏

𝑚𝑖𝑐𝑟𝑜

𝐾𝑏𝑎
𝑚𝑖𝑐𝑟𝑜 𝐾𝑏𝑏

𝑚𝑖𝑐𝑟𝑜
] {
𝑢𝑎
𝑚𝑖𝑐𝑟𝑜

�̅�𝑏
𝑚𝑖𝑐𝑟𝑜} = {

0
𝑓𝑏
𝑚𝑖𝑐𝑟𝑜} (3.14) 

Where {�̅�𝑏
𝑚𝑖𝑐𝑟𝑜} can be computed by interpolation in the same way as (3.10): 

{�̅�𝑏
𝑚𝑖𝑐𝑟𝑜} = [𝑁]𝑚𝑖𝑐𝑟𝑜{𝑢𝑏

𝑚𝑒𝑠𝑜} (3.15) 

And {𝑢𝑎
𝑚𝑖𝑐𝑟𝑜} can be computed by substituting (3.15) into (3.14): 

{𝑢𝑎
𝑚𝑖𝑐𝑟𝑜} = −[𝐾𝑎𝑎

𝑚𝑖𝑐𝑟𝑜]
−1
[𝐾𝑎𝑏

𝑚𝑖𝑐𝑟𝑜]{�̅�𝑏
𝑚𝑖𝑐𝑟𝑜} = −[𝐾𝑎𝑎

𝑚𝑖𝑐𝑟𝑜]
−1
[𝐾𝑎𝑏

𝑚𝑖𝑐𝑟𝑜][𝑁]𝑚𝑖𝑐𝑟𝑜{𝑢𝑏
𝑚𝑒𝑠𝑜} (3.16) 

After the microscopic displacement vector is solved, the strain and stress in the 

microscopic mesh can be easily solved: 

{휀}𝑚𝑖𝑐𝑟𝑜 = [𝐵]{𝑢𝑎
𝑚𝑖𝑐𝑟𝑜} (3.17) 

{𝜎}𝑚𝑖𝑐𝑟𝑜 = [𝐷]{휀}𝑚𝑖𝑐𝑟𝑜 (3.18) 

Where {휀} is the microscopic strain and {𝜎}𝑚𝑖𝑐𝑟𝑜 is the microscopic stress. [𝐵] is 

the strain-displacement matrix and [𝐷] is the elastic matrix. 

In our problem, models in three scales will be created. Specified Boundary Method 

(SBM) is one application of zooming method  [31] and adopted in our three-scale 

problem. The procedure is described as follows: 

(1) Create macroscopic, mesoscopic and microscopic mesh based on different 

images.  

(2) Impose boundary condition to macroscopic model and compute its solution. 

(3) Output the displacement of the macroscopic model and process it with linear 

interpolation. The interpolation process is achieved through python code. Impose 

the interpolated displacement on the boundary of mesoscopic mesh and compute 

the solution. 
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(4) Repeat outputting the displacement of the mesoscopic model, interpolating and 

imposing the interpolated displacement to the microscopic model. 

There are criterions when selecting the mesoscopic ROI to reduce the errors. 

Firstly, the center of the mesoscopic model should be close to the position of 

microscopic model because it had been tested that the numerical errors in the region 

closer to center were usually smaller than the surface. Secondly, try to include as many 

nodes on the boundary as possible to increase the accuracy of interpolation.  

3.2 Development of the analysis system 

3.2.1 Implementation of mesoscopic analysis 

VOXELCON doesn’t have the function to do interpolation. Moreover the 

interpolated displacement has to be assigned to the nodes at the boundary of 

mesoscopic model node by node manually. However, there are more than 60,000 

nodes at the boundary if the volume of mesoscopic model is 1 mm3, which is a huge 

work for human labor. Therefore, a system is developed to achieve the interpolation 

and set-up of boundary condition automatically to avoid human errors and reduce time 

cost. The principle of the system is to create command lines for VOXELCON to execute 

a series of operations. This system is written in python code.  

The system of mesoscopic model is developed to be almost automatic with only 

some inputs so that the user can easily use the system for analysis. The flowchart of 

development of mesoscopic model is shown in Figure 3.3. After running Meso.py, the 

program will ask users to manually input the directory of micro-CT images of the 

mandible, installation directory of VOXELCON, coordinate of the ROI and the directory 

of macroscopic displacement obtained in macroscopic model. After gaining all the 

required inputs, multitask will be executed and eventually a VOXELCON mesh file will 

be created, which includes the boundary condition of interpolated displacement. The 

mesoscopic results can be obtained by clicking ‘running simulation’ in VOXELCON.  

The multitasks includes the following subsequent sub-tasks: 

1 Creating isotropic material models of bone and collagen fibers in VOXELCON.  

2 Constructing the 3D model of the mandible. With the directory of micro-CT 

images, the images can be automatically imported into VOXELCON to create the 3D 

model. The image resolution is set to be a parameter in the program.  

3 Extracting the mesoscopic ROI from the mandible according to the input data of 

position of the ROI and the length of each side. The ROI is a cube whose side length 

is 𝐿𝑅. Assume the global coordinate of the ROI origin is (𝑥𝑅 , 𝑦𝑅 , 𝑧𝑅). Then all the nodes 

whose coordinates are within the range of (𝑥𝑅 ≤ 𝑥 ≤ 𝑥𝑅 + 𝐿𝑅 , 𝑦𝑅 ≤ 𝑦 ≤ 𝑦𝑅 + 𝐿𝑅 , 𝑧𝑅 ≤

𝑧 ≤ 𝑧𝑅 + 𝐿𝑅) are selected to create the unmeshed mesoscopic model.  

4 Filling the vacant space of the bone in the mesoscopic model with fiber material. 

The bone structure is porous. By filling the vacant space to make the mesoscopic 
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model a complete solid, the interpolation accuracy for the microscopic model will be 

increased.  

5 Remeshing both the bone and collagen fiber together with finer elements to 

create the mesoscopic mesh. The mesh size is 0.009mm as shown in Table 4-1. 

6 Extract the coordinate of nodes and elements at the boundary of the mesoscopic 

model. The coordinate of the nodes at the boundary (𝑥𝑏
𝑖 , 𝑦𝑏

𝑖 , 𝑧𝑏
𝑖 ) should meet any one 

requirement in (3.19): 

{

𝑥𝑏
𝑖 = 𝑥𝑅 𝑜𝑟 𝑥𝑏

𝑖 = 𝑥𝑅 + 𝐿𝑅  (1)

𝑦𝑏
𝑖 = 𝑦𝑅 𝑜𝑟 𝑦𝑏

𝑖 = 𝑦𝑅 + 𝐿𝑅  (2)

𝑧𝑏
𝑖 = 𝑧𝑅 𝑜𝑟 𝑧𝑏

𝑖 = 𝑧𝑅 + 𝐿𝑅   (3)

(3.19) 

7 Extracting result data from the macroscopic model 

8 Interpolation based on the coordinate of nodes and elements and result data of 

macroscopic model to obtain the boundary condition of prescribed displacement for 

the mesoscopic model. The theory of interpolation is introduced in 3.1.1. 

9 Assign the interpolated displacement to the nodes at the boundary of 

mesoscopic model. 

10 Save the file of the mesoscopic mesh with boundary condition settled.  

 

Figure 3.3 Flowchart of mesoscopic system 
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3.2.2 Implementation of microscopic system 

The flowchart of microscopic system is shown in Figure 3.4. There are two python 

codes executed subsequently to obtain the microscopic results. The microscopic 

system is designed to be semi-automatic because the procedure to match the stitched 

model with macroscopic model is impossible to achieve automatically. After matching 

the stitched SHG image-based model with the macroscopic model, the global 

coordinate of the microscopic model can be output and used for interpolation.  

 

 

 

Figure 3.4 Flowchart of microscopic system 

 

In the python code of Create mesh.py, firstly it asks the user to manually input the 

directory of stitched SHG images, installation directory of VOXELCON and coordinate 

of the ROI. Then the multitasks 1 is executed, which includes the following subsequent 

sub-tasks: 

1 Creating isotropic material models of bone and collagen fibers in VOXELCON.  

2 Constructing the complete 3D model from the stitched SHG images. The image 

resolution is set to be a parameter in the program.  

3 Extract the ROI according to the input coordinate of the ROI from the complete 

3D model and create the mesh of collagen fibers and assign the fiber material model 

to the mesh. The complete 3D model is remained.  

4 Filling the vacant space in the ROI with bone material and mesh the bone and 

fibers together. The microscopic mesh is obtained after this step. 

5 Save the microscopic mesh file and name it as ‘micro.vxp’. 
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After creating the microscopic mesh, we need to manually rotate and move the 

complete 3D stitched model to match it with the macroscopic model. The implant bed 

is used as the reference system for the matching. After matching the complete model, 

the global coordinate of the microscopic mesh is output, which is used in Micro 

rotate.py.  In the Micro rotate.py, the user has to manually input the global coordinate 

data, directory of VOXELCON installation, the directory of micro.vxp (the mesh file 

format in VOXELCON) and the mesoscopic results of displacement.  

Then the multitasks 2 is executed, which includes the following subsequent sub-

tasks: 

1 Extract the displacement from the mesoscopic results (u_meso.csv, v_meso.csv, 

w_meso.csv ) and the global coordinate of all the nodes and elements. 

2 Select all the nodes at the boundary of microscopic model and also extract their 

global coordinates. 

3 Interpolation based on the global coordinate and result data of mesoscopic 

model to obtain the boundary condition of prescribed displacement for the microscopic 

model.  

4 Assign the prescribed displacement to nodes at the boundary. 

5 Save the microscopic mesh with boundary condition settled 

 

The microscopic model with set-up of boundary condition (micro rotate) after the 

multitasks 2, with which the microscopic results can be obtained by click ‘running 

simulation’ in the microscopic model.  

 

3.3 Verification of the downscaling analysis 

3.3.1 Characteristics of VOXELCON 

Zooming method is achieved in VOXELCON by python code developed by the 

author. VOXELCON is a powerful FEM Japanese commercial software from Quint 

company. VOXELCON has the following characteristics. For its advantages, this 

software is powerful to reconstruct the 3D structure from a large number of medical 

images and it can create a large number of elements (more than 10,000,000). However 

it also has some disadvantages. VOXELCON can only create voxel elements of the 

same mesh size in one study, so the zig-zag mesh is unavoidable. Meanwhile, only 

linear analysis can be achieved in VOXELCON. Besides, different material properties 

can’t be assigned to individual element, which inhibits the possibility to model the 

anisotropic material properties of collagen fibers.  

VOXELCON is used in this study and multiscale system is implemented in this 

software. Considering the characteristics of this software, the verification is necessary.  
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3.3.2 Set-up of the Verification Example 

One important parameter in the zooming method is the scaling ratio. Between two 

adjacent scales, large errors can occur if the scaling ratio exceeds the threshold. And 

in the multiscale analysis introduced in next chapter, the largest scaling ratio is 10, 

which is tested in this verification example.  

Considering the mesh type of VOXELCON, the verification of zooming method in 

this software is necessary. And one simple verification example is tested for the 

zooming method and shown as follows.  

Figure 3.5 shows a plate with a hole, whose diameter is a and much smaller than 

the dimension of the plate.  The plate is subjected to uniaxial load of s. According to 

the analytical solution, the stress concentration occurs at point A and the stress 

concentration factor is 3.  

 

 

Figure 3.5 Plate with a hole subjected to uniaxial load 

 

The case in Figure 3.5 is simulated in VOXELCON and the accuracy of zooming 

method is tested.  A rectangle plate with a small hole in the center is under uniaxial 

loading s at both ends (Figure 3.6 (a)). To reduce computational cost, only 1/8 of the 

plate is analyzed utilizing the symmetry of the plate (Figure 3.6 (b)). 

 

Figure 3.6 A rectangular plate with a hole under uniaxial loading. (a) a complete 

plate; (b)1/8 of the plate 
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The modelling of the 1/8 in VOXELCON is introduced as follows. Two macro 

models and one micro model will be created. For both macro model 1 and macro model 

2, the plate size, hole size and boundary condition are the same (Figure 3.7 and Figure 

3.8 ). The 1/8 of plate has length of 200 mm, width of 100 mm and thickness of 2 mm 

and it includes 1/4 of the hole. The radius of the hole is 10 mm. The boundary 

conditions of macro model 1 and 2 take advantages of geometrical symmetry of the 

plate: the movement in x direction of green surface, the movement in y direction of red 

surface and the movement in z direction of blue surface are constrained. However the 

mesh size of macro model 1 is 2 mm while the mesh size of macro model 2 is 0.2 mm. 

So the scaling ratio is set to be 10 in this case.  

The micro model is a zoomed region of macro model 1. Its size is 

20mm × 20mm× 2mm with 1/4 of hole at one corner.  It’s meshed with elements the 

same as macro model 2, which is 10 times smaller than the macro model 1. All the 

plane surfaces on the boundary are imposed with boundary condition of interpolated 

displacement obtained from macro model 1 and the curve surface is subjected to no 

boundary condition. The stress concentration factors at the stress concentration point 

will be compared among the two macro models, micro model and the analytical solution.  

 

Figure 3.7 Setup of macro model 1  
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Figure 3.8 Setup of macro model 2 

 

Figure 3.9 Setup of micro model 
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4 Multiscale modelling of mandibular bone with dental 

implant 

4.1 SHG image stitching technique 

In this study, image stitching technique of SHG images is achieved. Each discrete SHG 

images allows to only observe a small region ranging from 0.5mm2 to 1mm2 depending on the 

image resolution. Locating the 3D structure based on such discrete SHG images is inaccurate 

without a reference system. Therefore image-stitching technique (Figure 4.1) is applied. each 

discrete image (Figure 4.1 (a)) covers region of 0.83mm2 . In the horizontal direction, 17 

discrete images were stitched and in the vertical direction, 19 discrete images were stitched 

(Figure 4.1 (b)). The original image stitching process is automatically accomplished in the 

imaging process instead of postprocessing after obtaining all the discrete images. In the image 

postprocessing process, the original stitched is binarized ( Figure 4.1 (c)) in the open-source 

software Image-J, after which the binarized image can be used in FEM modeling. After 

binarization, there are only two types of pixels in the image: white pixels and black pixels. The 

white region represents the collagen fibers and the black region is the bone.  

 

Figure 4.1 Process to obtain a stitched SHG image 
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Figure 4.2 Image binarization process 

 

The SHG image binarization process is also important to understand the problem 

setting (Figure 4.2). In the original stitched SHG image, the whole structure of the bone 

near the implant can be seen. And three colours can be seen in the original image. 

The blue region is the collagen fibers and the red region represents the non-fibers 

material, such as water, protein. And the black region includes bone, vacant space and 

other unknown materials. We used image-postprocessing technique to split the colour 

channels so that we can extract images with only the collagen fiber. We neglect the 

red channel in our modelling to simplify the problem setting and we binarized only the 

blue channel. After binarization in the modelling, the white region is assigned with fiber 

material and all the black region is all assumed to be bone. 

With the stitched SHG images, the implant bed can be used as the reference system to 

locate the region of interest (ROI) for analysis. One stitched SHG image consists of 323 

discrete images and only five stitched images were obtained due to the large imaging time. 

Each stitched image covers area of 200mm2. Totally, five stitched images were obtained. As 

for the imaging time, imaging each discrete SHG image takes 10 second and totally it takes 

4.5 hours to obtain the five stitched images. The resolution in the image-stacking direction is 

about 25 times lower than the two other directions because obtaining one stitched image is 

highly time-consuming and saving the stitched image requires large amount of memory.  

 

4.2 Meshing size and number in this study 

In this downscaling multiscale analysis, models in three scale will be created: 

macroscopic model based on micro-CT images, mesoscopic model based on the same 

micro-CT images and microscopic model based on stitched SHG images.  

Table 4-1 presents the meshing strategy and approximated number of elements 

for each model to estimate the computational cost. The scaling ratio of mesh size 
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between macroscopic model and microscopic model is 45, which is large and can 

cause large errors. So the mesoscopic model is created to bridge the large gap in the 

mesh size between macroscopic and microscopic model. All these three models are 

meshed with only voxel elements and analyzed in the VOXELCON. The theory of the 

downscaling multiscale analysis will be introduced in Chapter 3 and the detailed 

modelling of the three-scale models will be introduced in Chapter 4. 

 

Table 4-1 Meshing strategy of the three-scale analysis 

 

 

In this study, FEM models in three scales are constructed (Figure 4.3). The total 

volume of the macroscopic model is about 4500 mm3 and the mesh size is 0.09mm 

(Figure 4.3 (a)). The mesoscopic model is a bone region of 1 mm3 extracted from the 

macroscopic model, whose mesh size is 0.009mm (Figure 4.3 (b)). The microscopic 

model ranges from 0.015  mm3  to 0.025  mm3  due to some SHG images are not 

continuous and abandoned to use. And microscopic mesh size is 0.002mm ( Figure 

4.3 (c)). 

Macroscopic model constructed with micro-CT images contains the mandible and 

implants. While the stress and strain distribution of collagen fibers are analyzed in the 

microscopic model based on the stitched SHG images. Because the scaling ratio 

between the resolution of macroscopic model and microscopic model depends on the 

image resolution of micro-CT images and SHG images. In this case, the scaling ratio 

in image resolution is 100 and the scaling ratio between the mesh size of microscopic 

model and macroscopic model is 45, which can cause large errors after testing. So, a 

mesoscopic model based on the same micro-CT images as the macroscopic model is 

introduced to bridge the gap in the image resolution and mesh size, which contains 

both collagen fibers and bone. The collagen fibers are included in the mesoscopic 

model to ensure the continuity of problem setting between mesoscopic model and 

microscopic model. The detailed model construction method is in this chapter. 

Figure 4.4 shows the number of cases in the three scale. In the macroscopic 

model, two cases are computed, which includes two types of loading conditions. And 

for the mesoscopic analysis, three ROIs are computed for each macroscopic case and 

there are 6 mesoscopic cases in total. For the microscopic case, one ROI is computed 

for each mesoscopic case and there are 6 microscopic cases in total.  

 

Resolution Mesh size Volume #Elements Material

Macroscopic 6,000,000 Bone & impalnt

Mesoscopic 1,300,000 Bone & fibers

Microscopic 6,000,000 Bone & fibers

0.09 ×0.09
× 0.05𝑚𝑚

0.09 ×0.09
× 0.05𝑚𝑚

0.0083 × 0.0083
× 0.02𝑚𝑚

0.09 ×0.09
× 0.09𝑚𝑚

0.009 × 0.009
× 0.009𝑚𝑚
0.002 × 0.002
× 0.002𝑚𝑚

4500𝑚𝑚3

1𝑚𝑚3

0.05𝑚𝑚3
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Figure 4.3 Volume and mesh size of the three-scale models 

 

 

 

Figure 4.4 Number of cases in each scale 

 

4.3 Macroscopic Model 

In the macroscopic model, both the mandible and the implants are scanned 

separately by micro CT imaging technique of the same resolution of 90μm × 90μm ×

50μm (Figure 4.5 (a) and (b)). The black region in the images represents empty space 
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and the white region represents the bone of mandible and dental implants respectively. 

Image stacking (Figure 4.5 (c)) is firstly achieved to create the 3D structure of  mandible 

and implant (Figure 4.5 (d) and (e)). Then the bone and implants are meshed together 

with the voxel elements of same size of 0.09mm (Figure 4.5 (f)). The region that is far 

away from the implants and some implant part is of no interest to the dentists so it is 

cut away to reduce computational cost. The macroscopic model is the remaining region 

(Figure 4.5 (i)). The dimension of the macroscopic model and the implant are shown 

in Figure 4.6 and Figure 4.7. About 9 mm of the implant is planted into the bone and 

the diameter for the implant is 4mm. 

 

  

 

Figure 4.5 Construction of macroscopic model based on micro-CT images 
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Figure 4.6 Dimension of the macroscopic model 

 

 

 

Figure 4.7 Dimension of the implant 

 

The material properties for both the mandible and implants were set to be isotropic. 

The specific values of the mechanical properties were chosen from previous reference  

[ 32 ] and set as: 𝐸𝑏𝑜𝑛𝑒 = 15GPa , 𝑣𝑏𝑜𝑛𝑒 = 0.3 and  𝐸𝑖𝑚𝑝𝑙𝑎𝑛𝑡 = 110GPa, 𝑣𝑖𝑚𝑝𝑙𝑎𝑛𝑡 = 0.3 . 

The two types of boundary condition are imposed (Figure 4.8): both the proximal 

surfaces are completely restrained. Two types of Dirichlet loading conditions are 

imposed to the macroscopic model separately: a prescribed displacement of 250nm is 

imposed on the top of both implants in the implant axial direction ( loading condition 1) 

in the macroscopic model 1 and 30 degree from the axial direction ( loading condition 

2) in the macroscopic model 2. These values and the directions were adapted 

according to previous study [20].  

Strain distribution of the bone around the dental implants was studied. 

Displacement was also output and processed using linear interpolation for the 

mesoscopic model.    
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Figure 4.8 Two loading conditions for the macroscopic model 

 

4.4 Mesoscopic Model 

4.4.1 Creating mesoscopic model 

The mesoscopic model is created based on the same micro-CT images as 

macroscopic model (Figure 4.9 (a)). Firstly the whole structure of mandible is 

constructed with the same micro-CT images (Figure 4.9 (c)). Then a bone region of 

1mm3 is extracted from the mandible and meshed with elements of 0.009mm (Figure 

4.9 (e)). There is vacant space in the bone due to its porous structure. The vacant 

space is filled with collagen fibers, whose mesh size is the same as bone (Figure 4.9 

(f)). Then the mesoscopic model is completely solid after filling the collagen fibers 

(Figure 4.9 (g)). 

The material property for the mesoscopic model was set to be isotropic. The 

values of material property of collagen fibers followed previous research [33]. The 

collagen fibers are set to be isotropic: 𝐸𝑏𝑜𝑛𝑒 = 15GPa, 𝑣𝑏𝑜𝑛𝑒 = 0.3 and  𝐸𝑓𝑖𝑏𝑒𝑟 =

4.7MPa, 𝑣𝑓𝑖𝑏𝑒𝑟 = 0.3. The mechanical property for the bone used the same value as 

macroscopic and mesoscopic model while the collagen fiber used the property of wet 

collagen fiber (about 100 times smaller than the dry collagen fiber) to simulate the 

situation in the living body. 
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Figure 4.9 Create mesoscopic model based on same CT images as macroscopic 

model 

4.4.2 Position of three ROIs 

The position of extracting mesoscopic model depends on the region of collagen 

fibers which dentists are interested to study.  In this study, three ROIs are selected for 

analysis: two ROIs near the neck of implants and one near the bottom (Figure 4.10). 

The reasons for selecting the two ROIs near the neck of the implant includes that the 

arrangement of collagen fibers near the neck of the implant is different from other 

regions according to the observation of dentists. Besides, the content of collagen fibers 

in the implant-neck region is high so that enough collagen fibers can be analyzed.  A 

collagen-rich region near the bottom of the implant is chosen to make comparison with 

the two ROIs close to the implant neck.  
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Figure 4.10 Position of the three ROIs 

 

The exact positions of the three ROIs in the 3D view are shown in Figure 4.11, 

Figure 4.12 and Figure 4.13. The shortest distance of the surface of ROIs to the implant 

surface and the depth of the ROIs (the distance from the upper surface of the ROIs to 

the upper surface of the mandible ) are summarized in Table 4-2. ROI 3 has a direct 

contact with the dental implant while the distance of ROI 1 to the implant is about two 

times of the diameter of an osteon and the distance of ROI 2 is close to the diameter 

of an osteon. 

The bone volume fraction is defined as the ratio between the bone volume and 

total volume while fiber volume fraction is defined as the ratio between the fiber volume 

and total volume. They are important parameters in the biomechanical researches. 

The bone volume fraction and fiber volume fraction for the three ROIs are measured 

and shown in Table 4-3. The bone volume fraction is extremely high in the bone region 

near the implant neck (ROI 1 and ROI 2) and relatively lower in the implant bottom 

region.  
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Figure 4.11 Position of mesoscopic model of ROI 1 

 

 

 

Figure 4.12 Position of mesoscopic model of ROI 2 

 

 

 

Figure 4.13 Position of mesoscopic model of ROI 3 

 

Table 4-2 Distance of the mesoscopic ROIs to the implant and the depth of the 

mesoscopic ROIs 

 

 

Table 4-3 Bone volume fractions and fiber volume fraction of the three mesoscopic 

ROIs 

Distance to the

implant/mm
Depth /mm

ROI 1 0.8 2

ROI 2 0.4 1.5

ROI 3 0 9
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4.4.3 Interpolation rules 

The comparisons of macroscopic mesh with the mesoscopic mesh of the three 

ROIs are shown in Figure 4.14, Figure 4.15 and Figure 4.16. The macroscopic model 

is porous however the mesoscopic model is completely solid after the vacant space is 

filled with collagen fibers. Because the mesh size of mesoscopic mesh is 10 times 

smaller than the macroscopic mesh, some regions with different structures can be 

observed. and more structural details can be observed in the mesoscopic mesh than 

the macroscopic mesh. After comparison with the original medical images, the mesh 

of mesoscopic model is observed to be more accurate than macroscopic mesh.  

 

 

 
Figure 4.14 Comparison of macroscopic mesh with mesoscopic mesh of ROI 1 

 

Bone volume

fraction

Fiber volume

fraction

ROI 1 97% 3%

ROI 2
95% 5%

ROI 3 63% 37%
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Figure 4.15 Comparison of macroscopic mesh with mesoscopic mesh of ROI 2 

 

 

 

Figure 4.16 Comparison of macroscopic mesh with mesoscopic mesh of ROI 3 

 

However, the different structures caused by the mesh sizes in the macroscopic 

mesh from the mesoscopic mesh can cause problems of interpolation using shape 

function introduced in 3.1.1. For example, in the same region, the mesoscopic 

elements and macroscopic elements can both exist (Figure 4.17 (a)). In this case 

interpolation can be executed because the displacement values at the eight nodes of 

macroscopic element are available. However, in the same region, the mesoscopic 

elements can exist while the macroscopic element doesn’t (Figure 4.17 (b)). In this 

case, the macroscopic displacement at this element is unavailable and the mesoscopic 

displacement can’t be computed with interpolation using the shape function. Therefore, 

a rule of interpolation has to be regulated (Figure 4.18). At the boundary of mesoscopic 

model, if the mesoscopic elements are not inside a macroscopic element (Figure 4.18 

(a)), the interpolation is not executed and there is no boundary condition assigned to 
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these mesoscopic elements. Meanwhile, if the mesoscopic elements are inside the 

macroscopic element, the interpolated displacement for the mesoscopic element is 

computed and used as the boundary condition of prescribed displacement.  

 

 

 

Figure 4.17 Two cases of structural difference caused by mesh sizes in the 

macroscopic mesh and mesoscopic mesh 

 

 

 

Figure 4.18 Rules of imposing boundary condition on the surface 

 

After assigning the interpolated displacement to the boundary of mesoscopic 

model, the contours of macroscopic displacement and mesoscopic displacement can 

be used to ensure the correct set-up of boundary condition. For example, the 

comparison of macroscopic displacement and mesoscopic displacement in y direction 

for the ROI 1 under loading condition 1 has been made in Figure 4.19. Besides the 

structural difference between macroscopic model and bone part of mesoscopic model, 

a smoother displacement distribution can be observed in the mesoscopic model, which 

results from the interpolation. Also the displacement in y and z directions has to be 

compared in the same way to ensure the correct interpolation. Sometimes extreme 
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values of displacement can be observed in the boundary of collagen fibers, which is 

caused by the interpolation rules because no displacement was assigned to the fiber 

nodes as a boundary condition. In the postprocessing of mesoscopic model, about 20% 

of total volume near the boundary will be abandoned because observable large errors.   

After obtaining the mesoscopic results, the displacement of the mesoscopic model 

was then output and processed with linear interpolation for the boundary condition of 

microscopic model.  

 

 

 

Figure 4.19 Comparison of the contours of displacement in y direction between 

macroscopic model and mesoscopic model in ROI 2 under loading 

condition 1 

4.5  Microscopic Model 

4.5.1 Creating microscopic model 

Microscopic model was based on the stitched SHG images (Figure 4.20 (a)). In 

the image, the white region represents the collagen fibers and the black region 

represents the bone. Firstly, the whole structure of collagen fibers is created using the 

stitched SHG images (Figure 4.20 (b)) through image stacking. Then the 3D structure 

of collagen fibers is moved and rotated to match with the coordinate of dental implant 

(Figure 4.20 (c)). Then the ROI of collagen fibers is extracted from whole structure for 

analysis (Figure 4.20 (d)). The vacant space in the collagen fibers is filled with bone 

material to make the microscopic model complete solid, after which the bone and 

collagen fibers are mesh together with elements of 0.002mm to create the microscopic 

model (Figure 4.20 (e)). The material properties for the bone and collagen fiber were 



40 

 

 

both assumed to be isotropic and the values are. The values of mechanical properties 

for bone and collagen fibers are the same as mesoscopic model. 

 

 
Figure 4.20 Construction of microscopic model with the stitched SHG images. 

 

4.5.2 Rules of extracting microscopic model 

A ROI image is the SHG image extracted from the stitched image and used to 

create the microscopic model. Even if in this study, the microscopic model is directly 

extracted from the 3D model of the whole structure of collagen fiber, the ROI image 

can be extracted according to the coordinate of the ROI and used to check if the 

microscopic mesh correctly matches the ROI image. The procedure to extract the ROI 

image is shown in Figure 4.21. The stitched image consists of 17,000 × 19,000 pixels 

(Figure 4.21 (a)), which can be converted into a 17,000 by19,000 matrix. Then a ROI 

matrix of 600 by 600 is extracted based on its coordinate and finally the matrix is 

converted back to the ROI image (Figure 4.21 (b)), whose pixel number is 600 × 600. 
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Figure 4.21 Procedures to extract the ROI image 

 

To avoid computational errors and imaging errors, rules for selecting the exact 

position of microscopic model are proposed. Firstly, there are errors in the imaging 

caused by image-stitching (Figure 4.22 (b)). The straight line is visible at the stitching 

boundary of two discrete images, which results in the non-continuity of the 3D 

structures. And one discrete image contains 1024 × 1024 pixels and one ROI image 

contains 600 × 600 pixels. So when selecting the position of microscopic model, it’s 

necessary to avoid the stitching boundary and place it close to the center of the discrete 

image because the size of ROI image is smaller than one discrete image.  

 

 

Figure 4.22 Stitching boundary of two discrete images  

 

There are five slices of stitched images in total, which takes small effort to check 

the ROI images one by one. The ROI images for the three ROIs are displayed in Figure 
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4.23, Figure 4.24 and Figure 4.25. For the ROI images of ROI 1, the last two slices are 

not continuous compared with the first three slices, which contains little information 

about collagen fibers. Besides, last two slices of the stitched SHG images are not 

continuous in the neighboring region of left neck of the dental implant. So the last two 

slices are abandoned to construct the microscopic model of ROI 1. The reason is the 

same for ROI 2, in which the last slice is abandoned (Figure 4.24 ).  And for the ROI 3, 

all the five slices are continuous and used to create the microscopic model (Figure 

4.25 ).  

 

 

 

Figure 4.23 Five ROI images of ROI 1 
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Figure 4.24 Five ROI images of ROI 2 

 

 

 

Figure 4.25 Five ROI images of ROI 2 

 

 

 

Figure 4.26 Explanation of the SHG images of the three ROIs 

 

In the SHG images, there are mainly three types of region: collagen rich region, 

fibrous region and osteon (Figure 4.26). In the collagen rich region, the collagen fibers 

are distributed concentratedly. And in the fibrous region, the collagen fibers are 

scattered. In the osteon, a circled black region can be observed and the black region 

is the Harversian cannel.  

The microscopic mesh of the three ROIs are shown in Figure 4.27, Figure 4.28 

and Figure 4.29. The thickness for ROI 1 is 0.06mm, ROI 2 is 0.08mm and ROI 3 is 
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0.1mm because different number of slices are used.  The bone volume fraction and 

fiber volume fraction for the three ROIs are measured and shown in Table 4-4. The 

fiber volume fraction of ROI 2 and ROI 3 are nearly equal while the fiber volume fraction 

of ROI 1 is twice as ROI 2 and ROI 3.  

 

 

Figure 4.27 Microscopic mesh of ROI 1. Yellow: bone; orange: collagen fibers 

 

 

 

Figure 4.28 Microscopic mesh of ROI 2. Yellow: bone; orange: collagen fibers 
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Figure 4.29 Microscopic mesh of ROI 3. Yellow: bone; orange: collagen fibers 

 

Table 4-4 Bone volume fraction and fiber volume fraction for the three microscopic 

ROIs 

 

 

 

Finally, to reduce the computational errors, the position of microscopic model 

locates at the center of mesoscopic model because according to observation, the large 

computational error caused by interpolation.  

 

4.5.3 Exact position of the three ROIs 

The position of the three ROIs in the mesoscopic model is shown in Figure 4.30, 

Figure 4.31 and Figure 4.32. The mesoscopic models are made transparent to observe 

the exact position of the microscopic model. The microscopic model locates near the 

center of each mesoscopic model. And the relative position of the microscopic model 

and implant is shown in Figure 4.33. As it can be observed, the thickness direction of 

the three plate ROIs are almost perpendicular to the implant axis. Table 4-5 shows the 

measurement of the distance of the microscopic ROIs to the dental implant and their 

depth. 

 

 

Figure 4.30 Position of microscopic ROI 1 in the mesoscopic model 

 

Bone volume

fraction

Fiber volume

fraction

ROI 1 65% 35%

ROI 2 82% 18%

ROI 3 83% 17%
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Figure 4.31 Position of microscopic ROI 2 in the mesoscopic model 

 

Figure 4.32 Position of microscopic ROI 3 in the mesoscopic model 

 

 

Figure 4.33 Exact position of the three ROIs in the global coordinate 

 

Table 4-5 Distance of the microscopic models to the dental implant and the depth of 

the microscopic ROIs 



47 

 

 

 

 

 

The displacement of the plate-shape ROI is computed through interpolation of 

mesoscopic displacement and used as the boundary condition for the microscopic 

model. All the nodes on the surface were imposed the interpolated displacement 

obtained from the mesoscopic model. The stress and strain distribution of the collagen 

fibers are analyzed and studied.   

 

4.6 Geometrical nonlinear analysis of microscopic model 

The macroscopic analysis, mesoscopic analysis and microscopic analysis are all 

neglecting the geometrical nonlinear effects. To explore if the geometrical nonlinear 

effect can be neglected, a region in the ROI 3 in the microscopic model (Figure 4.34 ) 

was selected for testing in COMSOL, which includes both bone and collagen fibers. 

Because the number of elements is exceeding the computational capability of the 

software, the geometrical nonlinear effect of the whole microscopic model can’t be 

checked. As a result only a smaller region is selected for testing. The size of testing 

region is 0.13mm× 0.13mm × 0.05mm. The mechanical properties for both bone and 

collagen fibers adopts the same values as microscopic model.  The mesh size is 

0.002mm and the total number of elements is 100,000. The bone volume fraction is 

65% and fiber volume fraction is 35%, which is higher than the fiber volume fraction of 

the microscopic model ROI 3.  

One surface of the microscopic model is constrained completely and tension is 

applied on the opposite surface. Loading curves of F against the average displacement 

of the forced surface under linear and geometrical nonlinear analysis can be obtained. 

The strain distribution in the region of macroscopic model near dental implant can be 

obtained in the macroscopic model and the maximum strain value can be calculated. 

If the maximum strain value exceed the threshold, geometrical nonlinear effects will be 

caused. In the next chapter, the deformation of the geometrical nonlinear model will be 

compared with the threshold. Also, the discussion about the loading curve and the 

maximum strain value in the region near the dental implant will be made. And result of 

linear analysis and nonlinear analysis will be compared.  

 

Distance to the

implant/mm
Depth /mm

ROI 1 1.01 2.12

ROI 2 0.57 1.71

ROI 3 0.22 9.16
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Figure 4.34 Set-up of geometrical nonlinear analysis for microscopic model 
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5 Results 

5.1 Results of macroscopic model 

Only the region near the implant is of interest to the author. So the rest of region 

is hidden and only the bone region near the dental implant is studied (Figure 5.1).  

 

 

 

Figure 5.1 Region to observe 

 

Under both boundary conditions, the implant is subjected to compression, so the 

minimum principal strain of implant is firstly observed (Figure 5.2 ). Under both 

boundary conditions, in most region of the implant, the strain level is higher than 6.7e-

6. However, in the right bottom region of the implant under both boundary conditions, 

the strain level is relatively lower, which results from the relatively lower bone volume 

fraction near the right bottom region of the implant.  
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Figure 5.2 Minimum principal strain of the implant 

 

The minimum principle strain of the bone and implant is shown in Figure 5.3, in 

which deformed shape is shown. From the deformed shape, the boundary conditions 

of different angled prescribed displacement can be ensured. The maximum principal 

strain of the bone is shown in Figure 5.4. And five cross-section views of the bone 

under two loading conditions are shown in Figure 5.5. First of all, the bone volume 

fraction is relatively low near the bottom of implant especially near the bottom right. 

And this is the reason why the right bottom region of implant is subjected to small 

compression. After comparing the strain values between the implant and bone, it can 

be observed that the strain level of the bone is higher than the implant because the 

implant is stiffer than the bone.  

Combining the distribution of maximum principal strain, minimum principal strain 

and Von Mises strain, conclusion can be drawn that the bone region near the dental 

implant, the strain values are higher than the region which further away from the 

implant. And for this cadaver, in the left half regio, the region with a higher strain level 

is higher than the right region. Besides, under loading condition 2, the area with high 

strain is larger than the loading condition 1 in the left bone region of dental implant 

while in the right bone region near the dental implant, the area with high strain is 

smaller than the loading condition 1.  
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Figure 5.3 Minimum principal strain of implant and bone under both loading 

conditions with deformed shape 

 

 

Figure 5.4 Maximum principal strain of the bone under both loading conditions 
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Figure 5.5 Cross-section view of Mises strain of the bone in the macroscopic model 

under loading condition 1 

 

 

Figure 5.6 Cross-section view of Mises strain of the bone in the macroscopic model 

under loading condition 2 

 

Finally, the maximum and minimum strain values of the bone near the dental 

implant is shown in Table 5-1.The strain values are all smaller than 0.04%, which is 

small enough to neglect the geometrical nonlinear effect of the bone. The Von Mises 

strain under both loading conditions are nearly equal while the compression and 

tension is larger under loading condition 1. 
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Table 5-1 Maximum values of maximum principal strain, minimum principal and Von 

Mises strain in the bone region near the dental implant under both loading 

conditions 

 

5.2 Results of microscopic model 

5.2.1 Microscopic mechanical environment 

The mechanical environment of the microscopic models is determined by the 

macroscopic model in the ROI region, which helps us to understand the microscopic 

results. The averaged macroscopic strain tensors in the three ROIs under both loading 

conditions are computed (Figure 5.7). And the averaged and maximum strain values 

are presented in Table 5-2.  

First of all, from the strain vectors, the change of loading conditions don’t change 

the averaged strain vectors dramatically. ROI 1 is under large shear stress under 

loading conditions. As for ROI 2, it’s also dorminated by shear strain but the strain level 

is lower than ROI 1 under both loading conditions. ROI 3 is dominanted by 

compression under both loading conditions. The strain level in ROI 3 region is not high 

because the bone volume fraction at the implant bottom region is low however the 

strain concentration occurs. These mechanical environoment matches previous 

research [19].  

Comparison is made between  the strain direction with the collagen fiber 

orientation in the fibrous region in Figure 4.11, Figure 4.12 and Figure 4.13. The 

compression direction is almost parallel to fiber orientation in ROI 3. However the 

connection between fibrous orientation and loading direction is not observed in ROI 1 

and ROI 2. 

Maximum

principal strain

Minimum

principal

strain

Von Mises

Strain

Maximum

principal strain

Minimum

principal

strain

Von Mises

Strain

Max 3.04E-04 -3.60E-04 1.70E-04 2.66E-04 -3.32E-04 1.71E-04

Loading condition 1 Loading condition 2
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Figure 5.7 Average principal strain direction of the ROIs under both loading 

conditions  

 

Table 5-2 The averaged and maximum strain values of the macroscopic ROI. ⟨휀1⟩: 

averaged maximum principal strain; ⟨휀3⟩: averaged minimum principal 

strain; ⟨휀⟩̅𝑚𝑎𝑥: maximum strain.  

 

 

5.2.2 Results of microscopic model 

The maximum principal strain and minimum principal strain distributions of the 

three ROIs under loading condition 1 are displayed in Figure 5.8 and Figure 5.9. The 

overall strain levels of collagen fibers are higher than the bone. And in all the three 

ROIs, strain concentration can be observed in the collagen rich region in both 

maximum principal strain and minimum principal strain, which means the collagen rich 

regions are subjected to large compression and tension at the same time. And in the 

fibrous regionregion around the osteon, high strain is not observed. The same 

ROI 1

ROI 2

ROI 3

ROI 1

ROI 2

ROI 3

Loading condition 1

Loading condition 2

휀1 휀3 휀 ̅ 𝑚𝑎𝑥

휀1 휀3

2.8 ×10−5 −2.9× 10−5 3.5 ×10−5

3.05 ×10−5

4.2 ×10−5

−2.3 ×10−51.5 ×10−5

7.6 ×10−6 −1.83 ×10−5

2.7 ×10−5 −3.2 ×10−5 3.3 ×10−5

1.7 ×10−5−1.26 ×10−59.8 ×10−6

7.7 ×10−6 −1.3 ×10−5 3.3 ×10−5

휀̅ 𝑚𝑎𝑥
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phenomenon of strain concentration can be observed in the strain distribution of the 

three ROIs under loading condition 2 even though in a different strain level. 
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Figure 5.8 Maximum principal strain of the three ROIs under loading condition 1 

(a) Bone and fibers of ROI 1 (b) Fibers of ROI 1 

(a) Bone and fibers of ROI 2 (b) Fibers of ROI 2 

(b) Fibers of ROI 3 (a) Bone and fibers of ROI 3 
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Figure 5.9 Minimum principal strain of the three ROIs under loading condition 1 

 

(a) Bone and fibers of ROI 1 (b) Fibers of ROI 1 

(a) Bone and fibers of ROI 2 (b) Fibers of ROI 2 

(b) Fibers of ROI 3 (a) Bone and fibers of ROI 3 
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To have a better view of the strain distribution of the fibers, cross-section views 

are taken to observe the strain distribution of collagen fibers in the three ROIs under 

loading condition 1 (Figure 5.10, Figure 5.11 and Figure 5.12). Because the thickness 

of the three ROIs are different, the intervals to take the cross-section are also different. 

For ROI 1, the thickness of the ROI is 0.06mm and the interval is 0.009mm. For ROI 

2, the thickness is 0.08mm and the interval is 0.012mm. For ROI 3, the thickness is 

0.1mm and the interval is 0.015mm. 

In the cross-sections where small fiber volume fraction is observed such as cross-

section 6 of ROI 3 (Figure 5.12), the strain values are relatively small. And In the cross-

sections where high fiber volume fraction is observed such as cross-section 1 of ROI 

1 (Figure 5.10), the strain levels are high. For the three ROIs under the loading 

condition 2, the same phenomenon can also be observed.  

To study the strain level of microscopic models more quantitatively, the maximum 

strain values of collagen fibers in the three ROIs under both loading conditions are 

compared in Table 5-3. First of all, the maximum strain levels under loading condition 

1 are all higher than loading condition 2 in the three ROIs. Under both loading 

conditions, both ROI 1 and ROI 2 are under shear stress meanwhile the maximum 

strain level of ROI 1 is about 3 times of ROI 2.  Under macroscopic shear deformation, 

the maximum tensile and compressive strains are almost equal in ROI 1 and ROI 2. 

And the difference of strain level at macro scale and micro scale is consistent in ROI 1 

and ROI 2. ROI 3 has the highest maximum strain level, which might result from the 

stress concentration at the implant bottom.  

 

Table 5-3 Maximum strain values of collagen fibers of the maximum principal strain 

and minimum principal strain  

 

 

ROI 1 2.19% -2.17%

ROI 2 0.80% -0.80%

ROI 3 2.46% -2.92%

ROI 1 1.61% -1.62%

ROI 2 0.69% -0.76%

ROI 3 1.90% -2.50%

Loading condition 1

Loading condition 2

휀1𝑚𝑎𝑥

휀1𝑚𝑎𝑥

휀3𝑚𝑎𝑥

휀3𝑚𝑎𝑥
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Figure 5.10 Cross-section view of Mises strain of collagen fibers of ROI 1 under 

loading condition 1. Interval of cross-section: 0.009mm 

 

 

 

Figure 5.11 Cross-section view of Mises strain of collagen fibers of ROI 2 under 

loading condition 1. Interval of cross-section: 0.012mm 

 



60 

 

 

 

 

Figure 5.12 Cross-section view of Mises strain of collagen fibers of ROI 1 under 

loading condition 2. Interval of cross-section: 0.015mm 

 

The maximum strain values are collected in Table 5-4. The maximum strain values 

of bone are about 50 times to 120 times smaller than the collagen fibers. The ROI 3 

has the largest maximum strain values in both collagen fibers and bone under both 

loading conditions, which might result from the strain concentration near the bottom 

region. And ROI 1 has the higher maximum strain values in both collagen fibers and 

bone under both loading conditions than ROI 2, which results from the higher strain 

level in the left region of the implant.  

 

Table 5-4 Maximum strain values of collagen fibers and bone in the three ROIs under 

both loading conditions  

  

 

The strain direction of collagen fibers is also studied. The histogram of the angle 

between strain direction of collagen fibers and implant axis of the three ROIs under 

Loading

condition 1

Loading

condition 2

Loading

condition 1

Loading

condition 2

ROI 1 1.26% 0.91% ROI 1 0.01% 0.01%

ROI 2 0.48% 0.39% ROI 2 0.01% 0.01%

ROI 3 1.58% 1.31% ROI 3 0.03% 0.03%

Maximum values of strain of

collagen fibers

Maximum values of strain

of bone
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both loading conditions are shown in Figure 5.13, Figure 5.14, Figure 5.15 and Figure 

5.16. In all the cases, the angle between strain directions and implant axis are mainly 

in the range from 630  to 1170. Less than 10% of the fiber strain direction is in the 

implant axis direction. More than 50% of the fiber strain direction is close to be vertical 

to the implant axis in all the three ROIs under both loading conditions except the 

maximum principal strain of ROI 1 under loading condition 1. 

The average difference factor is defined as ∆𝑠𝑡𝑟𝑎𝑖𝑛 to identify the amount of change 

in the histogram after changing the loading condition: 

∆𝑠𝑡𝑟𝑎𝑖𝑛=
1

𝑛
∑

|𝑃1,𝑖 − 𝑃2,𝑖|

max(𝑃1,𝑖 , 𝑃2,𝑖)

𝑛

𝑖

(6.1) 

where n is the number of ranges in the histogram. 𝑃1,𝑖 and 𝑃2,𝑖  are the percentages of 

ith range under loading condition 1 and loading condition 2.   

The average difference factors of the maximum principal strain and minimum 

principal strain of the three ROIs are summarized in Table 5-5. The change of loading 

direction causes little change to the histogram of ROI 3 in both maximum principal 

strain and minimum principal strain. However, for ROI 2, the effect of changing loading 

condition on the minimum principal histogram is as small as the ROI 3 and relatively 

larger on the maximum principal strain. The strain directions of both maximum principal 

strain and minimum principal strain of ROI 1 are affected most significantly, which 

includes 50% of change in the maximum principal strain and 20% of change in the 

minimum principal strain. More specifically, for the maximum principal strain directions 

of fibers in the ROI 1, an increase of 30% is observed after changing loading directions. 

 

 

Figure 5.13 Histogram of the angle between the maximum principal strain direction of 

collagen fibers and implant axis direction (downward ) under loading 

condition 1 
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Figure 5.14 Histogram of the angle between the maximum principal strain direction of 

collagen fibers and implant axis direction (downward ) under loading 

condition 2 



63 

 

 

 

Figure 5.15 Histogram of the angle between the minimum principal strain direction of 

collagen fibers and implant axis direction (downward ) under loading 

condition 1 

 

 

Figure 5.16 Histogram of the angle between the minimum principal strain direction of 

collagen fibers and implant axis direction (downward ) under loading 

condition 2 

 

Table 5-5 average difference factor of the three ROIs  
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Maximum principal strain Minimum principal strain

ROI 1 52% 20%

ROI 2 15% 7%

ROI 3 6% 6%
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6 Discussion 

6.1 Mesoscopic model 

The mesoscopic is created to bridge the large gap between the resolution of SHG 

image and micro-CT images. It’s created based on the same micro-CT images as the 

macroscopic model however meshed with elements whose mesh size is 10 times 

smaller than the macroscopic model. Besides, to maintain the continuity of problem 

setting between the mesoscopic model and microscopic model, collagen fibers are 

filled in the mesoscopic model. Despite the difference in the problem setting, the 

comparison of the mesoscopic model and macroscopic model is straightforward to 

check the accuracy of the downscaling analysis when the scaling ratio is 10. 

First of all, the structure information is lost in the macroscopic model. The image 

resolution of micro-CT image is 0.09 × 0.09 × 0.05mm meanwhile the mesh size of the 

voxel element in the macroscopic model is 0.09 × 0.09 × 0.09mm  considering 

numerical errors and computational cost. Since the image resolution in the plane 

direction is the same as the macroscopic mesh size, the information is complete in the 

plane direction. The image information in the image-stacking direction is lost because 

the mesh size in the this direction is 1.8 times larger than the resolution. However, the 

mesh size of mesoscopic model is 0.009 × 0.009 × 0.009mm. In the image stacking 

direction, the resolution is more than 5 times larger than the mesoscopic mesh size so 

that in the ROI, the image information in the image-stacking direction is partially 

(completely when the mesh size can be divided evenly by the resolution) recovered. 

So in the mesoscopic model, more structural information is available. An example of 

comparison of mesoscopic mesh and macroscopic mesh is shown in Figure 6.1, where 

z direction is the image-stacking direction. The structural difference in the circled region 

is very obvious and more structural details are observed in the bone part of mesoscopic 

mesh. 
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Figure 6.1 Mesh comparison of macroscopic mesh and mesoscopic mesh of ROI 3 

 

The comparison of displacement between the macroscopic model and 

mesoscopic model can be used to ensure the correct set-up of boundary condition. 

Also the deformation mode of macroscopic model should match the mesoscopic model. 

The deformation of the bone in the macroscopic model and mesoscopic model are 

shown in Figure 6.2, Figure 6.3 and Figure 6.4.  By observing the deformation shape, 

the deformation of macroscopic meshes matches the mesoscopic mesh, which is 

another proof of the correct set-up of boundary condition in the mesoscopic models of 

the three ROIs. Also, the deformation of ROI 1 is larger than ROI 2, which results from 

the larger strain level in the left region of implant analysed in 5.1.  

 

Figure 6.2 Deformation of macroscopic mesh and mesoscopic mesh of ROI 1 under 

both loading conditions 
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Figure 6.3 Deformation of macroscopic mesh and mesoscopic mesh of ROI 2 under 

both loading conditions 

 

 
Figure 6.4 Deformation of the bone in the macroscopic mesh and mesoscopic mesh 

of ROI 3 under both loading conditions 

 

To explore the specific deformation of the three ROIs, the histograms of the ratio 

between maximum principle strain and minimum principle strain in the mesoscopic 

models are plotted in Figure 6.5. When the ratio is between 0.7 and 1.3, the maximum 

principal strain is considered to be close to the minimum principal strain and the region 

is likely to be dominated by the shear stress. And when the ratio is smaller than 0.7, 

the compression dominates the region and if the ratio is larger than 1.3, the tension is 

considered to dominate the region. According to the histogram, All the three ROIs are 

dominated by the shear and compression mode under both boundary conditions, 

among which ROI 3 has the largest region under compression under both loading 

conditions and ROI 2 has the largest region under shear mode.  
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Figure 6.5 The histograms of the ratio between maximum principal strain and 

minimum principal strain in the mesoscopic model under both loading 

conditions 

 

The strain distribution of the bone in the macroscopic mesh and mesoscopic mesh 

are also compared in Figure 6.6, Figure 6.7. The collagen fibers are hidden to show 

the complete view of the bone in the mesoscopic model. As it can be observed, in most 

regions, the macroscopic strain or stress have the similar distribution to the 

mesoscopic model even if the mesoscopic models have a smoother distribution. Also, 

stress and strain concentration can be observed in the mesoscopic model in the 

interface regions of bone and collagen fibers, in which no stress and strain 

concentration in the macroscopic model are observed in some cases. This indicates 

that the mesoscopic model can provide more information about the stress and strain 

distribution than the macroscopic model.  
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Figure 6.6 Von Mises strain of the bone in the macroscopic mesh and mesoscopic 

mesh of ROI 1 under both loading conditions 
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Figure 6.7 Von Mises strain of the bone in the macroscopic mesh and mesoscopic 

mesh of ROI 2 under both loading conditions 

 

In short, the mesoscopic provides with more information about bone structure and 

strain distribution than macroscopic model, which allows us to bridge the large gap in 

the image resolution between the macroscopic model and microscopic model. 

6.2 Results of geometrical nonlinear analysis  

The loading curve of the geometrical nonlinear model is plotted in Figure 6.8. When 

the strain is below 0.2%, the difference of linear analysis and geometrical nonlinear analysis 

is less than 1%, which allows us to ignore the geotrical nonlinear effect.  

And according to Table 5-4, in the microscopic models, the maximum values of collagen 

fibers of the three ROIs are all exceeding 0.2%. However, the volume of the three ROIs, whose 

maximum strain values exceeds 0.2%, are very small. Less than 1% of the strain values of 

collagen fibers exceeds 0.2% and  the strain of more than 99% microscopic region is less than 

0.2%. So to simplify the problem setting, geomtrical nonlinear effect is reasonable to neglect 

in the microscopic model. 

 

 

Figure 6.8 The loading curve of geometrical nonlinear model 

 

6.3 Result of verification example 

The stress concentration factors of the analytical solution, two macro models and 

the micro model at the stress concentration point are compared in Table 6-1. Also the 

numbers of elements in the three models are shown. 

It can be observed that the macro model 1 has the smallest number of elements 

with lowest accuracy. The error of macro model 2 is reduced to 7.3 % however the 

number of elements is 1,000 times of macro model 1. For the micro model, the error is 

reduced to 12.7 % compared with macro model 1 and the number of mesh is about 

1/60 of macro model 2. Also, the relative error between micro model and macro model 
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2 is about 6.5%, which results from the error of interpolation. But still the errors of all 

the three models are more than 7%, which is caused by the zig-zag meshing (Figure 

6.9 ). The edge of the circle can’t be accurately described by the voxel elements.  

Conclusion can be drawn that the downscaling method implemented in 

VOXELCON can improve the numerical accuracy and reduce computational cost to 

some extent. And the errors caused by the zig-zag mesh is inevitable.  

 

Table 6-1 Comparison of stress concentration factor and number of elements 

 Analytical 
solution 

Macro model 
1 

Macro model 
2 

Micro 
model 

Stress 
concentration 

factor 

3 2.34 2.78 2.62 

Number of 
elements 

/ 4,980 4,980,000 80,350 

Errors: 

|
휀𝐹𝐸𝑀 − 휀𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙

휀𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙
| 

/ 22% 7.3% 12.7% 

 

 

 
Figure 6.9 Zig-zag mesh created by VOXELCON 
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7 Conclusion 

This study is so far the first attempt to create a FEM model by combining both 

micro-CT images and SHG images to study the strain distribution of collagen fibers.  

First of all, a system of three-scale analysis has been developed by the author to 

connect the micro-CT images and stitched SHG images. The models in three scales 

include macroscopic model, mesoscopic model and microscopic model. The 

macroscopic model is based on the micro-CT images, which includes the mandible 

and dental implant meanwhile the mesoscopic is a ROI from the bone part of 

macroscopic model, which is also based on the micro-CT images. The microscopic 

model is a ROI from the mesoscopic model and it includes the bone and collagen fibers, 

which is based on the stitched SHG images. Two types of angled prescribed 

displacement are used as loading conditions in macroscopic model. Interpolated 

displacements obtained from the macroscopic model and mesoscopic model are used 

for the boundary conditions of mesoscopic model and microscopic model. The 

interpolation, setup of boundary conditions for mesoscopic model and microscopic one 

and mesh generation based on the images are achieved automatically by the system 

written by python code.   

The macroscopic results indicate that, under both loading conditions, in the left 

half bone region near the dental implant, the strain level is higher than the right region. 

Also, strain concentration can be observed in the region near the lingual side and 

implant’s bottom. Besides, under angled loading, the area of strain concentration is 

larger than the axial loading in the left bone region of dental implant. For the 

mechanical environment of the three ROIs, the loading conditions don’t change much 

the mechanical environment of ROI 1 and ROI 2 but the tension direction of ROI 3 is 

changed. ROI 1 and ROI 2 are under shear stress under both loading conditions and 

ROI 3 is under compression under both loading conditions. This matches previous 

study [19]. 

Meanwhile, the microscopic results indicate that, the overall strain levels of 

collagen fibers are higher than the bone. And in all the three ROIs, higher strain could 

be observed mainly in the collagen rich region. And in the fibrous region, the strain 

level is relatively lower than collagen rich region. And in the bottom region, the strain 

concentration occurs and ROI 3 has the highest maximum strain. For the fibrous region, 

the compression direction is almost parallel to fiber orientation in ROI 3. However the 

connection between fiber orientation and loading direction is not clearly observed in 

ROI 1 and ROI 2 under both loading conditions. For the collagen rich region, it has the 

isotropic mechanical properties because the collagen fibers are randomly distributed. 

Under macroscopic shear deformation, the maximum tensile and compressive strains 

are almost equal in ROI 1 and ROI 2. For ROI 3, the strain value is dependent on both 

macroscopic mechanical environment and microscopic morphology. 
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Moreover, the mesoscopic model provides with more information about bone 

structure and more smooth strain distribution than macroscopic model, which allows 

us to bridge the large gap in the image resolution between the micro-CT images and 

SHG images.  

Finally, from the geometrical nonlinear analysis, the fiber volume fractions in the 

microscopic models whose strain exceed 0.2% is less than 1%. This allows us to 

neglect the neglect the geometrical nonlinear effect.  
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8 Future works 

So far the computational method has been developed however there are still some 

limitations. The plan about the future works along with the limitations are concluded: 

First of all, only two types of Dirichlet boundary conditions are imposed to the 

macroscopic model. The connection between the macroscopic loading condition and 

strain distribution of collagen fibers is still not clear. In the future, more angled 

prescribed displacement will be imposed to the macroscopic model and the strain 

distribution of microscopic model will be observed to explore the correlation. The 

collagen fibers distribution is not studied quantitatively, which requires image 

processing techniques. Some parameters such as fiber length, fiber orientation and 

fiber straightness have to be measured in the SHG images to make further comparison. 

Secondly, only three typical ROIs near the dental implant are analyzed. The 

difference of strain distribution between ROIs is not clearly known. The database of 

microscopic results should be increased to obtain the understanding in the strain 

distribution of microscopic model. So the number of ROIs has to be increased.  

Moreover, the strain values of fibers are computed but the validation is difficult to 

be achieved. There are several reasons. First of all, the specimen of collagen fibers 

are cut into thin slices for the imaging purpose. For the fibrous region, it’s possible to 

extract a single fiber and set up an experiment to measure the strain under uniaxial 

loading. But the material properties of collagen rich region is isotropic according to the 

dentists and the measurement of the strain in the collagen rich region is not available 

so far. So in the future, the validation of the measurement of the strain in the collagen 

rich region should be proposed.  

In this study, the anisotropic mechanical properties of collagen fibers in the fibrous 

region are neglected and they are modelled as isotropic material. But in reality, the 

collagen fibers are close to transversely isotropic material, whose stiffness is large in 

the fiber axial direction and relatively smaller in the cross-section plane. In the future, 

the fiber anisotropy will be considered in the modelling. The fiber orientation will be 

measured in the fibrous region and anisotropic material model will be assigned to 

individual fibers.  

The thickness of the specimen is 150μm, which is small and all the ROIs are in 

the plate shape. In the future, a thicker specimen will be cut for imaging to obtain a 

ROI with larger thickness. And the resolution in the image stacking direction is 20μm, 

which is much lower than the plane direction. Unsmooth structure might be caused and 

in the future the resolution in the image stacking direction will be improved.  

To maintain the continuity of problem setting between the mesoscopic model and 

microscopic model, all the cavity in the mesoscopic model is filled with collagen fibers. 

However, the accuracy of this problem setting hasn’t been checked and in the future, 

verification will be made to confirm this problem setting.  
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Finally, in the image binarization process, only one color channel is considered, 

which results in the inaccurate structure of fibrous region. More specifically, all the 

black region is modelled as bone, which in reality might includes other material, such 

as non-fiber material, osteocytes etc. In the future, more color channel will be 

considered in the binarization to increase the accuracy of modelled structure. 
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