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1. Introduction 

1.1. Overview of bone structure 

Bones are hard tissues in or on the body of an organism. For humans, bones are in the 

body, which is called the endoskeleton (Atake and Eames, 2021). For animals such as 

arthropods, mollusks, and some vertebrates (such as fish and reptiles), bones cover the 

body surface, called the exoskeleton (Afanassieva, 2021). In medical research, bones 

usually refer to the endoskeleton of humans or vertebrates and are the main structures that 

support the body, allow movement, and protect internal organs (Montoya et al., 2021), as 

illustrated in Figure 1. 

Figure 1. An illustration of the human skeleton. The front view (left) and the side view (right) 

of the human skeleton. The image was generated with Servier Medical Art 

(https://smart.servier.com/). 

1.1.1. The macroscopic structure of bone 

Bone comprises cortical and cancellous parts. Cortical bone is a dense bone tissue with 

low porosity (approximately 5%‒10%) that constitutes the diaphysis and metaphyseal 

shell of long bones (Loundagin and Cooper, 2022). Cancellous bone is comprised of rod-

shaped trabeculae and plate-shaped trabeculae connected as a network. It is mainly 

https://smart.servier.com/
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located in the distal metaphysis of long bones, vertebral bodies, and skulls. It has a high 

rate of porosity, usually 60%‒90% (Viero et al., 2022). Trabecular bone porosity can 

change with age, and an increase in bone porosity associated with massive bone loss is 

commonly found in postmenopausal women after the age of 50 years (Zhang et al., 

2022a). Li et al. (2019) analyzed the aging-related changes in the female condylar bone 

mineral density (BMD) and trabecular structure by cone-beam computed tomography 

(CBCT). They found that, with increasing age, the female condylar bone volume 

decreases, the trabecular number (Tb. N.) and trabecular thickness (Tb. Th.) decrease, 

trabecular spacing (Tb. Sp.) increases, and plate-like trabecular bone gradually transforms 

into a rod-like form. These changes are most apparent in postmenopausal women 

compared with men and fertile women (Li et al., 2019). 

1.1.2. The microstructure of bone  

Microscopically, bone is composed of cortical and cancellous bone, as shown in Figure 

2. Cortical bone comprises numerous osteons at the microstructural level. Cancellous 

bone is composed of trabeculae with beam-like structures. Mechanical stimulation greatly 

influences bone growth, and bone trabeculae are aligned along the principal stress 

direction (Barbe et al., 2022). 

Figure 2. The microstructure of the proximal femur. It is composed of two distinct parts, 

cortical and cancellous components. Cancellous bone is composed of interconnected beam-like 

structures. Cortical bone is composed of osteons. The image was generated with the assistance of 
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Servier Medical Art (https://smart.servier.com/). 

1.1.3. Bone remodeling and adaptation to changing external loading patterns 

Bone remodeling plays a vital role in bone metabolism. Bone changes caused by bone 

remodeling activities mainly include changes in bone density, geometry, and mechanical 

properties (Feng and McDonald, 2011; Hadjidakis and Androulakis, 2006). Parfitt (1979) 

proposed that bone remodeling is a self-replacement mechanism of mature skeletal tissue, 

which can effectively prevent the accumulation of bone fatigue damage and maintain its 

mechanical properties. The famous Wolff’s law states that changes in external loading 

patterns lead to changes within the structure of the bone tissue (Frost, 2001, 2004). More 

specifically, changes in the external force exerted on the bone induce directional bone 

remodeling. As shown in Figure 3, bone remodeling happens through the entire life cycle 

of an organism, with almost 100% of the skeleton being renewed during the first year of 

life and approximately 10% every year in adulthood (Schapira and Schapira, 1992). 

Figure 3. The bone remodeling process. Bone remodeling is a complicated process involving 

multiple cells. Osteoclasts remove and resorb old bone, while osteoblasts contribute to the 

mineralization of new bone. The image was generated with the assistance of Servier Medical Art 

(https://smart.servier.com/). 

1.1.4. Bone mechanics is still a topic of interest  

As biology, anatomy, and clinical medicine have developed, there has been a profound 

https://smart.servier.com/
https://smart.servier.com/
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increase in the understanding of bones, and significant progress has been made in 

diagnosing and treating bone-related diseases (Khalaf et al., 2022; Shanmugavadivu et 

al., 2022). However, there are still many unknown issues in bone mechanics, that is, the 

changes in mechanical properties during bone growth, development, and degeneration 

(Cole and van der Meulen, 2011; Grassi and Isaksson, 2015). Bone and cartilage differ 

from other engineering materials (Yang et al., 2022). The most significant difference is 

that bone constantly undergoes complex physical and chemical changes in coordination 

with the life activities of organisms (Sharir et al., 2008). Pure biological or mechanical 

research has been unable to explore the properties of bone materials in a satisfactory 

manner. The rise of interdisciplinary biomechanics has shown the potential to deepen 

research on bone materials (Sanz-Herrera et al., 2021; Vaananen et al., 2019). 

 

Biomechanical parameters of long bones are determined by biomechanical measurements. 

In long bones, physiological loading usually involves bending and torsion (Burr et al., 

1996; Fritton et al., 2000). A notable consideration when choosing between bending and 

torsional testing is that intact long bones tend to fail in a brittle manner during torsional 

compared with bending testing (Silva et al., 2006). Therefore, a bending test is 

recommended if the perturbation is expected to alter bone ductility (Jepsen et al., 2015). 

Bending stiffness is a critical parameter that can be measured directly by a material testing 

machine in a three-point bending setup. This approach can be used to characterize the 

biomechanical properties of the whole tibia, as shown in Figure 4, because it can 

characterize the elastic phase of material behavior (Brodt et al., 1999). More specifically, 

it measures the amount of elastic deformation experienced by a structure when loaded. 

The term “elastic” means that applying low loading levels (e.g., as experienced during 

physiological loading) does not damage the material, such that the bone returns to its 

original state when unloaded. For a given load, stiffer structures are expected to 

experience less tissue-level deformation under physiological loading. The stiffness of 
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bones depends on cortical morphology and material properties (Jepsen et al., 2015). 

Figure 4. An illustration of the three-point bending setup. The bone is placed on the two 

supporters, and loading force is inflicted on the middle of the bone. The image was generated 

with the assistance of Servier Medical Art (https://smart.servier.com/). 

1.2. Characterizing bone morphology using micro-computed tomography 

Characterizing morphological parameters in bone during the life cycle is one of the 

focuses of bone remodeling research. Several imaging methods have been developed to 

visualize bone microstructure in three dimensions (3D) (Guha et al., 2022; Zhang et al., 

2022b). The most widely used method in basic science and clinical research is micro-

computed tomography (micro-CT) (Viero et al., 2022). This method can capture 

grayscale images of the bone from multiple perspectives (Neldam and Pinholt, 2014). In 

this way, micro-CT technology provides precise 3D images of bone structure, allowing 

an accurate assessment of 3D microstructural features of cancellous and cortical bone 

(Rowe et al., 2018). Muller et al. (1998) studied cylindrical iliac bone samples dissected 

from 63 patients. They first scanned the samples with micro-CT, embedded them with 

methyl methacrylate, and obtained two-dimensional (2D) images using non-

demineralized bone slices. They compared the conventional methods with 3D micro-CT 

scanners in terms of bone volume density (bone volume divided by total volume, BV/TV), 

bone surface area density (bone surface area divided by bone volume, BS/BV), Tb. Th., 

and Tb. Sp. They found little difference between the 3D and 2D images, indicating that 

micro-CT is a fast, accurate, and non-destructive inspection method to determine the 

https://smart.servier.com/
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internal structure of the sample. The 3D bone structure imaging technology of micro-CT 

can also be used to scan live animals, revealing the 3D structural characteristics of bones 

in a noninvasive manner (Ghavami-Lahiji et al., 2021). 

1.2.1 Two types of micro-CT machines 

Existing micro-CT systems are designed in two configurations, one for ex vivo imaging 

(sample rotation) and another for in vivo imaging (X-ray system rotation). Micro-CT 

systems for ex vivo imaging are generally designed to have a spatial resolution close to 

tissue microscopy (Muller et al., 1998). They require a micro-focus X-ray tube, usually 

with two to four times geometric magnification. The merit of this design is that it can 

provide 3D connectivity, topology, and microstructure of the complete sample, with a 

resolution ranging from 15 to 50 μm, and a field of view ranging from 15 to 50 mm. As 

ex vivo micro-CT is a noninvasive method, the sample’s integrity will not be affected in 

subsequent histological analyses (Barbier et al., 1999). 

 

Micro-CT systems for in vivo imaging are primarily used in small animals (such as 

rodents) (Ning et al., 2022). The above-mentioned principles of ex vivo imaging are also 

applicable to in vivo imaging. For in vivo micro-CT imaging, a rotating gantry system 

(carrying a source and a 2D detector) is required, with the consequence of a slightly lower 

resolution, generally 50–100 μm. Higher-resolution imaging requires high doses of 

whole-body X-ray radiation that animals cannot tolerate. Lowering the solution allows 

for decreased magnification, an enlarged field of view, and reduced exposure times. For 

anesthetized animals, shortening the exposure time interval can produce high-quality 

images and reduce the artifacts caused by heart and lung movement (Kinney et al., 1995; 

Paulus et al., 2001). 

1.2.2. Characterizing trabecular bone based on micro-CT data 

The main feature of cancellous bone is its porous structure. The trabecular structure in 

different parts of cancellous bone varies greatly depending on the anatomical site and the 
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type of bone (Zioupos et al., 2008). In the past, most structural parameters describing 

cancellous bone had been analyzed with single-layer histological sections using special 

scanning software (Stevens and Latorraca, 1977). Analysis of these histological sections 

mostly provided 2D data. However, histomorphometric or patterned 2D methods cannot 

accurately reflect the 3D microstructure of trabecular bone (Compston and Croucher, 

1991). The application of micro-CT technology perfectly solves the above-mentioned 

problems and has been widely used to study cancellous bone (Kohler et al., 2021). It can 

analyze the 3D structure of the specimen, providing data on the 3D microstructure of 

trabecular bone while preserving the integrity of the specimen (Chappard et al., 2008). 

The main parameters that can be measured based on micro-CT data are listed in Table 1. 

Table 1. Measurement of trabecular parameters based on micro-CT data. 

Parameters Definition and units of parameters 

Bone Volume, BV Trabecular bone volume in the region of interest, in 

mm3. 

Total Volume, TV The total volume of the region of interest, in mm3. 

Volume Fraction 

(BV/TV) 

The ratio of trabecular bone volume to total volume. 

Bone surface, BS Trabecular bone surface area within the region of 

interest, in mm2. 

Surface area density 

(BS/BV) 

The total area in a unit volume, in mm-1. 

Trabecular thickness 

(Tb. Th.) 

The average thickness of the beam structure of 

trabecular bone in the region of interest, in mm. 

Trabecular bone 

Separation (Tb. Sp.) 

The average distance between beam structures, in mm. 

As the value increases, the distance increases, and the 

mechanical performance of the region of interest 

decreases. 

Trabecular bone 

Number (Tb. N.) 

The number of intersections between beam elements 

and non-beam structures, in mm-1. 

Structure Model Index 

(SMI) 

The composition of the trabecular bone plate and 

columnar trabecular bone. When bone lesions occur, the 

plate trabecular bone decreases, the columnar bone 

trabecula increases, and the number of SMI increases. 

Connectivity (Conn) Interconnection of the beam structure in mm-3. 
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1.3. The concept of finite element analysis 

Finite element analysis (FEA) is a method belonging to the category of computational 

mechanics. The basic idea is to simulate, calculate, analyze, and predict the properties of 

a whole complex entity with the combined properties of a finite number of simple 

decomposed units (Schileo and Taddei, 2021), as shown in Figure 5. This method was 

first applied to calculate structural mechanics in industrial fields such as aircraft 

manufacturing and has been rapidly improved with the development of engineering, 

mathematics, and computer technology (Fadiji et al., 2021; Vurtur Badarinath et al., 

2021). Its application has been extended to the biomechanics of living organisms (Lewis 

et al., 2021; Naoum et al., 2021). The primary characteristic of FEA is to decompose 

objects into simple elements. The typical workflow includes: discretizing the whole entity, 

adding a calculation formula, establishing a stiffness matrix, and solving outcome 

parameters such as stress and strain (Schileo and Taddei, 2021). 

Figure 5. Decomposition of a mouse tibia model into a considerable number of tetrahedral 

elements. The small triangles are facets of the elements. After calculating the entire model, the 

outcome parameters such as the stress and strain of each elements can be computed and visualized 

for further analysis. The figure was created by the author. 

1.3.1. Application of FEA in bone research: history and trend 

The history of applying computational biomechanics to bone can be traced back to an 
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accidental collaboration between German engineer Culmann and the Swiss anatomist von 

Meyer. In 1866, Culmann discovered that his crane stress diagram was similar to von 

Meyer’s chart of the trabecular bone structure in the proximal femur (Culmann, 1866). 

This discovery attracted attention, and the German medical scientist Wolff conducted in-

depth research and proposed the famous Wolff’s law of trabecular arrangement in 1892 

(Wolff, 1892). In 1917, Koch began applying simple beam theory to analyze the stress 

distribution of the femur, thus starting the development of computational bone 

biomechanics (Koch, 1917). Later, Turner et al. (1965) successfully used FEA to 

calculate the stress and deformation of the shell-type structures from aircraft. Because 

FEA can successfully simulate and calculate the mechanical characteristics of complex 

elastic bodies, some scholars have tried to apply it in the medical field and have achieved 

success. In 1972, FEA was first reported to successfully analyze the biomechanical 

properties of bone (Brekelmans et al., 1972). Normally, the stress and displacement 

pattern can be calculated and visualized, as illustrated in Figure 6. Its application has 

gradually expanded to the biomechanical simulation of bones of the whole body and even 

trabecular bone (Chen et al., 2022; Goyal and Prasad, 2022; Li et al., 2022b; Mercan et 

al., 2022). 

Figure 6. Visualization of FEA calculation. The distal part of the femur was fixed with loading 

on the femur head to mimic the physiological loading condition. The left part is the stress 

nephogram, and the right part is the displacement nephogram. Different colors indicate the 

distribution of outcome values. The stress is concentrated on the femur neck. The displacement 
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increases gradually from the distal end to the proximal femur head. The figure was created by the 

author. 

After nearly 40 years of application and development in orthopedics-related basic and 

clinical research, FE technology has continued to progress and has made outstanding 

achievements in improving simulation performance (Lewis et al., 2021; Prados-Privado 

et al., 2020). The FE model has evolved from the original simple and rough 2D data 

model to a highly complex and realistic 3D model (Behforootan et al., 2017; Feyzi et al., 

2021). The number of elements included in the model increases exponentially, and the 

simulation accuracy improves accordingly (Donahue et al., 2002). The material 

assignment strategy has developed from a single homogeneous material to heterogeneous 

multi-property materials (Schwarzenberg and Dailey, 2020; Xin et al., 2013); from 

isotropic materials to anisotropic materials (Castillo-Mendez and Ortiz, 2022; Ding et al., 

2022); and from simple homogeneous structures to the inclusion of tissue structures, e.g., 

cortical bone and cancellous bone, articular cartilage, the bone marrow cavity, ligament, 

muscle, and even soft tissue such as the joint capsule (Jaecques et al., 2004; Li et al., 

2022a; Luo et al., 2022). Several applications of FEA in orthopedic surgery research are 

listed in Table 2. 

Table 2. The application of FEA in orthopedic surgery research. 

Authors Studies 

Belytschko et al., 1974 Using FEA to analyze intervertebral discs' biomechanical 

properties as early as 1974 (Belytschko et al., 1974). 

van Rietbergen et al., 

2002 

Three-dimensional FEA simulation was used to predict the 

mechanical characteristics of cervical vertebral burst 

fracture, obtained with good simulation and repeatability 

(van Rietbergen et al., 2002). 

Schileo and Taddei, 2021 The early two-dimensional plane model has been replaced 

by a three-dimensional model (Schileo and Taddei, 2021). 

Lewis et al., 2021 The type of analysis has evolved from simple stress analysis 

to the exploration of the mechanism of fracture patterns and 

other pathogenesis of bone-related diseases (Lewis et al., 

2021). 
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Harrigan et al., 1992 The first attempt to use CT-scanned data to establish a FE 

model of the proximal femur (Harrigan et al., 1992). 

McNamara et al., 1997 Created 3D FE models for an artificial joint after hip 

replacement. The stress distribution on the interface between 

bone and prosthesis has been measured with satisfactory 

consistency with the results of traditional mechanical 

experiments (McNamara et al., 1997). 

Vichnin and Batterman, 

1986 

FEA to analyze the impact of the thickness of the bone 

cement on joint replacement in terms of the posterior femoral 

stress distribution to determine the optimal volume of bone 

cement for prosthesis fixation (Vichnin and Batterman, 

1986).  

Rogge et al., 2002 3D FEA to compare the biomechanical properties of 

different internal fixation methods (Rogge et al., 2002). 

Gefen and Seliktar, 2004 FEA to verify Wolff's law for the first time on the 

calcaneus. Three-dimensional FE models of the calcaneus 

were established and used to calculate the direction of stress 

conduction in the calcaneus in a standing position. The 

generated data were compared with calcaneal anatomical 

specimen slides (Gefen and Seliktar, 2004).  

1.3.2. The concept of micro-finite element analysis  

Micro-finite element analysis (μFEA) is FEA for studying microstructures. Its emergence 

is inseparable from the continuous progress of high-resolution image scanning technology 

and computer software and hardware technology (Macneil and Boyd, 2008). Since 

1973—when CT scanning was first reported to be clinically applied—the resolution of 

CT scanning has advanced from the order of centimeters to the sub-millimeter level, and 

the resolution of micro-CT has even reached micrometer resolution (San-Julian et al., 

1999). These technological breakthroughs have allowed microscale examination of 

trabecular bone. Thanks to the breakthrough in imaging techniques, 3D reconstruction of 

the bone microstructure and μFEA are now possible, and μFEA based on micro-CT data 

has been regarded as the gold standard for the non-destructive study of bone 

microstructure (Herblum et al., 2013). In 2008, Macneil and Boyd (2008) reported the 

application of high-resolution peripheral quantitative computed tomography (HR-qQCT) 

to characterize the microstructure of the human distal radius. The authors performed 
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μFEA on the scanned images and confirmed that μFEA with suitable boundary conditions 

can accurately simulate and calculate the biomechanical characteristics of the distal radius 

(Macneil and Boyd, 2008).  

 

Besides, high-resolution magnetic resonance imaging (MRI) has been employed to 

characterize the microstructure of bone. Rajapakse et al. (2010) recently reported the use 

of high-resolution MRI (160 μm) to acquire micro-CT images of the distal tibia in vivo. 

The scanned data were analyzed by μFEA and compared with the results of μFEA based 

on ex vivo micro-CT data. They found that both can accurately simulate and calculate the 

biomechanical characteristics of the distal tibia. van Rietbergen et al. (2002) also reported 

the application of high-resolution MRI to analyze the calcaneus of postmenopausal 

women with osteoporosis. They did not detect significant changes in bone mass, but the 

simulated biomechanical indexes showed substantial changes. Thus, they described a new 

approach for the early detection of osteoporosis. Pistoia et al. (2002) constructed an FEA 

model containing 2 million elements with high-resolution images obtained from high-

resolution CT scans. They found that the simulated results based on FEA demonstrated a 

good correlation with the actual measured results (p < 0.001, R2 = 0.75). As computer 

software and hardware technology continue to advance, μFEA, based on a large amount 

of data from microscale imaging, has shown broad application prospects to reconstruct 

and simulate the microstructure of bone. 

1.4. Mouse as a popular experimental animal in bone research: a potential target for 

FE simulation 

Rodents are widely used in animal experiments, with rats and mice accounting for more 

than 50% of skeletal studies (Huss et al., 2019). The laboratory mouse (Mus musculus) is 

the animal model most commonly used to study physiology and disease at the cellular, 

molecular, and genetic levels because of its short gestation period of only 3 weeks, high 

reproductive capacity, and easy genetic manipulation.  
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There are two typical examples of the application of mice for osteoporosis-related in vivo 

studies. Senescence-accelerated mouse prone 6 (SAMP6) is an accelerated aging mouse 

strain. It is the only spontaneous animal model that has been proved to develop fragility 

fractures with age. Of note, there are no significant differences between males and 

females. It is a suitable model to study senile osteoporosis. Recent morphological and 

molecular studies of SAMP6 mice have shown that cancellous bone is significantly lost, 

but the cortical bone does not change significantly during the aging process (Makida et 

al., 2020). Besides, the formation of new bone on the endosteal surface is reduced, and 

the fat tissue in the bone marrow cavity is increased (Makida et al., 2020). The other 

specific example of research on age-related osteoporosis is with ovariectomized mice, 

which can simulate the bone quality changes of aged women after menopause. In addition, 

mice fed a high-fat diet can also be used to simulate the pathological condition of 

diabetes-related osteodystrophy (Kau et al., 2011).  

1.4.1. Laboratory animals and animal welfare 

Laboratory animals are indispensable in biomedical research (Green, 2015). For example, 

preclinical evaluation of interventions and numerous studies of pathogenic mechanisms 

are performed using animal models (Hartung, 2013). Our understanding of the underlying 

mechanism of biological systems, such as the skeletal and cardiovascular systems, is often 

based on findings from in vivo studies. Pharmaceutical interventions are tested for 

efficacy and safety in animals before moving on to clinical trials in humans (Carbone and 

Austin, 2016). Currently, more than 100 million animals are euthanized each year for 

biomedical experiments (Taylor and Alvarez, 2019).  

 

In 1959, the British zoologist Russell and the microbiologist Burch published the book 

The Principles of Humanitarian Experimental Technology, in which they put forward the 

3R principle. This concept refers explicitly to the necessity to replace, reduce, and refine 

the use of experimental animals (Manciocco et al., 2009). According to the explanation 

in the book, replacement refers to the use of non-living material to replace living animals. 



 14 

Reduction refers to minimizing the number of animals used based on the expected 

quantity and accuracy of the obtained information. Refinement refers to avoiding any 

unnecessary harm or distress inflicted on experimental animals (Richmond, 2002). The 

3R principle has aroused public attention to alternative methods to animal experiments. 

Some specialized research institutions and foundations have been established to advocate 

the 3R principle in education and research. Since the 1980s, the 3R principle has become 

the theoretical basis for animal welfare legislation and animal research ethics in many 

countries (Neuhaus, 2020). Indeed, the accepted ethical standards for the supervision and 

monitoring of animal experiments are inspired by Russell and Burch’s 3R principle. 

Many researchers now explore alternative techniques to fulfill the 3R principle. 

1.4.2. The application of µFEA to simulate mice bone mechanics 

As long as the use of laboratory animals is still inevitable, the prerequisite for public 

acceptance is to understand that it will cause minor pain to the smallest number of animals 

and that humans and other animals can benefit from their sacrifice (Diaz et al., 2020). 

FEA can simulate the complexity of various materials and is suitable for solving models 

of complex boundary conditions (Varga et al., 2020). The general steps of FEA are 

illustrated in Figure 7. Therefore, using µFEA for simulation could be a promising 

method for the mechanical characterization of bones to minimize the number of mice 

used for biomechanical study, which fits well with the 3R principle. 

Figure 7. Flow chart of µFEA of mouse tibia. There are six main steps. The first step is to 

generate 3D geometric models. The next four steps are to convert the geometric models to FE 

models. The last step is to calculate the outcome parameters, such as stress. The distribution of 
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the outcome parameters can be displayed by nephograms as shown in Figure 6. The figure was 

created by the author. 

2. Aim of the research 

The research objective was to establish and validate three FE models based on micro-CT 

data of mouse tibia to minimize the use of mice in biomechanical experiments. To achieve 

this goal, the following points were addressed: 

 Establish two FE models with axial loading and comparison of different material 

assignment methods in terms of simulation accuracy. 

 Validate the axial loading FE models by correlating the calculated parameters 

with morphological and experimental parameters. 

 Establish the three-point bending FE model and compare different material 

assignment methods in terms of simulation accuracy. 

 Validate the model by comparing bending stiffness calculated based on FEA 

with bending stiffness measured experimentally. 

3. Materials and methods 

3.1. Mouse tibia  

The micro-CT data and biomechanical parameters of TLR knockout mice were part of 

Elena Gneiting’s bachelor’s thesis (Gneiting, 2017). C3H/HeN wild-type mice were used 

as a control group. C3H/HeJ mice exhibit TLR4 deficiency (TLR4-def) and endotoxin 

resistance (Hoshino et al., 1999), and thus they were used as TLR4 knockout mice. 

TLR2/4 knockout mice were established based on the C3H/HeJ background with TLR2 

knockout (Sartorius et al., 2012). Mice from each of the three genotypes were randomly 

assigned to the high-fat diet (Harlan Laboratories, Madison, WI, USA) or standard rodent 

chow group, as shown in Figure 8. For the high-fat diet, 45% of the calories came from 

fat (lard), and 36% of total fat was saturated fatty acids (Kau et al., 2011). After sacrificing 
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mice at an average age of 12 weeks, both hind limbs were cut off in the middle of the 

femur and frozen at -80°C until further examination.  

Figure 8. An illustration of the experimental groups and sample sizes of TLR knockout mice. 

N indicates the sample size of each subgroup. 

The micro-CT data and biomechanical parameters of WISP1 knockout mice were part of 

Ingo Seiler’s bachelor’s thesis. The wild-type and WISP1 knockout lines were bred based 

on the C57BL/6 strain (Seiler, 2017). The WISP1 gene is highly expressed by osteoblasts 

and their precursors. It can regulate the proliferation of osteocytes through the 

PI3K/Akt/GSK-3β pathway (Maiese, 2022). Fifteen mouse tibiae, including eight tibiae 

from wild-type mice and seven tibiae from WISP1 knockout mice, were extracted with 

the attached fibula and disconnected from the paw and femur. After the bones were 

cleaned of the remaining soft tissue, they were frozen at -80°C until further examination 

(Schwartz et al., 2011). 

3.2. Micro-CT scanning 

The aforementioned tibia were placed in a 2 mL tube filled with water and examined with 

a micro-CT scanner (micro-CT 80, SCANCO MEDICAL, Switzerland) with an exposure 

time of 1000 ms (Huang et al., 2022). The scan resolution voxel size was 35 µm, based 

on a previously described collection and analysis method (Kau et al., 2011). The obtained 

micro-CT datasets were saved in the Digital Imaging and Communications in Medicine 

(DICOM) format (Huang et al., 2022). 
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3.3. Characterization of morphological parameters of mouse tibia 

From the CT scans, a fixed cube volume (dimensions: 0.823 × 0.588 × 0.49 mm, 0.237 

mm3) was selected to evaluate the trabecular bone parameters. This cube was located at 

the height of the tibia and fibula connection. To distinguish between bone tissue and bone 

marrow in the cube, the threshold was set to 650 mg hydroxyapatite (HA)/cm3. The results 

included BV/TV, BS/BV, Tb. Th., Tb. N., Tb. Sp., and Tb. Pf.. To evaluate the average 

cortical wall thickness (Ct. Th.), eight concentrically arranged cortical wall distance 

measurements were made on a half-length axial section of each tibia, as illustrated in 

Figure 9. 

Figure 9. An illustration of the morphological parameters measured. The white blocks were 

used to mark the region of interest (ROI) to characterize trabecular bone. Eight concentrically 

arranged cortical wall distance measurements (white lines) were made on a half-length axial 

section of each tibia. The cortical wall thickness is the mean value of the eight measurements. 

3.4. Whole bone mechanical property measurement 

The biomechanical strength of the tibia was calculated using load-displacement curves 

acquired from a three-point bending load frame (Zwicki Z2.5 TN, Zwick Roell, Ulm, 

Germany). During the trial, the tibia was in a state of compression on the back and tension 

on the front. The anterior surface was placed on two lower supports, 10 mm apart (60% 
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of the average tibia length). The speed of compression was 0.025 mm/s. The load-

displacement curves were measured until failure. The parameters include ultimate load 

(N), stiffness (N/mm), work to fracture (Nmm), and post-yield displacement (mm). The 

yield point was defined as the intersection of the load-displacement curve and the 90% 

slope of the stiffness (Jepsen et al., 2015). 

3.5 FE model creation 

Table 3. The list of software packages used and their roles in the present study. 

Software used  Function 

Mimics 20.0 software 

(Materialise NV., Leuven, 

Belgium) 

Establishment of the 3D geometric model of 

mouse tibia; material assignment 

3-Matic 12.0 software 

(Materialise NV., Leuven, 

Belgium) 

2D re-meshing 

Geomagic studio 2012 software 

(3D Systems, Rock Hill, SC, 

USA) 

3D geometric model modification 

Hypermesh 14.0 software (Altair 

Engineering, Troy, USA) 

Finite element preprocessing 

ABAQUS 6.14 software  

(Simulia Inc., Providence, USA) 

Finite element model calculation and 

visualization 

Solidworks 2019 software 

(Solidworks, Massachusetts, 

USA) 

Creating a 3D geometric model of cylinders 

3.5.1. Micro-CT data importation 

The micro-CT datasets of mouse tibia were stored in the DICOM format and then 

imported into Mimics software (Materialise NV., Leuven, Belgium) for further 

processing. This program is a comprehensive medical information processing software 

that is widely used for 3D printing, digital medicine, computer-aided design (CAD), and 

FEA, among others (Zhu et al., 2022). It can process CT scan data and create 3D models. 
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In the present study, all the DICOM images with the suffix dcm should be selected, as 

demonstrated in Figure 10, and imported into Mimics software. 

Figure 10. Import of micro-CT data. Open the pathway of stored micro-CT data through the 

New Project Wizard modulus. All the slides of micro-CT data should be selected. The import 

method was chosen as Strict DICOM 3.0. 

After importing the raw DICOM data, the images of three different views can be viewed 

simultaneously, as shown in Figure 11.  

Figure 11. After the import process, sagittal, coronal, and horizontal views of the tibia (three 

mouse tibiae) can be shown in Mimics software. The upper left part is the coronal view of three 

mouse tibiae. The lower left part is the sagittal view of the bones. The right part is the horizontal 
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view of the three bones. 

3.5.2. Extraction of the tibia image from the micro-CT data 

The Hounsfield unit (HU) value is positively correlated with tissue density. Generally, 

the HU value of bone tissue ranges from 700 to 3000 (De Vos et al., 2009). In the present 

study, HU values > 1100 was chosen to select the bony part of the scanned tibia, as shown 

in Figure 12.  

Figure 12. The function window for thresholding. A HU value ranging from 1100 to 2688 

(maximal value in the micro-CT data set) was chosen to select the bone material of the scanned 

tibia. 

Through thresholding, the micro-CT data of the bony part of the tibia was highlighted 

with green, as illustrated in Figure 13B. The specific part of the tibia was picked using 

the regional growing function and marked with blue, as shown in Figure 13C.  

Figure 13. Selection of the bony part of the tibia for 3D reconstruction. After the thresholding 
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procedure, the bony part from whole tibia scanning (A) was highlighted with green color (B). 

Region growing function was used to select the specific bone (cyan) from the three bones (green) 

for 3D reconstruction (C). 

3.5.3. Creating 3D models based on micro-CT data  

3D models of the mouse tibiae were created using the calculate part function, with 

reconstruction quality chosen as optimal, as shown in Figure 14. After completing 

reconstruction, the 3D geometric model was saved in the stereolithography (STL) format 

for the following procedure. The reconstruction quality was chosen as optimal, as it can 

create the optimized model based on the resolution of raw data. 

Figure 14. Calculation of chosen bone scans to build the 3D model. In the function window 

(left), the specific bone material (cyan) was chosen for reconstruction. After completing the 

reconstruction, the 3D geometric model was established (right). 

3.5.4. Creation of a cylinder with a diameter of 2 mm using Solidworks software 

A 3D geometric cylinder was created using the Solidworks software (Solidworks, 

Waltham, MA, USA). First, a circle with a diameter of 2 mm was created in the sketch 

section. Next, the extrude function in the features section was used to create the cylinder, 

as shown in Figure 15. The 3D geometric model of the cylinder was saved in the Initial 

Graphics Exchange Specification (IGES) format and then imported into Geomagic Studio 

software (3D Systems, Rock Hill, SC, USA) for model assembly. 
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Figure 15. Creation of cylinders with diameters of 2 mm using Solidworks software. The 

cylinder was created with Solidworks software. First, a circle with a diameter of 2 mm was created. 

Then, the boss-extrude function was used to generate a cylinder based on the circle. The length 

of the cylinder was set as 10 mm. 

3.5.5. 3D model polishing and assembly 

The constructed 3D models were saved in the STL format and imported to Geomagic 

Studio software that was designed for reverse engineering (Xu et al., 2022). In this step, 

the processing function of the polygon stage model in the Geomagic Studio software was 

used to modify and remove irregular shapes from the proximal femur model to facilitate 

volume meshing. The trimming function was used to remove the distal and proximal ends 

of the tibiae to facilitate boundary condition setting, as shown in Figure 16. 
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Figure 16. The 3D geometric model of the whole tibia model and the proximal tibia model. 

The upper part above the tibia-fibula junction and the lower part below the tibia-fibula junction 

were removed. The proximal part with 10% of the whole tibial length was extracted as the 

proximal tibia model.  

The modified model was also saved in the STL format. For the three-point bending setup 

simulation, the cylinder created previously was assembled with the 3D geometric tibia 

model setting, as shown in Figure 17. The cylinder was used to inflict loading on the bone. 

Figure 17. The 3D geometric model to simulate a three-point bending setup. The cylinder 

and the tibia were assembled using Geomagic Studio software. The cylinder was placed above 

the middle of the tibia to be used for loading transmission.  

3.5.6. 2D element re-meshing 

The STL file exported from Geomagic studio software was imported to 3-Matic software 

(Materialise NV). 3-Matic software is a module of the Mimics software and is mainly 

used for mesh modification. 3-Matic software has been primarily used for 2D shell 

element refinement and re-meshing (Milheiro et al., 2022). The uniform mesh function 

was used to re-mesh the 2D meshes automatically generated in Mimics software and to 

generate evenly distributed 2D meshes with the same size specified, as shown in Figure 

18. After completing re-meshing, the models were saved and exported in the STL format. 
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Figure 18. The meshing of 2D elements of mouse tibia. The uniform remesh function was used 

to set the mesh size of the bone model as 0.08 mm. The mesh size indicated the length of the 

triangles. In this case, the length of all triangle sides was set as 0.08 mm. 

3.5.7. Creating 3D volume elements 

Hypermesh is a preprocessing software integrated into HyperWorks (Altair Engineering, 

Troy, MI, USA) (Foletti et al., 2019). Its FE preprocessing function includes FE meshing 

and geometric modification. In addition, it has different interfaces to connect with the 

CAD software and can import geometric files. It can also create pre-processing files for 

Abaqus 14.0 software (Simulia Inc., Providence, RI, USA) to generate inp files and 

directly import them into FE calculation software. 

 

In the present study, the re-meshed 2D models were imported into Hypermesh software. 

The tetra mesh function was used to create 3D volume meshes based on the 2D meshes 

of the imported models, as shown in Figure 19. After completing volume meshing, the 

2D meshes were deleted. The models were then exported to Mimics software for material 

assignment as inp files. 
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Figure 19. Creation of 3D elements based on 2D elements in Hypermesh software. The input 

model was composed of 2D elements. The 3D volume tetrahedral meshes were created using the 

tetra mesh function.  

3.5.8. Heterogeneous material assignment for FE models with axial loading 

The inp file generated from the previous step was then input to Mimics software again to 

assign the material property according to gray values from micro-CT images (presented 

as HU in Mimics software). For the TLR knockout mouse tibiae, the relation between 

density and HU (ρ = 1 × HU) and the equation describing the density and elastic modulus 

relationship (E = 7.136 × ρ – 172.3) were obtained from published studies (Kopperdahl 

et al., 2002; Rho et al., 1995).  

3.5.9. Heterogeneous material assignment for FE models with three-point bending 

For the WISP1 knockout mouse tibiae, the relationship between density and elastic 

modulus was predicted based on a calibration scan in which cubes with known densities 

were scanned to get the corresponding HU value. The equation to calculate density based 

on the HU value is: Density (ρ) = 0.206 × HU – 13.13 mg HA/cm3. The equation of elastic 

modulus and density was obtained from Currey (1988): Young’s modulus (E) = 0.1127 
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× ρ1.746 MPa. Poisson’s ratio was set as 0.3 (Cheong et al., 2021), as shown in Figure 20.  

Figure 20. Heterogeneous material assignment using Mimics software. The material 

assignment method was chosen as the gray value-based assignment. Poisson’s ratio was set as 0.3. 

The equation to calculate density based on the HU value is: Density (ρ) = 0.206 × HU – 13.13 mg 

HA/cm3. The equation of elastic modulus and density is: Young’s modulus (E) = 0.1127 × ρ1.746 

MPa. Histograms in the lower part of the figure show the distribution of HU values of the micro-

CT data. The elastic modulus of bone was divided into 10 values depending on the density, as 

shown in the upper right part of the figure. 

3.5.10. Boundary condition of axial loading models  

For the whole tibia model, all nodes on the bottom surface of the bone were tied to one 

node (point b) outside the surface fixed at six degrees of freedom to immobilize the 

bottom of the whole tibia model. A downward displacement load of 5 μm was applied to 

the top node (point a) alongside the z-axis, as shown in Figure 21. Similarly, for the 

proximal model, the nodes on the inferior surface of the bone (point d) were fixed to 

immobilize the bottom of the proximal tibia, and a downward displacement of 5 μm was 

applied to the nodes on the top of the proximal surface (point c) alongside the z-axis, as 

shown in Figure 21.  
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Figure 21. The boundary condition of the axial loading model. Points b and d are connected 

to the bottom surface of the tibia and were fixed at six degrees of freedom. The connection is 

marked with blue or green. The displacement load was then applied through points a and c along 

the direction of the z-axis.  

3.5.11. Boundary condition of the three-point bending setup 

As shown in Figure 22, the cylinder mentioned before was defined as a rigid body 

connecting to one point (point c) to inflict loading. Each supporting area was linked with 

two points. All degrees of freedom were constrained at the proximal point (point d). The 

distal end (point e) was allowed to move along the long axis of the tibia. A contact pair 

was created where the cylinder and the bone surface contact, with the friction coefficient 

set as zero. 
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Figure 22. The boundary condition and three-point bending setup. Point d is the proximal 

point fixed at all degrees of freedom, and point e is the distal point fixed except for the direction 

alongside with long tibia axis. The displacement load was applied through point c to mimic a 

three-point bending setup. 

3.5.12. Calculation and visualization of FE models with axial loading 

In this stage, the inp file of the prepared FE models was loaded in Abaqus 14.0 software 

for final computation and post-processing. The axial stiffness of the bone structure was 

calculated as the reaction force of point a divided by the displacement of point a, as shown 

in Figure 23. The equation of axial stiffness is: 

𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =
𝑇ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡 𝑎

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡 𝑎
 

The peak stress of the mid-shaft tibia is defined as the maximum stress on the cross-

section of the axial tibia. The peak stress value was manually extracted from the cross-

section of the mid-shaft tibia. 

Figure 23. Deformation of mouse tibia after the axial loading. The displacement load was 

inflicted on point a. The proximal surface was connected to point a. The displacement and reaction 

force of point a was calculated in Abaqus 14.0 software. 

3.5.13. Calculation and visualization of FE models with a three-point bending setup 

Bending stiffness was calculated as the reaction force of point c divided by the maximal 

displacement of the tibia. The equation for bending stiffness is:  
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𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑠𝑡𝑖𝑓𝑓𝑒𝑛𝑠𝑠 =
𝑇ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡 𝑐

𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑖𝑏𝑖𝑎
 

The deformation of the mouse tibia after loading in a three-point bending setup was 

visualized in Abaqus 14.0 software, as shown in Figure 24.  

Figure 24. Deformation of mouse tibia after loading in a three-point bending setup. The 

displacement load was inflicted on point c. The reaction force of point c and the maximal 

displacement of the tibia were calculated in Abaqus 14.0 software. 

3.5.14. Statistical analysis 

To validate the FE models with axial loading, Pearson correlation analysis was used to 

examine the correlation between the morphological and mechanical parameters that were 

measured experimentally and calculated based on the FE models. To validate the FE 

models with a three-point bending setup, Pearson correlation analysis was conducted to 

analyze the correlation between bending stiffness that was measured experimentally and 

predicted by FEA. Besides, the experimentally measured and predicted bending stiffness 

was compared with the paired Mann–Whitney–Wilcoxon test. For all analyses, p < 0.05 

was considered statistically significant.  
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4. Results 

4.1. Calculation of three mechanical parameters based on two FE models with axial 

loading 

Two types of FE models were generated based on the micro-CT scans of TLR knockout 

mice. The first model (Model A, Figure 25) is the whole tibia model with proximal axial 

loading. The axial stiffness of the entire tibia and peak stress of the mid-shaft tibia can be 

calculated based on this model. These two properties can be used to characterize the 

mechanical properties of the whole tibia. The second model (Model B, Figure 25) is the 

proximal tibia model similar to that reported by Heveran et al. (2019), which is the 

proximal part of the aforementioned whole tibia model. This model was used to calculate 

the stiffness of the proximal tibia, defined as proximal stiffness, to reflect the mechanical 

properties of trabecular bone. 

Figure 25. An illustration of two FE models with axial loading and the outcome parameters. 

Axial stiffness is calculated with the reaction force of point a divided by displacement of point a. 

Peak stress of the mid-shaft tibia is defined as the maximal stress in the mid-shaft cross-section 

of the whole tibia. Proximal stiffness is calculated by the reaction force of point b divided by the 

displacement of point b.  
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4.2. The choice of mesh size for the FE models with axial loading 

Mesh size is believed to significantly affect bending stiffness (Liu et al., 2020). Smaller 

mesh sizes can increase the accuracy of FE model simulation while also increasing the 

computing costs (increased computing time and higher demand for more advanced 

computer performance). The resolution of the micro-CT scan was 34.939 × 34.939 × 

34.939 µm in pixel size (Gneiting, 2017), so the mesh size should be close to 0.035 mm. 

As a result, the mesh size of the whole tibia model was set as 0.04 mm. As the proximal 

tibia model is part of the entire tibia model and is much smaller in terms of the total 

number of elements, the mesh size of the proximal tibia model was set as 0.02 mm. The 

average number of elements and nodes of the whole tibia and the proximal tibia model 

are listed in Table 4.  

Table 4. General information on the FE models with axial loading. 

 whole tibia model proximal tibia model 

number of elements 890168±119560 541618±57590 

number of nodes 117128±85632 65305±7125 

size of mesh  0.04 mm 0.02 mm 

4.3. The creation of FE models with fixed homogeneous material assignment  

Heveran et al. (2019) set the bone material assignment as homogeneous, isotropic, and 

linear elastic (Young’s modulus, E = 10 GPa, and Poisson’s ratio, v = 0.3). The same 

material assignment strategy was applied for the two FE models with axial loading. 

4.3.1. Correlation between mid-shaft peak stress and mechanical parameters  

The peak stress of the mid-shaft tibia was calculated to characterize the biomechanical 

properties of the whole tibia. Pearson correlation analysis was utilized to examine the 

relationship between peak stress of the mid-shaft tibia and the whole bone–related 

mechanical parameters, namely bending stiffness, maximal load, post-yield displacement, 

and work to fracture. The correlations between peak stress of the mid-shaft tibia and 
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bending stiffness (p = 0.310, R2 = 0.012), maximal load (p = 0.099 R2 = 0.031), work to 

fracture (p = 0.115, R2 = 0.029), and maximal displacement (p = 0.312, R2 = 0.012) were 

not significant, as shown in Figure 26.  

Figure 26. Correlation between peak stress and mechanical parameters. (A) Pearson 

correlation between peak stress and maximal load (p = 0.099, R2 = 0.031). (B) Pearson correlation 

between peak stress and work to fracture (p = 0.115, R2 = 0.029). (C) Pearson correlation between 

peak stress and bending stiffness (p = 0.310, R2 = 0.012). (D) Pearson correlation analysis 

between peak stress and maximal displacement (p = 0.312, R2 = 0.012). The sample size was 91. 

4.3.2. Correlation between mid-shaft peak stress and cortical wall thickness  

Peak stress was defined as the maximal stress in the middle section of the whole tibia. 

There was a negative correlation between peak stress and the mid-shaft cortical wall 

thickness (p = 0.014 and R2 = 0.068), as shown in Figure 27.  
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Figure 27. Correlation between peak stress and cortical wall thickness. There was a negative 

correlation between peak stress and the mid-shaft cortical wall thickness (p = 0.014, R2 = 0.068). 

The sample size was 91. 

4.3.3. Correlation between axial stiffness and mechanical parameters  

Pearson correlation analysis was conducted to study correlations between axial stiffness 

and whole bone-related mechanical parameters, including bending stiffness, maximal 

load, post-yield displacement, maximal displacement, and work to fracture. The 

correlations between axial stiffness and bending stiffness (p = 0.889, R2 = 0.000), 

maximal load (p = 0.604, R2 = 0.003), work to fracture (p = 0.276, R2 = 0.014), post-yield 

displacement (p = 0.188, R2 = 0.020), and maximal displacement (p = 0.495, R2 = 0.005) 

were not significant, as shown in Figure 28. 
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Figure 28. Correlation between axial stiffness and mechanical parameters. (A) Pearson 

correlation between axial stiffness and bending stiffness (p = 0.889, R2 = 0.000). (B) Pearson 

correlation between axial stiffness and maximal load (p = 0.604, R2 = 0.003). (C) Pearson 

correlation between axial stiffness and work to fracture (p = 0.276, R2 = 0.014). (D) Pearson 

correlation between axial stiffness and post-yield displacement (p = 0.188, R2 = 0.020). (E) 

Pearson correlation between proximal stiffness and maximal displacement (p = 0.495, R2 = 0.005). 

The sample size was 91. 

4.3.4. Correlation between proximal stiffness and trabecular morphological 

parameters 

The stiffness of the proximal tibia (proximal stiffness) was calculated to characterize the 

biomechanical strength of the proximal part of the tibia, which is mostly composed of 

trabecular bone. Pearson correlation analysis was conducted to study the correlation 

between proximal stiffness and the measured morphological parameters, including 

BV/TV, BS/BV, Tb. Th., Tb. Pf., Tb. N., and Tb. Sp. The correlations between proximal 

stiffness and BV/TV (p = 0.481, R2 = 0.006), BS/BV (p = 0.965, R2 = 0.000), Tb. Th. (p 

= 0.947, R2 = 0.000), Tb. Sp. (p = 0.132, R2 = 0.027), Tb. Pf. (p = 0.833, R2 = 0.001), and 

Tb. N. (p = 0.223, R2 = 0.017) were not significant, as shown in Figure 29.  
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Figure 29. Correlation between proximal stiffness and trabecular morphological 

parameters. (A) Pearson correlation between proximal stiffness and BV/TV (p = 0.481, R2 = 

0.006). (B) Pearson correlation between proximal stiffness and BS/BV (p = 0.965, R2 = 0.000). 

(C) Pearson correlation between proximal stiffness and the Tb. Th. (p = 0.947, R2 = 0.000). (D) 

Pearson correlation between proximal stiffness and Tb. Sp. (p = 0.132, R2 = 0.027).(E) Pearson 

correlation between proximal stiffness and Tb. Pf. (p = 0.833, R2 = 0.001). (F) Pearson correlation 

between proximal stiffness and Tb. N. (p = 0.223, R2 = 0.017). The sample size was 91. 

4.4. Comparison of different equation combinations for gray value-based material 

assignment  

The correlation results for the homogeneous material assignment method did not show a 

satisfactory correlation with the experimentally measured parameters. Consequently, the 

FE models were modified to provide better simulation. Material assignment plays an 

essential role in the accuracy of FE simulation. Heterogeneous material assignment is 

considered superior to homogeneous material assignment for more accurate simulation 

(Schwarzenberg and Dailey, 2020; Xin et al., 2013). Therefore, a heterogeneous material 

assignment strategy based on the gray value distribution of the micro-CT scan was 

employed for the following simulations. Elastic moduli are typically defined by bone 

mineral density (BMD) and bone mineral density-modulus (E-BMD) equations derived 

from isolated compression tests of excised bone samples (Helgason et al., 2008). The 
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relationship between density and gray value (expressed as the HU value in Mimics 

software) is defined by BMD equations. The correlation between Young’s modulus and 

density was determined by E-BMD equations and obtained from previously published 

papers (Currey, 1988; Kopperdahl et al., 2002; Perren, 1975), summarized in Table 5.  

Table 5. The list of four combinations of the BMD equation and E-BMD equations. 

BMD equation E-BMD equation 

ρ=1*HU E=7.136*ρ-172.3 

ρ=1.122*HU+47 E=2.20*ρ-209 

ρ=1*HU E=0.1127 ρ1.746 

ρ=1.122*HU+47 E=0.1127 ρ1.746 

To determine the optimal equation for simulation, the four aforementioned equation 

combinations were compared in terms of the elastic modulus range, as shown in Table 6. 

For the first equation combination, the elastic modulus ranged from 5637.4 to 16588.2 

MPa, with a mean of 11212.8 MPa. For the second equation combination, the elastic 

modulus ranged from 18169.4 to 109167.0 MPa, with a mean of 58843.7 MPa. For the 

third equation combination, the elastic modulus ranged from 1904.0 to 5692.0 MPa, with 

a mean of 3789.0 MPa. For the last equation combination, the elastic modulus ranged 

from 13614.7 to 86576.2 MPa, with a mean of 46121.4 MPa. Based on the study by 

Heveran et al. (2019), the average Young’s modulus of the proximal tibia is 10000 MPa. 

Hence, the first equation combination could be used as the potential option for material 

assignment, as the mean Young’s modulus was 11212.8 MPa, the closest of the four 

combinations to 10000 MPa. 

Table 6. The four equation combinations and the material parameter gradient generated. 

Density was calculated based on the HU value. Elastic modulus was calculated based on density. 

Based on the published literature, Poisson's ratio was set as 0.3 (Heveran et al., 2019). 
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Combination 1 Combination 2 

BMD equation E-BMD equation BMD equation E-BMD equation 

ρ=1*HU E=7.136*ρ-172.3 ρ=1*HU E=0.1127ρ1.746 

ρ (mg HA/cm3)

（mg HA/cm3

） 

Elastic modulus (MPa) ρ (mg HA/cm3)

（mg HA/cm3

） 

Elastic modulus (MPa) 

814.1 5637.4 814.1 13614.7 

984.7 6854.2 984.7 18975.7 

1155.2 8070.9 1155.2 25078.4 

1325.7 9287.7 1325.7 31893.2 

1496.2 10504.5 1496.2 39395.5 

1666.7 11721.2 1666.7 47564.5 

1837.20 12938.0 1837.20 56382.2 

2007.7 15154.7 2007.7 65832.5 

2178.2 15371.5 2178.2 75901.4 

2348.7 16588.2 2348.7 86576.2 

Combination 3 Combination 4 

BMD equation E-BMD equation BMD equation E-BMD equation 

ρ=1.122*HU+47 E=2.20*ρ-209 ρ=1.122*HU+4

7 

E=0.1127ρ1.746 

ρ (mg HA/cm3)

（mg HA/cm3

） 

Elastic modulus (MPa) ρ (mg HA/cm3)

（mg HA/cm3

） 

Elastic modulus (MPa) 

960.5 1904.0 960.5 18169.4 

1151.8 2324.9 1151.8 24950.3 

1343.1 2745.8 1343.1 32628.5 

1534.4 3166.7 1534.4 41169.4 

1725.7 3587.6 1725.7 50544.3 

1917.0 4008.5 1917.0 60728.6 

2108.3 4429.4 2108.3 71700.9 

2299.7 4850.2 2299.7 83442.2 

2491.0 5271.1 2491.0 95936.0 

2682.3 5692.0 2682.3 109167.0 
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4.4.1. Correlation between mid-shaft peak stress and cortical wall thickness and 

mechanical parameters based on FE models with gray value-based material 

assignment 

The correlations between peak stress of mid-shaft tibia and cortical wall thickness (p = 

0.0536, R2 = 0.041), bending stiffness (p = 0.787, R2 = 0.001), maximal load (p = 0.772, 

R2 = 0.001), work to fracture (p = 0.601, R2 = 0.003), and maximal displacement (p = 

0.569, R2 = 0.004) were not significant, as shown in Figure 30.  

 

 

Figure 30. Correlation between peak stress and bending stiffness as well as cortical thickness. 

(A) Pearson correlation between peak stress and mid-shaft cortical wall thickness (p = 0.0536, R2 

= 0.041). (B) Pearson correlation between peak stress and bending stiffness (p = 0.787, R2 = 

0.001). (C) Pearson correlation between peak stress and maximal load (p = 0.772, R2 = 0.001) (D) 
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Pearson correlation between peak stress and work to fracture (p = 0.601, R2 = 0.003). (E) Pearson 

correlation between peak stress and maximal displacement (p = 0.569, R2 = 0.004). The sample 

size was 91. 

4.4.2. Correlation between axial stiffness and mechanical parameters based on FE 

models with gray value-based material assignment 

The correlations between axial stiffness and work to fracture (p = 0.852, R2 = 0.000), 

post-yield displacement (p = 0.406, R2 = 0.008), maximal displacement (p = 0.648, R2 = 

0.002), bending stiffness (p = 0.403, R2 = 0.008), and maximal load (p = 0.309, R2 = 

0.012) were not significant, as shown in Figure 31. 

 

 

Figure 31. Correlation between axial stiffness and mechanical parameters. (A) Pearson 

correlation between axial stiffness and work to fracture (p = 0.852, R2 = 0.000). (B) Pearson 

correlation between axial stiffness and post-yield displacement (p = 0.406, R2 = 0.008). (C) 
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Pearson correlation between axial stiffness and maximal displacement (p = 0.648, R2 = 0.002). 

(D) Pearson correlation between axial stiffness and bending stiffness (p = 0.403, R2 = 0.008). (E) 

Pearson correlation between proximal stiffness and maximal load (p = 0.309, R2 = 0.012). The 

sample size was 91. 

4.4.3. Correlation between proximal stiffness and trabecular morphological 

parameters based on FE models with gray value-based material assignment 

Pearson correlation analysis was conducted to study the correlation between proximal 

stiffness and the measured morphological parameters, namely BV/TV, Tb. Th, and Tb. 

Sp. Unfortunately, the correlations between proximal stiffness and BV/TV (p = 0.505, R2 

= 0.005), BS/BV (p = 0.857, R2 = 0.000), Tb. Th. (p = 0.800, R2 = 0.001), Tb. Sp. (p = 

0.134, R2 = 0.025), Tb. Pf. (p = 0.797, R2 = 0.001), and Tb. N. (p = 0.283, R2 = 0.013) 

were not significant, as shown in Figure 32.  
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Figure 32. Correlation between proximal stiffness and trabecular morphological 

parameters. (A) Pearson correlation between proximal stiffness and BV/TV (p = 0.505, R2 = 

0.005). (B) Pearson correlation between proximal stiffness and BS/BV (p = 0.857, R2 = 0.000). 

(C) Pearson correlation between proximal stiffness and Tb. Th. (p = 0.800, R2 = 0.001). (D) 

Pearson correlation between proximal stiffness and Tb. Sp. (p = 0.134, R2 = 0.025). (E) Pearson 

correlation between proximal stiffness and Tb. Pf. (p = 0.797, R2 = 0.001). (F) Pearson correlation 

between proximal stiffness and Tb. N. (p = 0.283, R2 = 0.013). The sample size was 91. 

4.5. Establishment of three-point bending FEA based on the micro-CT data of 

WISP1 knockout mice 

Due to the unsatisfactory correlation results of axial FE models with the experimentally 

measured parameters, the FEA strategy had to be reconsidered. One possible reason for 

the disappointing performance could be the different loading conditions between the 

biomechanical test, which was under a three-point bending setup, and the FE models, 

which were under axial loading conditions. To solve this problem, a new FE model 

simulating the three-point bending setup is needed, which could be validated by 

comparing the calculated bending stiffness with the experimentally measured bending 

stiffness. The general workflow is displayed in Figure 33. 
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Figure 33. Workflow of creating an FE model to mimic the three-point bending setup. Step 

1: construction of 3D geometric models based on micro-CT data. Step 2: mesh generation based 

on 3D geometric models. Step 3: material properties assigned into volume meshes. Step 4: setting 

loading and boundary conditions. Step 5: calculating the 3D models and visualizing results. 

4.5.1. The sensitivity test for the mesh size of three-point bending FE models 

Mesh size is believed to significantly impact the precision of FEA simulation (Liu et al., 

2020). In the case of FEA simulating a three-point bending test, the nonlinearity of 

boundary conditions and the mesh size significantly impact computing costs. In the pre-

experiment, the performance of the computer could not meet the experimental needs when 

the mesh size was set as 0.04 mm (the minimal pixel size of micro-CT scanning). 

Consequently, a mesh size sensitivity test was employed to determine the optimal mesh 

size that would achieve a good balance between accurate simulation and affordable 

computational costs. FE models with different mesh sizes ranging from 0.04 to 0.3 mm 

were compared in terms of bending stiffness. As bending stiffness calculated with a mesh 

size of 0.08 mm was quite close to that of a mesh size of 0.04 mm—with a deviation of 

only 4.16%—a mesh size of 0.08 mm was chosen as optimal for calculation, as shown in 

Figure 34. For models with a mesh size of 0.08 mm, the mean ± standard deviation 

number of elements and nodes was 116215 ± 2634 and 10942 ± 298, respectively. 

 
Figure 34. Mesh size sensitivity test (left) and Poisson's ratio sensitivity test (right). Bending 

stiffness increased as the mesh size increased. Bending stiffness calculated with a mesh size of 

0.08 mm was quite close to that of a mesh size of 0.04 mm, with a deviation of only 4.16%. The 

calculated bending stiffness did not show significant variation, with Poisson's ratio ranging from 

0.1 to 0.4. However, bending stiffness increased drastically when Poisson's ratio reached 0.5. 
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4.5.2. The sensitivity test for Poisson’s ratio of three-point bending FE models 

Poisson's ratio characterizes the Poisson effect in solid mechanics. It describes the 

deformation of a material in a direction perpendicular to a particular direction of loading 

(LourenCo et al., 2020; Mokbel et al., 2020; Terzi et al., 2019). For most materials, 

Poisson’s ratio is between 0.0 and 0.5. For soft materials in which the bulk modulus is 

much higher than the shear modulus, such as rubber, Poisson's ratio is close to 0.5 (Gross 

and Kress, 2017). For open-cell polymer foams, Poisson's ratio is close to 0 because cells 

tend to collapse when compressed (Duval et al., 2013). In many typical solids, Poisson's 

ratio ranges from 0.2 to 0.3. Poisson’s ratio sensitivity analysis was performed in this 

study, as shown in Figure 34. The difference in bending stiffness was minimal, with 

Poisson’s ratio ranging from 0.1 to 0.4. As a result, Poisson’s ratio of 0.3 (Heveran et al., 

2019) was used in the study.  

4.5.3. Calculation of bending stiffness based on the three-point bending FE model 

with homogeneous material assignment  

For homogeneous material assignment, Young’s modulus was set as 10 Gpa and Poisson's 

ratio was set as 0.3. The three-point bending FE model was validated by comparing the 

calculated and experimentally measured bending stiffness. The calculated bending 

stiffness was 48.85 ± 6.67 N/mm, while the experimentally measured bending stiffness 

was 116.9 ± 17.93 N/mm, a difference of 41.79% (p = 0.001). More specifically, as shown 

in Table 10, bending stiffness of knockout mice calculated by the FE model was 45.91 ± 

5.361 N/mm, and bending stiffness measured experimentally was 113.4 ± 3.751 N/mm, 

a difference of 59.51% (p = 0.016). Similarly, for wild-type mice the calculated bending 

stiffness was 51.42 ± 6.932 N/mm, and the experimentally measured bending stiffness 

was 119.9 ± 24.66 N/mm, a difference of 57.11% (p = 0.008). The results showed that 

the FE model significantly underestimated bending stiffness. 

Table 10. Comparison of knockout and wild-type mice in terms of bending stiffness 

calculated by the FE model with the homogeneous material assignment and measured 

experimentally. 
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 Model 

Stiffness 

(sim) (N/mm) 

Stiffness (exp) 

(N/mm) 

Difference/Significan

ce 

WISP knock-out (7) 45.91±5.361 113.4±3.751 59.51%/ p=0.016 

WT (8) 51.42±6.932 119.9±24.66 57.11%/ p=0.008 

Difference/Significance 10.72%/ p=0.189 5.42%/ p=0.47   

In total (15) 48.85±6.67 116.9±17.93 41.79%/ p=0.001 

4.5.4. Validation of the three-point bending model by comparing bending stiffness 

calculated based on the FE model with the homogeneous material assignment that 

was measured experimentally 

The linear regression model showed that bending stiffness calculated based on the FE 

model correlated positively and significantly with bending stiffness measured 

experimentally with a three-point bending test (p < 0.001, R2 = 0.5852), as shown in 

Figure 35. 

Figure 35. Correlation between bending stiffness calculated by the FE model and measured 

experimentally. Pearson correlation was conducted with p < 0.001 and R2 = 0.5852. The sample 

size was 15. 

4.6. Create an FE model to mimic a three-point bending setup with heterogeneous 

material assignment 

Although the correlation analysis demonstrated a significant correlation, it seems that the 

homogeneous elastic modulus of 10 GPa was underestimated. Hence, a new method with 

heterogeneous material assignment was employed for better simulation. The relationship 
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between density and the HU value was calculated based on calibration of the micro-CT 

used, as mentioned in the methods section. The correlation between Young’s modulus 

and the density was obtained from the literature (Currey, 1988; Kopperdahl et al., 2002). 

To determine the optimal equation for further simulation, two equation combinations 

were compared in terms of the elastic modulus range, as shown in Table 11. For the first 

equation combination, the elastic modulus ranged from 540.3 to 37398.2 MPa, with a 

mean of 15370.5 MPa. For the second equation combination, the elastic modulus ranged 

from 742.9 to 10191.0 MPa, with a mean of 5465.2 MPa. Because the previous data 

showed that the elastic modulus of 10000 Mpa was underestimated, the first equation 

combination was chosen for the subsequent analysis. 

Table 11. The equation combinations and material property gradient. Density was calculated 

based on the HU value. The elastic modulus was calculated using density. Based on the previously 

published literature, Poisson's ratio was set as 0.3 (Heveran et al., 2019). 

Combination1 Combination2 

BMD equation E-BMD equation BMD equation E-BMD equation 

ρ=0.206*HU-13.13 E=0.1127ρ1.746 ρ=0.206*HU-13.13 E=7.136*ρ-172.3 

ρ (mg HA/cm3)  Elastic modulus (MPa) ρ (mg HA/cm3)  Elastic modulus (MPa) 

128.3 540.3 128.3 743.0 

275.4 2051.3 275.4 1792.8 

422.5 4331.0 422.5 2824.5 

569.6 7296.9 569.6 3892.3 

716.7 10898.0 716.7 4942.1 

863.8 15097.8 863.8 5991.9 

1010.9 19868.4 1010.9 7041.7 

1158.0 25187.3 1158.0 8091.4 

1305.1 31035.8 1305.1 9141.2 

1452.3 37398.2 1452.3 10191.0 

4.6.1. Calculation of bending stiffness based on the three-point bending setup FE 

model with heterogeneous material assignment 

Bending stiffness of the three-point bending setup was calculated as the loading force 

divided by the maximal displacement of the tibia. The experimentally measured bending 

stiffness was 116.2 ± 18.2 N/mm. Bending stiffness predicted by the FE model was 114.2 
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± 15.3 N/mm. There was no difference between the experimentally measured and 

calculated bending stiffness, with a deviation of only 1.72% (p = 0.47). More specifically, 

as shown in Table 13, bending stiffness of knockout mice calculated by the FE model was 

111.5 ± 6.7 N/mm, and bending stiffness measured experimentally was 113.4 ± 3.8 N/mm, 

with a deviation of 1.68% (P=0.69). Similarly, for wild-type mice bending stiffness 

calculated by the FE model was 116.4 ± 20.4 N/mm, and bending stiffness measured 

experimentally was 119.9 ± 24.7 N/mm, with a deviation of 2.92% (p = 0.25). 

Table 13. Comparison of knockout and wild-type mice in terms of bending stiffness 

calculated by the FE model with the heterogeneous material assignment and bending 

stiffness measured experimentally. 

Gene type Model 

Stiffness (FE) 

(N/mm) 

Stiffness (exp) 

(N/mm) 

Difference/Significance 

WISP knock-out (7) 111.5±6.7 113.4±3.8 1.68%/ p =0.69 

WT (8) 116.4±20.4 119.9±24.7 2.92%/P=0.25 

Difference/Significance 4.21%/ p =0.58 5.42%/ p =0.47   

In total (15) 114.2±15.3 116.9±18.0 1.72%/ p =0.47 

4.6.2. Validation of the three-point bending model with heterogeneous material 

assignment  

Pearson correlation analysis revealed that bending stiffness calculated with the FE model 

correlated positively with bending stiffness measured experimentally with a three-point 

bending test (p < 0.001, R2 = 0.9482). The R2 value close to 1 indicates a good correlation 

between the calculated and experimentally measured bending stiffness, as shown in 

Figure 36. 
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Figure 36. Correlation between bending stiffness calculated by FE model and measured 

experimentally. Pearson correlation was conducted with p < 0.001 and R2 = 0.9482. The sample 

size was 15. 

5. Discussion 

5.1. Development of FEA and its application in bone mechanics 

FEA is a numerical approach to provide approximate solutions to boundary value 

problems. In this approach, the problem region is disintegrated into simple parts (Lewis 

et al., 2021; Naoum et al., 2021; Schileo and Taddei, 2021). This method was first applied 

to calculate structural mechanics in industrial fields such as aircraft manufacturing and 

has been rapidly improved with the development of engineering, mathematics, and 

computer technology (Fadiji et al., 2021; Vurtur Badarinath et al., 2021). Its application 

has now been extended to the field of biomechanics of living organisms (Lewis et al., 

2021; Naoum et al., 2021).  

 

With the leap in computer technology, the resolution of FE models has also evolved from 

macro and rough data models to accurate microscale data models (Bevill and Keaveny, 

2009). μFEA, based on a large amount of data from microscale image scanning and 

immense computing power, has shown broad application prospects in the reconstruction 

and simulation of the microstructure of human bone tissue (Herblum et al., 2013; Lin et 

al., 2014). Recently, there have been reports of good results from the combined 

application of μFEA, CAD, and rapid prototyping (RSP) techniques to assist in the 

fabrication of biomimetic bone tissue engineering scaffolds (Jaecques et al., 2004). As 
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FE technology continues to evolve to evaluate microstructures and the constant expansion 

of microscale computing and simulation capabilities, the establishment and application 

of high-quality, large-scale data models have demonstrated outstanding potential in the 

study of bone mechanics (Karasik et al., 2017; Ovesy et al., 2019). 

5.2. The aim of this study 

In the present study, the FE technique was explored as an alternative approach to 

characterize biomechanical parameters and to reduce the number of mice required for 

experiments. Two types of FE models with axial loading and one FE model simulating a 

three-point bending setup were created. Besides, homogeneous and gray value-based 

heterogeneous material assignments were compared. Different FE models were created 

and then validated to determine the optimal FE model to characterize the biomechanical 

properties of mouse tibiae. The validation involved comparing FE-calculated parameters 

with experimentally measured morphological and mechanical parameters.  

5.3. FE models with axial loading based on micro-CT data from TLR knockout 

mouse tibia 

Two types of FE models were created with axial loading to characterize the mechanical 

properties of the whole tibia and the proximal part of the tibia. The axial stiffness and 

peak stress can be calculated based on the whole tibia model with axial loading. The axial 

stiffness of the proximal tibia was computed using the proximal tibia model with axial 

loading, as shown in Figure 37.  

 

Neither material assignment method produced significant correlations between FE-

calculated proximal stiffness and morphological parameters of trabecular bone. This 

outcome can be explained by the selection of different regions of interest (ROIs) for 

morphological parameter measurements and FE model simulation. As shown in Figure 

37 (A and B), the proximal bending stiffness predicted by FEA was for the entire part of 

the proximal tibia. However, for the experimentally measured morphological trabecular 
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parameters, the ROI was a fixed cube volume within the trabecular bone (marked with 

white blocks).  

Figure 37. The ROIs for the axial loading FE model and morphological parameter 

measurement. The proximal part of the tibia was selected as ROI for the axial loading FE model, 

as plotted in A and B. A fixed cube volume (dimensions: 0.823 × 0.588 × 0.49 mm, 0.237 mm3) 

was selected as the ROI to evaluate the bone parameters of the trabecula, as shown in C and D. 

 

Similarly, neither material assignment method produced significant correlations between 

the calculated and experimentally measured mechanical parameters of trabecular bone. 

The non-significant correlations may be attributed to the difference in the loading pattern 

(Patel et al., 2014). However, there was a negative correlation between peak stress and 

the mid-shaft cortical wall thickness (p = 0.014, R2 = 0.068) with the homogeneous 

material assignment. This may be explained by the equation below: 

𝑆𝑡𝑟𝑒𝑠𝑠 =
𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒

𝑐𝑟𝑜𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
 

A thinner cortical wall means that the cross-sectional area is smaller. With the same 

loading condition, stress increases when the cross-sectional area decreases (Carriero et 

al., 2021).  



 50 

5.4. FE models that can directly mimic the biomechanical testing procedure are 

needed 

The correlation between parameters calculated based on FE models of axial loading and 

experimentally measured parameters was imperfect. The main reason could be that the 

parameters calculated based on FE models did not directly characterize the 

experimentally measured parameters (Oefner et al., 2021). One typical experimental 

approach to characterize the biomechanical properties of the tibia is the bending test with 

a three-point bending setup (Collins et al., 2021). FE models that can directly mimic the 

biomechanical testing setup should be created to better characterize the biomechanical 

properties of mouse tibia and can be more easily validated as the predicted parameters 

share similar loading modalities with that measured experimentally. Consequently, an FE 

model to simulate a three-point bending setup and to calculate bending stiffness was 

created. 

5.5. FE models to simulate a three-point bending setup based on micro-CT data from 

WISP1 knockout mouse tibia demonstrated satisfactory correlation 

The three-point bending FE model was validated by comparing the calculated and 

experimentally measured bending stiffness. So far, no validated three-point bending FE 

models based on mouse tibia have been reported. However, three-point bending FE 

models based on rat femurs have been reported. Arias-Moreno et al. (2020) used micro-

CT-based FEA to predict bending stiffness of rat femur with a typical three-point bending 

setting. They reported an R2 of 0.879 for bending stiffness. Besides, validated FE models 

with axial loading based on mouse tibia have been reported. Oliviero et al. (2021) 

compared different micro-CT-based FM models to predict the axial stiffness of mouse 

tibia under compressive load. The correlation between experimental and predicted 

stiffness was significant, with an R2 ranging from 0.53 to 0.65. In the present study, for 

the FE model with heterogeneous material assignment, the linear regression model was 

significant (p < 0.001, R2 = 0.9482), indicating good prediction of bending stiffness based 
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on the FE model with heterogeneous material assignment. Therefore, the FE model 

represents a potential alternative way to characterize the material behavior of mouse tibia 

in the linear elastic phase.  

5.6. Comparison of FE methods with other computational simulation methods 

Several computational methods have been used to characterize the biomechanical 

properties of bones. Among them, beam theory—a straightforward method—has been 

widely studied. The benefits of beam theory are enormous and stem from the significant 

reduction in time required for beam theory models (Pickering et al., 2022). Indeed, the 

model usually takes seconds to simulate the tibial diaphysis. The fast nature of beam 

theory allows strain estimation immediately after micro-CT scans (Pereira et al., 2015). 

Arias-Moreno et al. (2020) investigated how to predict bending stiffness of a rat femur in 

a typical three-point bending setting using beam theory; they demonstrated a good 

approximation of bending stiffness with an R2 of 0.848. However, it should be noted that 

the precondition for the successful application of beam theory is the approximation of 

bone as a slender beam-like shape, which indicates that it may not be suitable for short or 

irregularly shaped bones such as vertebrae and the talus. Collins et al. (2021) compared 

the accuracy of beam theory and FEA to characterize bending stiffness based on a bone 

surrogate. FEA demonstrated better accuracy for the prediction, but beam theory 

overestimated bending stiffness. Similarly, Arias-Moreno et al. (2020) found that micro-

CT-based FEA demonstrated better accuracy than beam theory in terms of bending 

stiffness prediction based on rat femur with a three-point bending setup. Given the 

limitation of the beam theory prediction, FE models were created and investigated in this 

study. 

5.7. The choice of the tetrahedral element 

For FEA of the mouse tibia, the meshing element type is mainly divided into four-node 

tetrahedral elements and eight-node regular hexahedral elements (Nazemi et al., 2015). 

The advantage of the four-node tetrahedral mesh is that, in most cases, it can 

https://www.sciencedirect.com/topics/materials-science/euler-bernoulli-beam-theory
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automatically generate meshes for 3D models and has excellent geometric versatility and 

element size transition capabilities. In this thesis, the tetrahedral mesh, which can 

automatically generate meshes for the 3D model (Lewis et al., 2021), was selected as the 

meshing method for the mouse tibia due to the aforementioned merits. However, the 

disadvantage is its linear interpolation function, resulting in greater stiffness. In addition, 

for the same geometry and element size, four-node tetrahedral partitioning requires more 

elements than eight-node hexahedral partitioning (Nazemi et al., 2015). However, due to 

the improvement in computing power, these disadvantages can be offset by increasing 

the number of elements. 

 

The eight-node hexahedral element has also been applied in many studies and has shown 

satisfactory simulation accuracy. Wang et al. (2015) used a hexahedral pixel mesh to 

determine the elastic modulus and yield strength of trabecular and found that for linear 

elastic problems, it still has quite high reliability. Prasad et al. (2010) established a mouse 

tibial cortical bone defect model using a hexahedral pixel grid with satisfactory simulation 

results. The advantage of the eight-node regular hexahedral element is that it avoids the 

possible geometric distortion of the tetrahedral element and thus has good robustness, but 

the disadvantage is that it often produces poor-quality elements near the boundary 

(Nazemi et al., 2015). In addition, the meshing technique required for hexahedral element 

meshing is more demanding than tetrahedral elements, as it cannot be automatically 

generated for models with irregular shapes (Oliviero et al., 2021). This is the crucial 

reason why it was not adopted in this study. 

5.8. Material assignment 

To simulate bone mechanics as accurately as possible, one of the biggest challenges is 

distributing material parameters to simulate bone material heterogeneity. It has been 

reported that heterogeneous material property distribution demonstrates superior 

simulation accuracy compared with homogeneous material distribution (Bourne and van 

der Meulen, 2004). One popular strategy for material property distribution is to consider 
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the micro-CT gray value distribution as the index to characterize material heterogeneity 

(Liu et al., 2020). In this study, heterogeneous material property assignment was achieved 

by converting the gray value (represented as the HU value in Mimics software) to the 

bone density and, subsequently, the elastic modulus. Gray value-based material 

assignment showed superiority over homogeneous material assignment in three-point 

bending models (Xin et al., 2013).  

 

Elastic moduli are typically defined by imaging BMD and E-BMD equations derived 

from isolated compression tests of excised bone samples (Helgason et al., 2008). As 

shown by Schileo et al. (2007), selection of the E-BMD equation is a critical factor in 

controlling the accuracy of the FE model. They compared three E-BMD equations from 

the literature and found that the accuracy of prediction varied greatly, with R2 ranging 

from 0.554 to 0.911. In this study, the combination of E-BMD and BMD equations 

reported in the literature (Currey, 1988; Kopperdahl et al., 2002; Perren, 1975) was 

carefully selected to ensure optimal elastic modulus prediction and was used for 

heterogeneous material assignment.  

5.9. Limitations 

Some limitations are inherent in establishing the FE model with a three-point bending 

setup or axial loading. First, the models created in the present study are a simplification 

of realistic settings. The three-point bending FE model can only mimic the elastic phase 

of the entire load-displacement curve, as shown in Figure 38. The yield strength or the 

fracture pattern cannot be simulated based on the models. Second, for the gray value-

based material assignment, the correlation equations of density and elastic modulus were 

obtained from the literature instead of from direct measurement. The relationship between 

density and the HU value was also obtained from the literature for FE models with axial 

loading. Consequently, the accuracy of the simulation may be compromised. Third, 

because bending stiffness can be measured experimentally in a non-destructive manner, 

FE models with ex vivo micro-CT do not show too much potential for reducing the 
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number of mice needed. Thus, more efforts are required to develop more meticulous FE 

models with three-point bending that can mimic the yield process and the fracture pattern 

based on in vivo or ex vivo micro-CT.  

Figure 38. The load-displacement curve of mouse tibia experimentally loaded with a three-

point- bending setup. It should be noted that the FE model can only mimic the elastic phase. The 

yield point was defined as the intersection between 90% stiffness and the load-displacement curve. 

The load decreased drastically after the failure point. 

5.10. Outlook: FEA combined with in vivo micro-CT data may substantially reduce 

the number of mice used and allow monitoring bone adaptation over time 

Currently, in vivo micro-CT scanning is gaining popularity to characterize bone 

morphological changes noninvasively (Arias-Moreno et al., 2020), as it can measure the 

same animals at different time points. For example, protocols used to study osteoporosis 

or to analyze bone mass changes typically consider micro-CT scans to characterize 

cortical and cancellous morphological features (Zioupos et al., 2008). Young et al. (2022) 

developed a novel method to detect and quantify site-specific differences in bone 

remodeling of 12-week-old BALB/c nude mice, which can characterize bone surface 

remodeling in mice across different anatomical regions. The method demonstrated great 

potential to detect early pathological events and it can track spatiotemporal development 

in both cortical and trabecular bone. In this case, in vivo micro-CT scans could reduce the 

number of mice required compared with ex vivo micro-CT scans because animals do not 
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need to be sacrificed at each experimental time point. 

 

Besides, FE modeling based on in vivo micro-CT scan data can monitor the mechanical 

characteristics of the same animal at different time points. Oliviero et al. (2021) compared 

different FEA models with hexahedral or tetrahedral mesh and homogeneous or 

heterogeneous material properties generated from in vivo micro-CT images by comparing 

experimental stiffness with predicted stiffness. They found that hexahedral models with 

homogeneous material properties based on in vivo micro-CT images could best simulate 

the mechanical properties of the mouse tibia under axial loading. In this way, FEA could 

contribute to reduce the total number of experimental animals required by a study protocol, 

which fits the 3R principle well. 

5.11. Conclusion 

In conclusion, the FE model simulating three-point bending with heterogeneous material 

assignment based on micro-CT data of mouse tibiae showed good accuracy to stimulate 

linear elastic behavior of mouse tibia under a three-point bending setup. Besides, this FE 

model, in combination with in vivo micro-CT scanning, demonstrates great potential as 

an alternative in silico approach to reduce the number of animals needed for experiments 

and to save experimental time as well as costs. 
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6. Summary 

FEA, based on a large amount of data from microscale image scanning and immense 

computing power, has shown great potential to simulate bone mechanics. This research 

intended to establish and validate FE models based on micro-CT data of mouse tibia to 

characterize the biomechanical properties.  

 

The general steps for establishing an FE model include importing micro-CT data into 

Mimics software to create a 3D geometric model; creating 2D and 3D meshes based on a 

geometric model using 3-Matic software and Hypermesh software, respectively; 

assigning material properties using Mimics software; applying boundary conditions using 

Hypermesh software; and performing final computation as well as outcome parameter 

visualization using Abaqus software.  

 

Two types of FE models of axial loading (whole tibia model and proximal tibia model) 

were established and validated by correlating the calculated and experimentally measured 

morphological and experimental parameters. However, the correlations were not 

significant. Later, bending stiffness was calculated and validated for the FE models 

simulating a three-point bending setup. The calculated and experimentally measured 

bending stiffness correlated positively for homogeneous (p < 0.001, R2 = 0.5852) and 

heterogeneous (p < 0.001, R2 = 0.9482) material assignment. However, the FE model 

with homogeneous material assignment significantly underestimated bending stiffness. 

 

In conclusion, the FE model simulating three-point bending with heterogeneous material 

assignment based on micro-CT data of mouse tibiae showed good accuracy to simulate 

linear elastic behavior of mouse tibia under a three-point bending setup. Besides, this FE 

model, in combination with in vivo micro-CT scanning, demonstrates great potential as 

an alternative in silico approach to reduce the number of animals needed for experiments 

and to save experimental time as well as costs.  
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7. Zusammenfassung  

Die FEA, die auf einer großen Menge von Daten aus mikroskaligen Bildaufnahmen und 

einer immensen Rechenleistung basiert, hat ein großes Potenzial für die Simulation der 

Knochenmechanik gezeigt. Ziel dieser Forschung war die Erstellung und Validierung von 

FE-Modellen auf der Grundlage von Mikro-CT-Daten der Tibia von Mäusen, um die 

biomechanischen Eigenschaften zu charakterisieren. 

 

Die allgemeinen Schritte zur Erstellung eines FE-Modells umfassen den Import von 

Mikro-CT-Daten in die Mimics-Software zur Erstellung eines geometrischen 3D-

Modells, die Erstellung von 2D- und 3D-Netzen auf der Grundlage eines geometrischen 

Modells mit der 3-Matic-Software bzw. der Hypermesh-Software, die Zuweisung von 

Materialeigenschaften mit der Mimics-Software, die Anwendung von Randbedingungen 

mit der Hypermesh-Software und die Durchführung der endgültigen Berechnung sowie 

die Visualisierung der Ergebnisparameter mit der Abaqus-Software.  

 

Es wurden zwei Arten von FE-Modellen für axiale Belastung (Modell der gesamten Tibia 

und Modell der proximalen Tibia) erstellt und durch Korrelation der berechneten und 

experimentell gemessenen morphologischen und experimentellen Parameter validiert. 

Die Korrelationen waren jedoch nicht signifikant. Später wurde die Biegesteifigkeit für 

die FE-Modelle berechnet und validiert, wobei ein Dreipunkt-Biegeaufbau simuliert 

wurde. Die berechnete und experimentell gemessene Biegesteifigkeit korrelierte positiv 

für homogene (p < 0,001, R2 = 0,5852) und heterogene (p < 0,001, R2 = 0,9482) 

Materialzuordnung. Allerdings unterschätzte das FE-Modell mit homogener 

Materialzuordnung die Biegesteifigkeit deutlich. 

 

Zusammenfassend lässt sich sagen, dass das FE-Modell, das die Dreipunkt-Biegung mit 

heterogener Materialzuweisung auf der Grundlage von Mikro-CT-Daten von 

Mäuseschienbeinen simuliert, eine gute Genauigkeit bei der Simulation des linearen 
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elastischen Verhaltens von Mäuseschienbeinen unter einer Dreipunkt-Biegung aufweist. 

Außerdem zeigt dieses FE-Modell in Kombination mit In-vivo-Mikro-CT-Scans ein 

großes Potenzial als alternativer In-silico-Ansatz, um die Anzahl der für Experimente 

benötigten Tiere zu reduzieren und sowohl Versuchszeit als auch Kosten zu sparen. 
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