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[bookmark: _Toc57362441]Abstract
This assignment is a brief look into the theories of elastic failure and how the physical properties of the basic materials are found under the most basic and simplest testing conditions. Theories were then researched further, discussed, and correlated back in the finite element analysis (FEA) testing process of a total hip joint prosthesis, also how the theories are used to determine particular design features, material choices and requirements.
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When dealing with the design of components or structures the physical properties of the basic materials are found from the result of testing done in laboratories in which you have only tested the material to the simplest test conditions.
The most typical test is the tensile test, in which the value of the stress at fracture is easily determined, this is known as yield. The strength of materials under complex stress systems are generally not known, except for a few certain cases. In practice it is these complex systems of stress which are more often seen, and therefore it is essential to have some idea for determining allowable working stresses so that failure does not occur. Thus, the purpose of the theories of elastic failure is to predict from the behaviour of materials in a simple tensile test when elastic failure will occur under any condition of applied stress.
(Timoshenko, n.d.)
Several theoretical principles have been proposed each looking to obtain adequate association between estimated component life and what is actually achieved under continuous load conditions for both brittle and ductile material applications.
 The five main theories are:
· Maximum principal stress theory (Rankine).
· Maximum shear stress theory (Guest-Tresca).
· Maximum principal strain (Saint-Venant).
· Total strain energy per unit volume (Haigh).
· Shear strain energy per unit volume (Maxwell-Huber-von Mises)

For the purpose of this assignment I have chosen 3 theories to outline further.
These are: -




[bookmark: _Toc57362445]Maximum principal stress theory (Rankine)

According to the maximum principal stress theory, “ The failure of a material or component will occur when the maximum value of principle stress developed in the body exceeds the limiting value of stress” (Bansal, 2009)
Maximum principal stress theory is also termed as Rankine’s theory; maximum principal stress theory is quite suitable for securing the safe design of machine component made of brittle material as brittle materials are weak with respect to tension.
  



Maximum principal stress theory is not suitable for securing the safe design of machine component made of ductile material as shear failure may take place, but can only be suitable for ductile material under the following conditions: -


1. Uniaxial state of stress- Uniaxial stress is a form of loading in which the 11 (axial) component of stress is nonzero, while all other components of stress are zero. (Engineering, 2012)

2. Biaxial state of stress when principal stresses are like in nature


3. Under hydrostatic stress-Hydrostatic stress is a component of stress which contains uniaxial stresses, but not shear stresses. (Gordon, 2005)

Maximum principal stress theory can be further explained by considering here one component which is subjected with an external load and we have drawn here the stress-strain curve as displayed in following figure.
[image: https://2.bp.blogspot.com/-3S7NGNSqG70/WY7oJUj_x6I/AAAAAAAADl0/Fi_Axez8MksKFy8MVkNcXFrHA3SqSqj-QCLcBGAs/s400/Sennebogen%2BJ-1.jpg]

Point A – It is proportionality limit; up to this point hooks law will be followed, Hooke’s law stating - that, for relatively small deformations of an object, the displacement or size of the deformation is directly proportional to the deforming force or load. (Timoshenko, n.d.)
Point B – Elastic limit, up to this point the deformation will be elastic.
Point C – Lower yield stress.
Point D – Ultimate stress, it is the maximum value of stress in stress – strain diagram.
Point E- It is the fracture point, up to this point the material will have only elastic & plastic deformation, but at this point fracture or rupture take place.
If maximum value of principal stress developed in the body exceeds the point D, failure will take place.


Therefore, in order to avoid the condition of failure of the component, maximum value of principal stress developed in the body must be below than the failure stress i.e. ultimate stress or yield stress.

Condition of failure

Maximum value of principal stress developed in the body > Failure stress
                             σ1 > σy or σul

Condition for safe design

Maximum value of principal stress developed in the body ≤ Permissible stress or allowable stress  

Permissible stress is basically defined as the ratio of failure stress i.e. ultimate stress or yield stress to the factor of safety.

Permissible stress = Ultimate stress or yield stress / F.O.S (Divedi, n.d.)
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The Maximum Shear Stress theory states that failure occurs when the maximum shear stress from a combination of principal stresses equals or exceeds the value obtained for the shear stress at yielding in the uniaxial tensile test.
Again, applied acceptably to ductile materials, the theory is based on the concept of limiting shearing stress at which failure occurs, 
[image: https://classes.mst.edu/civeng2211/lessons/failure/theories/max_shear.gif]Failure by yielding in a more complicated loading situation is assumed to occur when the maximum shearing stress in the material reaches a value equal to the maximum shearing stress in a tension test at yield. 


This yield criterion gives good agreement with experimental results for ductile materials; because of its simplicity, it is the most often used yield theory. The main objection to this theory is that it ignores the possible effect of the intermediate principal stress, σ2.  However, only one other theory, the maximum distortional strain energy theory, predicts yielding better than does the Tresca theory, and the differences between the two theories are rarely more than 15%. (Bansal, 2009)
Failure is predicted when any of the three shear stresses corresponding to the principal stresses, σ1,2, equals or exceeds the shear stress corresponding to the yield strength, σyp, of the material in uniaxial tension or compression.

	[image: https://classes.mst.edu/civeng2211/lessons/failure/theories/tresca.gif]
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This theory states that the failure occurs when the maximum shear strain energy component for the complex state of stress system is equal to that at the yield point of the tensile stress.
 



Hence the criterion of the failure becomes

[image: ]
 



This theory is considered widely as the most reliable theory, especially for ductile materials and is the most popular isotropic yield conditions, verified for many ductile conditions. (Comanici, 2016) Originally proposed by Tresca in 1864 (Maximum shear stress theory) and Von mises in 1913. The Von Mises yield theory, also known as maximum distortion energy criterion, finds considerable experimental support, especially for very ductile materials and plane stress. For this reason, and for its simplicity, it is common in design. For 100 years, this theory has been developed and enhanced systematically by Hosford, Christensen, TsaiHill. The modified von Mises hypothesis combines the theories of maximum strain energy and maximum distortion energy, and it involves the Poisson ratio. (Comanici, 2016)







[bookmark: _Toc57362448]Section 2- Stemmed Femoral Prosthesis.

For this section I chose a prosthesis stemmed femoral component of the Hip Joint to review the theory of elastic failure I think should be used, I chose this component due to being involved in the manufacturing process of this component in the Zimmer Biomet site based in Bridgend.
During the development and design process of this component there are two key areas that I would consider to be critical, these areas are the neck region of the prosthesis (proximal) and the stemmed region of the prosthesis (Mid-region/Distal).
[image: ]Mid region
Stemmed region of Hip Joint. (Distal)
Neck region of Hip Joint. (Proximal)

[bookmark: _Toc57311893]Figure 1- Hip Joint Illustration

There are three main materials that are used for the manufacture of these prosthesis, these are Cobalt Chrome (CoCr), Titanium. (Ti) and stainless steel (St St-316L), titanium being the most widely used due to its high mechanical properties and ability to be further processed with a titanium coating to allow the implantation of the device without the use of a bone cement, which is the current medical industry preferred implantation technique, but both cementless and cemented techniques are widely used today.




[bookmark: _Toc57362449]Table of properties of Titanium 


	Material
	Mass Density
(
	Modulus of elasticity.
(E) Gpa
	Shear modulus of elasticity.
(G) Gpa
	Yield Stress

	Ultimate stress
 Mpa

	Titanium
	4500
	100-120
	39-44
	760-900
	900-970


Table 1-Table of mechanical properties.

Titanium (Ti–6Al–4V) is widely used as prostheses due to its high mechanical properties, also due to its corrosive resistance and high strength. Titanium alloys are also used due to its excellent biocompatibility and low modulus of elasticity, the elastic modulus is a quantity that measures an object or substance's resistance to being deformed elastically (i.e., non-permanently) when a stress is applied to it. The elastic modulus of an object is defined as the slope of its stress–strain curve in the elastic deformation region. (Askeland, 2006) A stiffer material will have a higher elastic modulus. (Askeland, 2006)
[image: ]An elastic modulus has the form: 

During the development of this component the theory of elastic failure used should be the Von Mises theory, this theory should be used due to the mechanical properties of the prosthesis material i.e.  ductile material, and the function of the component when in use, the components design function means that during its working life it will be under Max shear strain condition, it will also be under constant cyclic loads so a good fatigue strength would be required, it will also be under complex stress’s in the two separate regions detailed above, this is around the neck region (proximal) of the design and the mid-region of the distal section of the component.
There are 3 main principal stress considered in the Von Mises theory, these are labelled σ1, σ2 and σ3. σ1 is the maximum (most tensile) principal stress, σ3 is the minimum (most compressive) principal stress, and σ2 is the intermediate principal stress. (Comanici, 2016)
The proximal region of the stemmed implant would be under a complex stress condition, it would be under a compressive, tensile, torsional and fatigue stress conditions, figure 2 below indicating the maximum principal stress region on the proximal region of a stem.

[image: ]Maximum principal stress region. 


[bookmark: _Toc57311894]Figure 2- Proximal stem stress region.
Region 2&3  (mid-section and distal ) of the stem prosthesis would also be under complex stresses and would be susceptible to fatigue failure, particularly if the implant was not securely seated inside the bone cavity , indeed most testing standards would test the stem endurance properties and endurance performance under an expected set of cycles short of failure, this would be called the endurance limit of the stem. (ISO, 2016)
[image: ]

Typical FEA analysis on a mid-section/distal stem region, highlighting the Max equivalent stress or Von Mises stress position.







[bookmark: _Toc57311895]Figure 3- Stem Mid-section FEA

[bookmark: _Toc57362450]Section 3- Scientific Article Discussion.

For this section I have chosen a research paper that address the stress points and Von mises stresses on the prosthesis, the article title -Evaluation of new hip prosthesis design with finite element analysis (Chethan K.N, Mohammad Zuber, a Shyamasunder Bhat N, Satish Shenoy B, and Chandrakant R. Kinia).
The focus of the article was to determine the von Mises stresses on three areas of the THR (total Hip replacement), the three areas were the prosthesis itself, the bone cement used to bond the prosthesis to the femur, and the strains that were seen on the actual femur under test conditions.

[image: ]The paper has made use of FEA models to analyse the behaviours of the Hip prosthesis under loads, it also took into account two separate prosthesis designs (see below), one design was of a traditional cemented prostheses design, the other was of a new design with a narrowed mid-section.









[bookmark: _Toc57311896]Figure 4-Traditional and new design prosthesis models.

Material properties of the models (Fig 6) were assumed to be linear, elastic and isotropic and assumed to be the most common used prosthesis material of titanium alloy (Ti6A14V). 





The femur was represented and fixed in three directions as seen in figure 5 below.
[image: ]











[bookmark: _Toc57311897]Figure 5-Finite element model of femur-stem system, and (b) loads and boundary condition.
[image: ]
Table 2- Material properties on models

[image: ]The models were applied to a static load obtained for a 700N weight person walking at a normal speed.
Table 3-Load values used in finite
 element analysis




For the purpose of this study the von Mises stresses were taken to determine and evaluate the strength of the prosthesis and bone cement that was used to secure the prosthesis. (Kisioglu, 2019)

The maximum von Mises stresses were calculated on both prosthesis designs, Fig 6 below shows the maximum stresses were occurred in the distal region of the traditional prosthesis and in the mid-section of the new designed prosthesis due to stress concentration, the sharp edge design of the new prosthesis increased the von Mises stress on the prosthesis. However, the yield strength of the material is higher than the obtained strength of the prosthesis, for this reason the mechanical failure of the prosthesis would not be expected. (Kisioglu, 2019)
[image: ]
Distal region of new traditional prosthesis.
Mid-section of new design prosthesis









[bookmark: _Toc57311898]                                               Figure 6- Maximum Equivalent (von Mises) Stress values


New prosthesis design (b) von Mises stress could be reduced if the sharp edge between the mid-section and distal end of the prosthesis.

[image: ]The stress distributions of the cement are given in fig 7 below, 





[bookmark: _Toc57311899]Figure 7- von Mises stresses on cement mantle -(a) Cement for traditional stem (b) Cement for new design stem.
It can be seen cement for the traditional prosthesis has higher stress values than the new designed prosthesis, this the risk of failure is higher in traditional prosthesis because the cement that is in-between the bone and the prosthesis, thus the forces acting on the prosthesis is transferred to the femur through the cement, figure 7 shows that the stress is concentrated in the distal end of the prosthesis and cement. However, the maximum stress results were found in the mid-section of the new design, the maximum stress values were calculated 32.1Mpa for the traditional prosthesis and 11.1Mpa for the new design prosthesis.
[image: ]









[bookmark: _Toc57311900]Figure 8 equivalent strain values on the femur

Seven point were created for each region determined on the femur, the strain values calculated at these points. This strain investigation was done to determine the distribution of load transfer on the femur after the stem placement, and load transfers at these distributions for both prostheses. 

The highest compressive strain values were seen on the intact femur (blue line), the higher strain value causes more bone density according to Wolff’s Law, the saying is ‘use it or lose it’ when it comes to bone., hence the more strain gives better results for the prosthesis.
Strain values decreased due to both prosthesis insertion, the negative values in fig 8 show the compressive strain, the positive values demonstrate tensile strength. As a result, the new designed prosthesis increased the strain values on the femur that will then prevent stress shielding, stress shielding referring to the reduction in bone density as a result of the removal of typical from the bone by an implant or prosthesis. (Ibrahim, et al., 2017)
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