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ABSTRACT 

This article gives general information about the "Elastomechanics Fundamentals for Bones and Fractures". The study has been realized 

within the scope of a Ph.D. lesson which is lectured by Asst. Prof. Dr. Emin Taner ELMAS. The name of this Ph.D. lesson is "Medical 

Engineering and Advanced Biomechanics" and taught at the Major Science Department of Bioengineering and Bio-Sciences at Iğdır 

University, Turkey. İsmail KUNDURACIOĞLU is a Ph.D. student and he is one of the students taking this course. This article has 

been prepared within the scope of this Ph.D. lecture, as a part of one of his (İsmail KUNDURACIOĞLU) homework assignment tasks 

which was prepared using the summary translation of Reference [1]: Book Chapter 3. [1-55]. 
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INTRODUCTION 

Elastomechanical Fundamentals: Bones and Fractures 

The human body is made up of various biomaterials with different mechanical properties. Tissues such as bones, skin, blood vessels, 

lungs, bladder, and heart differ in their elastic and plastic behavior. In this article, before moving on to the mechanical properties of 

these materials, we will examine the basic elastic and plastic properties [1]. 
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A rigid body can be deformed by a pair of forces (F ⃗_1 and 〖-F ⃗〗_2) acting in opposite directions to each other. In this case, the 

sum of the forces is in equilibrium, and the object does not move: 

 

F ⃗_1+F ⃗_2=0.  

When the magnitude of the force F is proportioned to the surface area A, the pressure is defined as p=F/A or the tension is defined as 

σ=F/A. If the stress is applied in only one direction, this is called a uniaxial stress. Depending on the direction of the force, uniaxial 

tension can be in the form of pulling or compression. When an equal magnitude of stress is applied to all surfaces, this is defined as 

hydrostatic pressure (Figure 1) [1]. 

 

 

Figure 1: Tensile and compressive stress are caused by pairs of forces acting on surfaces, while hydrostatic pressure is caused by forces 

acting equally in all directions [1].  

 

Bones are subjected to both internal (body weight and muscle forces) and external (impacts and load-bearing) forces. The tasks of 

providing support to the body, enabling movement and protecting internal organs are directly related to the material properties of 

bones. Bones have a hierarchical structure from the nanoscale to the macro scale, and thanks to these properties, they exhibit 

viscoelastic responses, fracture behaviors, and self-repair abilities [1-55]. 

 

METHOD, FINDINGS and DISCUSSION 

Elastic Deformation: 

When a rigid body is subjected to uniaxial stress, it reacts to the stress by changing shape. This shape change is measured by the 

relative change in length: ε=Δl/l. Tensile stress causes the material to elongate, and compressive stress causes it to shrink. The 

relationship between stress σ for small deformations and ε of shape change is linear and is known as Hooke's Law (Figure 2): 

                                                                                          σ=Eε 

 

Figure 2: Graphing of Hooke's Law on stress-shape change for soft and hard materials. [1] 
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Here, E is called the elastic modulus or Young's modulus. This module determines how rigid or flexible the material is. For example, 

rubber has a low EE value, while steel has a very high E value. The unit of voltage is [σ]=Nm2=Pascal, and the elastic modulus E has 

the same unit. The elastic modulus of various materials is given in Table 1 [1]. 

 

Material E (GPa) 

Alumina 70 

Steel 200 

Wooden 13 

Bone 15 

Rubber 0.5 

 

Table 1: Elastic Modulus of Some Materials [1]. 

 

A rigid body varies not only with the change of length but also with the transverse direction. For example, tensile stress stretches the 

object in the direction of tension, while causing contraction in the perpendicular direction. This effect is defined by the Poisson ratio: 

                                                                                 μ=(∆t/t)/(∆l/l) 

 

Usually the Poisson ratio varies between 0.2≤μ≤0.4. In addition, materials can also be deformed under shear forces. Shear forces lead 

to an angular change within the material. The shear stress τ is defined similarly to Hooke's Law: 

                                                                                           τ=G.α 

 

Here, G is the shear modulus and α is the cutting angle. Shear forces are especially important in understanding the mechanism of bone 

fractures. Elastic deformation occurs by tangential forces exerted from the opposite direction of the object; These forces create a 

change in the angle of the object, not its volume. The tangential force is defined as the force component reflected on the surface area 

A, and these pairs of forces do not impart angular momentum to the object. Thus, a distinction is made between shear, torsional and 

bending deformations. These three types of deformation are presented in Figure 3 [1]. 

 

(a) Shear 

(b) Torsion 

(c) Benture. In bending, the tension along the neutral axis is zero [1]. 

 

Figure 3: Types of elastic deformation caused by tangential forces. 
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It is possible to measure the hardness of the material by bending a beam. Hardness k is defined as the ratio between the applied force 

F and the observed deviation δ: 

                                                                                                 k=F/δ 

A high k-value indicates that the material is harder [1]. 

  

Plastic Deformation: 

As long as a material remains below a certain critical stress level, it can return to its original shape when the applied force is 

removed. This constitutes the scope of validity of Hooke's Law. However, ductile materials that exceed this critical level, called "yield 

stress", exhibit an irreversible plastic flow by undergoing permanent deformation (Figure 4) [1]. 

 

 

Figure 4: Stress-strain curve showing the transition process to plastic deformation. The yield point refers to the maximum stress before the start of 

plastic deformation. The dashed line indicates the irreversibility of the stress released beyond the yield point, while the shaded area represents the 

toughness of the material [1]. 

 

Even after stress is removed, permanent shape changes occur in the material. Especially for metal sheets, this plastic deformation 

process is of great importance in terms of part production in industry. During plastic deformation, dislocation movements and grain 

boundary changes occur in crystal structures. Continued deformation causes work hardening of the material, which makes it more 

durable[1].  

 

The level of ductility of materials determines how much they can change shape under tensile or compressive force. Metals generally 

have ductile structure, while materials containing ionic and covalent bonds show brittle properties. For example, a metal mug may 

warp and change shape, while a porcelain mug may break suddenly. Bones, on the other hand, are observed to exhibit more complex 

mechanical behaviors due to their compound and heterogeneous structures. 

 

The toughness of a material is defined by the energy density it can store up to its breaking point: 

                                                                          E/V=∫_0^(ε_frac)σdε 

 

This integral represents the interlaced area in Figure 4. As the area grows, the toughness of the material also increases. Ductile 

materials generally have high toughness, while brittle materials show high strength but low toughness properties[1].  
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Elastic Properties of Beams 

Bones consist of a hard shell on the outer surface and a porous structure on the inside. This combination allows a lightweight structure 

to be maintained without sacrificing rigidity. The same principle applies to engineering structures; In the design of bridges and aircraft, 

for example, it functions similarly to the use of lightweight but strong materials. It consists of bone tissue, collagen and minerals, and 

the balance of these components directly affects mechanical strength. Bones with too much mineral show a hard but brittle structure, 

while mineral deficiency causes the bones to soften [1]. 

 

Long bones exhibit a form structurally similar to hollow cylinders, optimizing their load-bearing capacity. The torque (T) required to 

bend a beam is expressed as: 

                                                                                                T=L×F 

Here, L is the length of the beam, and F is the applied force (Figure 3(c)). Alternatively, torque in terms of moment of resistance (W) 

can be expressed as: 

                                                                                           T=W×τ 

Here τ is the cut-off stress. The moment of resistance, on the other hand, depends on the geometry of the beam and is defined by the 

following integral: 

                                                                                      W = 1/L ∫ L2 dA 

 

For example, for a beam with a rectangular cross section (Figure 5 (a)): 

 

                                                                                          T=〖th〗^2/6 

where t is the thickness of the beam; h is its height. This formula is considered as an important parameter in the strength analysis of 

beams used in engineering structures [1]. 

 

Figure 5: Moments of resistance for different beam geometries: 

(a) rectangular beams 

(b) solid cylindrical beams 

(c) hollow cylindrical beams. [1] 
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If a cylindrical beam with the same cross-sectional area is considered, the moment of resistance is even higher. The advantage of 

hollow cylindrical beams, which are lighter but show similar properties in terms of strength, can be explained by the following equation 

(Figure 5(b) & 5(c)): 

                                                                            W=π/4 (R^4-r^4)/R≈π/4 R^2 ∆R 

 

This result shows that the hollow structure of long bones is mechanically advantageous and provides lightness without sacrificing 

rigidity. In addition, the spongy trabecular structure of the bones increases mechanical stability, reducing the risk of fragility [1]. 

 

Structure of Bones 

While the human skeleton has about 270 bones at birth, these combine over time to become 206 bones in adulthood. Bones have 

different shapes and sizes: 

 

Long bones: It is located in the extremities, such as the legs and arms. 

Short bones: Located on the wrists and ankles. 

Irregular bones: The spine and some facial bones fall into this category. 

Flat bones: These are structures such as the skull, ribs and sternum. 

 

Each bone has a hard cortical shell on the outside and a spongy trabecular structure on the inside. Especially long bones contain the 

medullary cavity, which is peculiar only to them. The main functions of bones include functions such as protecting vital organs, 

providing movement through joint and muscle connections, production of blood cells, and mineral storage [1]. 

 

When examined at the microscopic level, it is seen that bone tissue has a hierarchical structure with seven levels. The main organic 

component of bones is collagen, which has a fiber-like protein structure. Collagen increases durability by forming triple helix 

structures and optimizes the mechanical properties of bones by combining with hydroxyapatite (HA) nanocrystals. Bones contain cells 

such as osteoblasts, osteoclasts, and osteocytes. Osteoclasts provide restructuring by breaking down old bone tissue, while osteoblasts 

are responsible for the synthesis of new bone tissue. Osteocytes, on the other hand, maintain cellular communication by sensing 

mechanical impulses in the bone. This dynamic balance allows bones to change shape and adapt over time [1]. 

 

Elastic and Plastic Properties of Bones 

When bones are examined from an elastomechanical point of view, they can be defined as biocomposite materials consisting of 

mineralized collagen fibrils. These fibrils form the basic building blocks of bone tissue and can be found in structurally different 

patterns. They exhibit a dense and parallel organization in the cortical region, while in the trabecular region they form a more random 

network structure. Due to these properties, bones are heterogeneous materials with variable density and elasticity [1]. 

 

Macroscopic Level: Macroscopic stress-elongation tests are applied to determine the general mechanical properties of the 

bones. Although these tests allow the bones to be examined in a way that is similar to the actual loading conditions in the body, they 

do not fully explain the mechanism of tensile strength or the fracture processes. Bones are anisotropic in nature and show variable 

reactions to loads applied on different axes. For example, compression and tensile forces are evaluated in tests along the long axis of 

long bones, while bending force is measured in tests performed at right angles [1]. 
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As a result of these tests, it was observed that the resistance to bending force was lower than the compression force. This situation 

reveals that bone fractures usually occur as a result of bending loads. In addition, it exhibits the most sensitive condition to fractures 

because it has torsional loading, the lowest yield stress and elastic modulus. Macroscopic fracture models resulting from different 

types of loading are shown in Figure 6 as representatives [1]. 

 

Figure 6: Fractures of long bones due to different types of loads:  

(a) Torsional load 

(b) bending load 

(c) compressive load 

(d) Shear load. [1] 

 

The elastic and viscoelastic properties of bones are closely related to the mechanical responses of their constituents, collagen and 

minerals. Depending on the stress rate, an increase in elastic modulus and yield stress was observed. This phenomenon has been tried 

to be explained by mechanical models, revealing the viscoelastic characteristic of bones. Although mechanistic approaches such as 

the Kelvin-Voigt and Maxwell models are used, it is argued that they do not fully represent the complex mechanical response of 

bones. The fatigue properties of the bones are marked with a dashed line in Figure 7. Fatigue is the decrease in the strength of a 

material as a result of repeated loads applied on it. However, in bones, this condition usually occurs in just a few cycles, without the 

need for thousands or millions of cycles. Microcracks that occur at this early stage severely reduce the durability of the bones; Without 

adequate recovery time, these cracks accumulate, leading to eventual structural failure [1]. 

 

 

Figure 7: The viscoelastic behaviour of the bones varies depending on the rate of increase of the applied stress. The dashed line below reveals the 

yield stress corresponding to a specific number of load cycles[1].  
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Elastic properties differ in cortical and trabecular bones. Cortical bone has a high density and low porosity (0.05-0.1), while trabecular 

bone has a lower density (0.43 g/cm³) and high porosity (0.75-0.95). These differences directly affect the mechanical behavior of both 

bone types. Cortical bone has higher strength, while trabecular bone exhibits greater toughness. This is also demonstrated by the 

stress-strain relationship (Figure 8) [1]. 

 

 

Figure 8: Stress-strain behavior of cortical and trabecular bones shows different slope and toughness characteristics. It is important to consider 

these structural differences [1]. 

 

Microscopic Level: Various hypotheses have been put forward to explain the mechanical strength of bones. One of them is that the 

molecular slip mechanism allows the weak bonds to break and the composite to deform without damage. Another hypothesis is that 

bone mineral crystallites contribute to strength because they are resistant to fracture. Advanced imaging techniques such as x-ray 

scattering and nanoscopic stress-strain tests have been used to study this issue [1]. 

 

As a result of these studies, it has been revealed that bone tissue is exposed to different levels of strain. The ratio between the strain 

values of fibrils and mineral particles shows how the strain is distributed under mechanical loading. In particular, the interfibrillary 

matrix is thought to reduce the brittleness of the mineral structure by absorbing the shear forces of crosslinked fibrils.  Thanks to this 

mechanism, bones are able to maintain their strength even under high stress [1]. 

 

In analyses using scanning electron microscopy (SEM) and atomic force microscopy (AFM), it has been observed that microcracks 

in bones are held together by a certain organic structure. This binding structure plays a critical role in the transmission of interfibrillar 

shear stresses. This organic compound, which acts as an adhesive, is thought to increase the strength of bones and contribute to 

absorbing more energy before they break. In addition, ligaments can reform when the load is lifted, making the bones more resistant 

to repetitive loads. 

 

Finally, it is important to compare the elastic properties of bones with other biological structures of the body. Structures such as lung 

tissue, blood vessels, bladder and eyeball also exhibit elastic properties [1-55]. 

 

CONCLUSION 

This comprehensive review reveals how the elastic and plastic properties of bones are shaped at the macroscopic and microscopic 

level, explaining the basic principles underlying their mechanical strength. The mechanical behavior of bones and fracture mechanisms 
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are discussed in detail along with their elastic and plastic deformation properties. In the introductory part, an overview of the structural 

and biomaterial properties of bones is presented, while in the elastic deformation part, the reversible behavior of the material under 

load is examined within the framework of Hooke's Law. In the plastic deformation section, permanent shape changes that occur when 

the yield stress is exceeded and its effects on material durability are discussed [1]. 

 

While the elastic properties of the beams reveal how the structures that optimize the load-bearing capacity of the bones work, the 

structural hierarchy of the bones and the different components (collagen, minerals and osteons) they contain are examined in 

detail. Finally, macro and microscopic analyses of the elastic and plastic properties of bones have revealed both holistic durability and 

micro-scale deformation mechanisms [1]. 

 

This study highlights the importance of multiscale approaches to understanding the complex mechanical properties of bones and 

provides a solid foundation for future studies. In both clinical practice and from a materials science perspective, a better understanding 

of bone behavior is critical to the development of treatment modalities and the improvement of biomaterial designs [1-55]. 
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