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Abstract  

Title: Finite Element Analysis of Humerus with Impact at Distal End and 

Mechanical Effect of Bone Rehydration 

 

 

Author: Amy Gutierrez 

  

 

Advisor: Razvan Rusovici, Ph.D. 

 

Numerical modeling accuracy is dependent upon correct material property 

determination and input. This thesis demonstrates the importance in both numerical 

modeling and material characterization, two aspects of biomedical research that are 

intimately linked.  

The first study investigates the shear forces experienced on the humerus 

from a humeral impact on the distal end using 3D CAD model of a humerus and 

ANSYS for a finite element analysis. The humeral bone was analyzed with an 

impact on the distal end to signify falling on the elbow. A humeral model and a 

humeral model with a plate were both statically and dynamically simulated with the  

forces at the distal end and  a fixed support at the proximal end. Maximum shear 

stresses were determined through the analysis in order to solve for the Tresca 

Failure Criterion shear stress. The results of this study determine that shear forces 

experienced on the medial and lateral diaphysis area of the humerus.       

The second part of this study investigates the rehydration of bone samples 

after they have been dehydrated and whether the rehydration of bone will restore 
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the mechanical properties. A 20-month-old Sprague Dawley Rat femur was cut into 

three 1 mm transverse samples and one sagittal cut sample. The bone samples were 

mechanically tested using a micro-indenter before dehydration and after 

rehydration. The samples were dehydrated with increasing concentrations of (70%, 

80%, 90%, and 100%) ethanol and were rehydrated using phosphate buffered saline 

(PBS) in a nebulizer for three hours. The results show no statistically significant 

differences between the pre-dehydrated samples and the post-rehydrated samples. 

Both studies show the importance of mechanical testing to determine the properties 

of bone at the macro-level.  
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Chapter 1 

 

Introduction 

1.1 Thesis Background and Motivation 

 

1.1.1 Bones 

Bones are composed of two different types of material: cortical and 

trabecular bone. Cortical bone composes about 80% of the overall bone structure 

and trabecular bone composes the remaining 20% of the bone structure (Clarke 

2008). Cortical bone is dense whereas trabecular bone is much more porous with a 

honeycomb-like network (Clarke 2008). Bone modeling is the process in which 

bone changes its shape by adding or removing material in certain areas. Bones 

model and remodel throughout one’s lifetime. Osteoblasts and osteoclasts are 

responsible for this phenomenon by responding to physiological stimuli and 

mechanical forces (Clarke 2008). Osteoclasts resorb bone by secreting hydrogen 

ions and cathepsin K enzyme and binding to the bone matrix. Osteoblasts then 

synthesize new bone matrix. Osteoblasts respond differently to various signals like 

hormonal, mechanical, or cytokine signals, to give rise to bone, cartilage, 

connective tissue, etc. (Clarke 2008). Osteocytes are differentiated osteoblasts that 

support bone structure and metabolism (Clarke 2008).  

A bone fracture can be defined by a disruption of local soft tissue, 

interruption of normal vascular function, or distortion in marrow architecture 

(Schindeler, et. al. 2008). When a fracture occurs, a four-stage repair process 

occurs; Stage 1 is the inflammation stage. In this stage, bleeding occurs in the 

fracture area. The blood develops into a hematoma. Cells like platelets, 

macrophages, granulocytes, lymphocytes, and monocytes infiltrate the hematoma 

to combat infections, clotting, and secretion of cytokines and growth factors 
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(Schindeler, et. al. 2008). The recruitment of these cells also attracts multipotent 

mesenchymal stem cells. These mesenchymal progenitors are the basis for Stage 2. 

Mesenchymal progenitors derive chondrocytes, which produce a soft callus that 

provides support to the fracture. This soft callus is made from a cartilaginous 

matrix. At the end of this stage, the chondrocytes undergo hypertrophy and 

mineralize the cartilaginous matrix (Schindeler, et. al. 2008). In Stage 3, 

mineralized bone matrix is formed by the osteoblasts called hard callus. This hard 

callus replaces the soft callus formed in stage 2. In Stage 4, the woven hard callus 

from stage 3 gets remodeled by osteoclasts into the original cortical/trabecular bone 

(Schindeler, et. al. 2008). This healing process usually takes about six to twelve 

weeks and is usually the time required for immobilization of bone.  

 

1.1.2 Humeral Fractures  

 The skeletal system is constantly exposed to mechanical stimuli that help 

maintain or change its hierarchal structure. Humeral fractures account for 3% of all 

fractures. Although this is a small percentage, in the United States, there are 

approximately 66,000 humeral fractures annually (Carroll et. al. 2012). Humeral 

fractures occur usually from falls in elderly patients and from high-energy trauma 

(Carroll et. al. 2012). Injuries can range in severity and require either surgical or 

nonsurgical methods for care. Surgical approaches to humeral fractures include 

external fixation, open reduction and internal fixation, percutaneous osteosynthesis, 

and antegrade/retrograde intramedullary nailing (Carroll et. al. 2012). Injuries that 

require nonsurgical approaches include polytraumatic injuries, open fractures, 

vascular injury, ipsilateral articular fractures, floating elbow injuries, and fractures 

that fail nonsurgical management (Carroll et. al. 2012). Humeral fractures are 

classified by the type of fracture. A1 fractures are simple fractures. A2 are spiral 

fractures. A3 are oblique fractures. B1 are spiral wedge fractures, B2 are bending 
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wedge fractures, and B3 are fragmented wedge fractures (Carroll et. al. 2012). C1 

are complex spiral fractures, C2 are complex segmental fractures, and C3 are 

complex irregular fractures (Carroll et. al. 2012). Humeral fractures can also be 

classified by their location of fracture (i.e. distal humeral fracture or proximal 

humeral fracture). Nonsurgical approaches rely on secondary bone healing and 

callus formation (Carroll et. al. 2012). The bracing provides compression and 

hydrostatic pressure to the fracture and gravity helps align the fracture (Carroll et. 

al. 2012). About 2% of closed fractures and 6% of open fractures experience 

nonunion following the nonsurgical treatment. About 70% of patients experience 

up to 5 degrees of angulation in the sagittal plane. (Carroll et. al. 2012). Failure to 

achieve acceptable alignment will lead to a surgical approach to fix the 

malalignment. Nonunion occurs when the bone doesn’t heal correctly. When 

nonunion occurs, the type of nonunion requires different methods to fix. For 

example, hypertrophic nonunion requires increased stability at the fracture site. 

Atrophic nonunion require biologic stimulation (Carroll et. al. 2012).   

It is important to note that fractures with a dislocation less than 5 mm, a 

deviation of the axis less than 20°, and a displacement of the tubercula less than 2 

mm are indications that allow for nonsurgical methods of treatment (Sandmann 

2015). Distal humerus fractures (near the elbow) are less common but occur in17-

30% of elbow injuries (Crönlein 2015). Treatment for this injury depends in age, 

fracture pattern, and soft tissue damage (Crönlein 2015).  Injury to the distal 

humerus is caused by direct impact in the elbow, a fall with outstretched arms, road 

traffic accidents, or sport accidents (Amir, Jannis, & Daniel 2016). Surgical 

methods are the “gold standard” for distal humerus fracture (Imhoff & Kirchhoff, 

2015). Olecranon osteotomy is the standard method approach to the distal humerus 

and elbow joint (Imhoff & Kirchhoff, 2015). A wide exposure of the distal humerus 

is made for reduction and internal fixation of complex fractures (Imhoff & 

Kirchhoff, 2015). 50% of patients that undergo the olecranon osteotomy have 
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complications (Imhoff & Kirchhoff, 2015). Other surgical methods include the 

triceps-reflecting approach. This approach is used for arthroplasty and internal 

fixation of intraarticular fractures of the distal humerus (Imhoff & Kirchhoff, 

2015). The triceps-sparing approach is used for open reduction internal fixation in 

extraarticular or simple articular fractures (Imhoff & Kirchhoff, 2015). The triceps-

lifting approach is used for intraarticular fractures (Imhoff & Kirchhoff, 2015). The 

triceps-splitting approach is used for distal diaphyseal fractures and intraarticular 

fractures (Imhoff & Kirchhoff, 2015). The triceps flexor carpi ulnaris approach is 

used for extra- and intra-articular fractures (Imhoff & Kirchhoff, 2015). Olecranon 

osteotomy is still the most commonly used due to a wider exposure of the joint, 

which makes it easier to restore the articular surface for anatomical reduction 

(Imhoff & Kirchhoff, 2015). Open reduction and internal fixation are done using 

plates. Standard fixation for distal humerus fractures includes double plating with 

the plates perpendicular to each other (Imhoff & Kirchhoff, 2015). Biomechanical 

studies have also shown additional success in evidence to the double plate method 

(Imhoff & Kirchhoff, 2015). 

Misdiagnosis to what type of fracture exisits can still occur. Quantitative 

analysis of humeral injuries rather than educated guesses, x-ray examinations, or 

surgeons’ experiences can serve as a valuable tool for diagnosis and treatment 

decisions (Dahan, et. al. 2016). Further studies using finite element analysis could 

conclude ideal placements of locking fixation plates lead to new designs in order to 

adequate the stresses and strains applied to the bone to prevent malunion, 

nonunion, or bone resorption. Kosmopoulos and Nana concluded through a finite 

element analysis that locked in plated angled at 90° apart offered the most effective 

configuration for locking plates for proximal humeral fractures (Kosmopoulos & 

Nana 2014). Continuous biomechanical studies and understanding of humeral falls 

and fractures will help surgeons with correctly diagnosis and reparation of humeral 

fractures to minimize future complications to the patients. Additionally, finite 
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element analysis can help make the appropriate plates, screw placement, and braces 

for humeral injuries that will prevent malunions and angulation. 

 

1.1.3 Bone Rehydration 

Water is known to be the third largest component by volume in bone. Water 

can be seen bound to collagen, in cement substance, and in free space. The water in 

the Haversian and lacuna-canalicular systems accounts for most of the water in 

bone. This water is what allows bone to exhibit its viscoelastic properties. 

Additionally, when water is lost, the viscoelastic properties of bone are also lost 

(Wherli 2005). The protocol for dehydrating bone presented by Jimenez-Palomar is 

by placing the specimen in decreasing concentrations of ethanol for a desired 

amount of time (later explained in Methods & Procedures) (Jimenez-Palomar, et. 

al. 2012). For rehydrating bone, there were publications with different methods of 

rehydrating bone. Chan, Ngan, and King submerged their bone sample in Hank’s 

Buffer Solution while Jimenez-Palomar would rehydrate bone using a bone sample 

into a closed vessel containing a high vapor concentration of Hank’s buffer solution 

(Chan, Ngan, & King 2009) (Jimenez-Palomar, et. al. 2012). Jimenez-Palomar 

suggested this was a more suitable rehydration method than just submerging the 

bone sample in water or Hanks’ Buffer Solution which results in deformation and 

fracture of sample due to the water tension (Jimenez-Palomar, et. al. 2012). 

Dehydrating bone will increase stiffness, tensile strength, and hardness, and 

decrease strain at fracture and energy at fracture. In dehydrated trabecular bone, the 

buckling behavior changes from ductile to brittle (Nyman, et. al. 2006). It is also 

important to know that water content decreases with growth and mineralization 

(mineralization occurs with age) (Nyman et. al. 2006). Study on bovines showed 

that the loss of water will decrease the material ductility and increase the bone’s 
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Young’s modulus. Additionally, the interaction between water and the collagen 

matrix contributes to the fracture process and has a role on cortical bone fracture 

behavior (Morais, et. al. 2010).  

Specimens must be dehydrated for viewing under certain imaging facilities. 

For example, in a SEM or FIB-SEM, specimens are placed in a vacuum, meaning 

samples must be dehydrated. Dehydration of bone changes its mechanical 

properties, but what is uncertain is if rehydration of the bone after dehydration will 

restore its properties. If mechanical testing is conducted after dehydration, then 

mechanical properties may be different after imaging due to the dehydration rather 

than any other independent variable being tested. Proper rehydration of bone that 

restores the mechanical properties with statistically adequate results is of interest in 

this study.  

Figure 1 summarizes the structural level and sizes.For this study, it is also 

important to consider the size of the sample. 1mm size samples (in thickness and 

diameter) are still considered to be in the macroscopic level (Rho, Kuhn-Spearing, 

& Zioupos, 1998). At the macroscopic level, cortical and trabecular bone can still 

be distinguished. The mechanical properties of cortical bone are influenced by the 

porosity and mineralization and therefore, mechanical property values will differ 

within different regions of the same bone or sample (Rho, Kuhn-Spearing, & 

Zioupos, 1998). Mechanical properties also differ with size due the structures 

present at different sizes. For example, at the osteon level (10-500 µm), Young’s 

modulus in tension is 5.5-12 GPa.  
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Figure 1: “Hierarchical structural organization of bone: (a) cortical and cancellous 

bone; (b) osteons with Haversian systems; (c) lamellae; (d) collagen fiber 

assemblies of collagen fibrils; (e) bone mineral crystals, collagen molecules, and 

non-collagenous proteins.” (Rho, Kuhn-Spearing, & Zioupos, 1998).  
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1.2 Hypothesis  

 Many studies have used humerus models with plates to determine whether 

plate location is adequate for surgery reparation. For better results to prevent 

malunion and angulation, bone must be interpreted as an orthotropic material.  

Additionally, computing the strength and stiffness of the humerus is valuable for an 

orthopedic doctor or surgeon in order to correctly diagnose or treat the patient. This 

allows for a quantitative prediction versus what is currently used today (Dahan, et. 

al. 2016).  

 The first hypothesis of this thesis is that finite element analysis of 

humerus with impact at distal end can simulate an impact on the elbow and 

determine the location of fracture using a Tresca Failure Criteria.   

 Chapter 2 will explain the process and steps taken to create this simulation 

as well as the 3D CAD drawing and finite element analysis procedures in ANSYS 

19. Additionally, as seen in Chapter 2, a humerus with humerus shaft fracture plate 

3D CAD was created in order to compare where the stresses are experienced and 

the effect of the plate.  

 When conducting mechanical experiments that require dehydration of bone, 

it is difficult to determine whether any mechanical changes of the experiment is due 

to rehydration process or from the study itself. Successfully restoring the water in 

bone will also restore the mechanical properties and allow for mechanical testing 

post-rehydration. For this thesis, a success will be if the Young’s modulus of pre-

dehydrated wet bone will have no statistical difference to its post-rehydrated 

Young’s modulus.  

 The second hypothesis of this thesis states that bone will restore its 

Young’s modulus through a rehydration process using a nebulizer and PBS.  
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Chapter 3 will explain the process of dehydration and rehydration as well as 

a statistical analysis to verify whether this rehydration method will restore the 

Young’s modulus of bone.  
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Chapter 2 

 

Finite Element Analysis of Humerus Under Static and Dynamic Loading   

 

2.1 Introduction 

This chapter provides an explanation of the process of creating the finite 

element model simulating a fall on the elbow as well as the 3D CAD model used 

for the analysis. The model and analyses were conducted on ANSYS 19. By the 

conclusion of this chapter, the reader should be able to understand the tools used to 

create this computational model and understand the reliability of the solutions.  

 

2.2 3D CAD Model 

 The 3D CAD model of the humerus was purchased from TurboSquid and 

was called “Shoulder Joint Bone Configuration”. The download resulted in a 

faceted model. The model was imported into SpaceClaim and converted to a solid. 

In order to stay within the 300-faces limit, faces were merged using the “Merge” 

tool. Merging faces to create a larger face also decreased the topology of the model, 

which makes the computation simpler. For a look at the model, see Figure 2.  

For the model that has the plate, a separate ANSYS Workbench file was 

opened. The same humerus model was imported. To create a callus, two planes 

were created transversely to the model. The ‘Split Body’ tool was used to create 

separate bodies using the planes. The callus needs to be its own body so that in 

“Mechanical” it can have its own material that is different than the healthy bone. 

The callus dimensions were 167.387 mm in circumference and 27.144 mm in 

thickness. The callus was created on the upper medial mid-diaphysis area because 

this is where shear stress was experienced in the analyses of the humerus model 
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(Chapter 2.4). The model with callus can be seen in Figure 3. The fixation plate 

was created using the “Rectangle” tool under “Sketch”. A rectangle was created 

with dimensions 37.83 mm X 500 mm X 11 mm. Twelve holes were created on the 

plate to simulate where the nails would be placed. The diameter for each hole was 5 

mm. The plate was placed on the posterior side of the humerus as it is shown in the 

X-ray images in Wheeless’ Textbook of Orthopaedics (Wheeless 2016).   

 

    

 

Figure 2: This is the 3D humerus model used for the analysis. The labels 

correspond to the structure of this long bone for future referencing.  
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Figure 3: Planes separate the callus from the healthy bone. Planes are used as 

reference points to separate the humerus into 3 bodies.  

 

2.3 Finite Element Model 

 

2.3.1 Humerus Model 

 For the finite element analysis, ANSYS 19 was used. In “Engineering 

Data”, a new material was made that has the mechanical properties of bone, since 

bone is not a default material. Bone was set as an orthotropic material with values 

seen below in Table 1. This information about the bone mechanical properties is 

from Ashman et. al. These mechanical constants are from human femur, but using 

femoral modulus instead of humerus modulus will still produce the same results as 
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all long bones exhibit very similar moduli and density, according to Dahan et. al. 

(Dahan, et. al. 2016). 

 After the humerus model was set as this material, the mesh was constructed. The 

mesh consists of element SOLID187 (see Figure 4 for mesh). SOLID187 is a 

tetrahedral 3D higher order 10 node element. Each node has 3 degrees of freedom 

(x, y, and z direction). Each element contains the orthotropic data in which it 

corresponds to the element coordinate directions. The “Relevance” of the mesh was 

changed to 90 and the “Relevance Center” was changed to “Fine”. To stay within 

the limits of the academic version of ANSYS, the element size was changed to 

8.630 mm. With these changes, the mesh consisted of 31689 nodes and 19154 

elements. For the static structural and transient structural analyses, the 

Preconditioned Conjugate Gradient (PCG) Solver was used to solve the analyses.   

 

 

Figure 4: The mesh constructed for humerus model with specifications above.  
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Constant Value (GPa) 

E1 12.0 

E2 13.4 

E3 20.0 

G12 4.53 

G13 5.61 

G23 6.23 

υ12(XY) 0.376 

υ13(XZ) 0.222 

υ23(YZ) 0.235 

 

Table 1: Average mechanical constants for femoral bone. Obtained from Ashman 

et. al (1984), where E = Young’s modulus, G = Shear Modulus, and υ = Poisson’s 

Ratio. 

 

2.3.2 Static Structural Analysis of Humerus Model  

 A static structural analysis was conducted to compare the difference 

between the stress developed by a static load versus a time varying load. A fixed 

support was applied to two faces on the proximal end of the humerus (seen in 

Figure 5). A force in the positive y-direction of 11,100 N was applied on the distal 

end of the humerus (seen in Figure 6). A Tresca failure criteria was used since bone 

is weakest in shear. Although bone is an orthopedic material, Tresca is used for 

many bone studies (Wong, et. al. 2016). At 11,100 N, the Tresca failure criteria 

shear stress is greater than the ultimate shear strength of bone. 54 MPa is the 

ultimate shear strength of a human femur (Ashman, et. al. 1984). The load applied 

to the humerus was increased until the Tresca Failure shear stress was greater than 

54 MPa. In “Analysis Setting”, “Weak Springs” and “Large Deflections” was 
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turned on. Maximum shear stress was the solution that was used to compare with 

the ultimate shear strength through the Tresca Failure Criteria (See equation (1)). 

This value will then be compared to the ultimate shear strength of bone to 

determine failure.  

 

𝑆ℎ𝑒𝑎𝑟𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝑀𝑎𝑥 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠−𝑀𝑖𝑛 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 

2
= 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠            (1)                                

 

 

Figure 5: The fixed support was located at two faces in the proximal end. These 

are the faces where the humerus meets the glenoid.  
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Figure 6: A force of 11,100 N is applied to the distal end. This is the elbow part of 

the humerus. Force is in the positive y-direction.   

 

2.3.3 Transient Structural Analysis of Humerus Model 

 For the transient structural analysis of the humerus model, a fixed support 

was placed in the same area as for the structural analysis (seen in Figure 5). A 

modal analysis was conducted prior to the transient analysis in order to find the 

first six (6) natural frequencies of the bone. This is necessary in order to understand 

whether a dynamic force has the potential to excite some of these modes. It is also 

necessary to develop an adequate time step for transient dynamic analysis. With 6 

(the mode participation factor decreases with increasing mode number) modes, the 

maximum frequency (#6) of interest was 578.67 Hz. The maximum frequency is 

then plugged into Equation 2 to find the value for the time steps for the ‘Analysis 

Setting’ of the transient analysis. The time step was 8.6*10-4 seconds. Figures 9 

through 11 display the first 3 modes and their movements.   

 

1

2∗max 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
= 𝑇𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 (seconds)                                                                (2) 
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 Forces in the positive y-direction were applied following a graph from 

Zapata, (2015). The graph can be seen in Figure 7 below and the Tabular Data 

input into ANSYS for the transient analysis is seen in Figure 8. The graph in Figure 

7 was used a reference for times of the increasing and decreasing forces of a fall, 

but the amount of force was changed so that the maximum force was 14,500 N (See 

Figure 8 for values used in this transient analysis). This maximum force mimics a 

car crash where an 80-kg person would be subjected to 20g’s deceleration (which is 

usual in a car crash). Finally, in ‘Analysis Settings’, ‘Large Deflections’ was turned 

on. Maximum shear stress was then solved in order to compare with the ultimate 

shear strength to test for failure.  

 

 

Figure 7: “Force over time curve after processing and correcting the experimental 

curve.” (Zapata 2015) The values were changed to obtain a max force of 14,500 N.  
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Figure 8: Tabular data input into transient analysis in the positive y-direction of the 

humerus to mimic graph from Figure 5 with a maximum load of 14,500 N.   

 

 

Figure 9: In mode 1, the humerus from the mid-diaphysis to the distal end, moves 

along the x-axis at 29.206 Hz.  
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Figure 10: In mode 2, the humerus from the mid-diaphysis to the distal end, moves 

along the z-axis at 31.021 Hz. 
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Figure 11: In mode 3, the mid-diaphysis and distal end of the humerus move on 

the x-axis, but they move opposite from each other. This occurs at a frequency of 

212.71 Hz.  

 

 

2.3.4 Humerus & Plate Model 

 For the humerus and plate model, the material for the humerus was set to 

‘Bone’, which contains values expressed in Table 1. The plate was set to titanium 

alloy and the callus was set to ‘Callus’, which contains values expressed in Table 2. 

The modulus in Table 2 are ten times lower than in Table 1. This is because a 

callus can be set to have properties that are at least 10 times lower than the normal 

modulus (Shefelbine, et. al. 2005). After the humerus model was set as this 

material, the mesh was constructed. The mesh was set to 62 in ‘Relevance’ and 
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‘Fine’ in Relevance Center. This resulted in a mesh that consisted 31920 nodes and 

18137 elements. The element type is SOLID187 which is a tetrahedral 3D higher 

order 10 node element with 3 degrees of freedom for each node (x, y, and z 

direction). The solver method for these analyses was the Sparse Direct Solver. No 

other mesh changes were made. The mesh can be seen in Figure 12 below.  

 

Constant Value (GPa) 

E1 1.20 

E2 1.34 

E3 2.00 

G12 0.453 

G13 0.561 

G23 0.623 

υ12(XY) 0.376 

υ13(XZ) 0.222 

υ23(YZ) 0.235 

 

Table 2: Average technical constants for femoral bone ten times less than original 

modulus to represent callus properties. Originally obtained from Ashman et. al 

(1984), where E = Young’s modulus, G = Shear Modulus, and υ = Poisson’s Ratio. 
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Figure 12: Mesh for humerus & plate model.  

 

 

2.3.5 Static Structural Analysis of Humerus & Plate Model 

 For the static structural analysis of humerus with the plate, the same forces 

and fixed supports were applied as they were for the static structural analysis of 

humerus model (Chapter 2.3.2). The plate was given the material property of 

titanium-alloy, as this is the standard material for a locking compression humerus 

plate (Miller & Goswami, 2007) (See Figures 13 and 14 for location of fixed 

support and force applied). Additionally, contact points were added between the 

posterior side of the plate and the humerus. Contact was considered “Bonded”. 

Contacts between the callus and healthy bone were also “Bonded” contact regions.   



23 
 

 

 

Figure 13: The fixed support was located at 2 faces in the proximal end. These are 

the faces where the humerus meets the glenoid. This is the posterior view.   

 

 

Figure 14: A force of max 11,100 N is applied to the distal end. This the elbow 

part of the humerus. Force is applied in the positive y-direction.   
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2.3.6 Transient Structural Analysis of Humerus & Plate Model  

 For the transient structural analysis of the humerus and plate, similar steps 

were taken as in the transient analysis of the humerus model (Chapter 2.3.3). A 

fixed support was placed in the same area as for the static structural analysis (seen 

in Figure 13). A modal analysis was conducted prior to the transient analysis in 

order to find the natural frequencies of the bone-plate assembly. With 6 modes, the 

maximum frequency was 654.98 Hz. The maximum frequency is then plugged into 

Equation 2 to find the value for the time steps for the ‘Analysis Setting’ of the 

transient analysis. The time step was 7.63*10-4 seconds.  Figures 15 through 17 

display the first three modes of the analysis.  

 

 

Figure 15: In mode 1, the humerus from the mid-diaphysis to the distal end, moves 

along the z-axis at 28.631 Hz. 
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Figure 16: In mode 2, the humerus from the mid-diaphysis to the distal end, moves 

along the x-axis at 36.508 Hz. 

 

 

Figure 17: In mode 3, the mid-diaphysis and distal end of the humerus move on 

the z-axis, but they move opposite from each other. This occurs at a frequency of 

216.24 Hz. 
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2.4 Results 

2.4.1 Results of Static Structural & Transient Structural Analysis of Humerus 

Model 

 The results of the humerus model can be seen below. At 11,100 N force, the 

humerus experiences maximum shear in the medial diaphysis area (seen in Figure 

18). Using equation 1 and information from the ultimate shear strength of a femur 

from Ashman, et. al., we conclude that there is failure. Table 3 summarizes the 

values from the analyses used for the Tresca Failure Criteria.  

 For the transient analysis, the maximum force applied had a magnitude of 

Fmax = 14,500 N. That maximum load would be approximately corresponding to a 

car crash where an 80-kg person would be subjected to 20g’s deceleration (usual in 

a car crash) and that person would be braced against the impact on the humerus 

only (Fmax = 80 x 9.81 m/s2 x 20g). 

 

Parameters Static Structural Transient Structural 

Maximum Shear Stress (MPa) 62.581 58.436 

Tresca Failure Criteria (MPa) 54 < 62.581 54 < 58.436 

 

Table 3: Maximum shear stresses solved by the respective analyses for the 

humerus model.   
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Figure 18: Above is the solution to the maximum shear stresses for the static 

structural analysis of the humerus model. The maximum shear stress of 62.581 

MPa is experienced mostly in the lateral diaphysis area of the humerus.  
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Figure 19: Above is the solution to the maximum shear stresses for the transient 

structural analysis of the humerus model. The maximum shear stress of 58.436 

MPa is experienced mostly in the medial and lateral diaphysis area of the humerus.  
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2.4.2 Results of Static Structural and Transient Structural Analysis of 

Humerus & Plate Model 

 The same forces that were used in the humerus model, were used in the 

humerus and plate model to see how the plate changed the stresses the bone 

experiences (in case of another instance where the patient with the repaired 

humerus would be subjected to yet another crash). Table 4 displays the maximum 

shear stresses of the bone and the plate. The maximum shear stress of static 

structural analyses experienced by the bone is 23.133 MPa (see Figure 20). The 

plate has maximum shear stress for the static structural analysis of  208.02 MPa 

(see Figure 20). The humerus of the transient analysis experiences a maximum 

shear stress of 28.698 MPa (see Figure 21). The maximum shear stress of the plate 

for the transient structural analysis is 258.28 MPa (see Figure 21). Since the 

ultimate shear strength of bone is 54 MPa, there was no failure experienced by the 

humerus in the static and transient structural analysis. Its also important to note that 

the shear strength of titanium alloy is 550 MPa. Therefore, the plate does not fail 

either.    

 

Parameters Static 

Structural 

Bone 

Static 

Structural 

Plate 

Transient 

Structural 

Bone 

Transient 

Structural 

Plate 

Maximum Shear 

Stress (MPa) 

23.133 208.02 28.698 258.28 

Tresca Failure Criteria 

(MPa) 

54 > 23.133 550 > 

208.02 

54 > 28.698 550 > 258.28 

 

Table 4: Maximum shear stresses solved by the respective analyses for the 

humerus and plate model. 
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Figure 20: The maximum shear stresses for the static structural analysis of the 

humerus and plate model. The maximum shear stress experienced by the bone is 

23.133 MPa and is experienced mostly in the medial and lateral metaphysis area of 

the humerus.  
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Figure 21: The maximum shear stresses for the transient structural analysis of the 

humerus and plate model. The maximum shear stress experienced by the bone is 

28.698 MPa and is experienced mostly in the medial and lateral upper metaphysis 

area of the humerus.  
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Figure 22: Maximum shear stress of humerus and humerus-plate model.  
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Chapter 3 

 

The Effects on Mechanical Properties from Bone Rehydration 

 

3.1 Introduction 

 This chapter provides an explanation of the process of the dehydration, 

rehydration, and mechanical testing of femoral bone samples. This study was 

conducted at the City College of New York, Department of Biomedical 

Engineering under Dr. Alessandra Carriero. At the conclusion of this chapter, the 

reader will understand and support the mechanisms used to dehydrate, rehydrate, 

and mechanically test bone, as well as the reliability of these methods.  

 

3.2 Sample Preparation 

 One frozen 20-month-old Sprague Dawley Rat was obtained and allowed to 

thaw. Once thawed, both femurs of the rat were dissected, making sure to also 

remove all the tissue on the bone. The femurs were then wrapped in Phosphate 

Buffered Saline (PBS)-soaked gauze. A diamond wafering saw was used to cut the 

samples. There were 4 samples total, where 3 samples were cut transversely from 

the mid-diaphysis, and 1 sample was cut sagittal from the femora head to the distal 

metaphysis (See Figure 23). The sections were cut ~ 1 mm in thickness and super 

glued to slides. The sections were then polished using a 4-step graded carborundum 

paper to achieve a 0.25 µm finish and plano-parallel surface. Throughout the 

cutting process, the samples were kept hydrated by applying PBS.  
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Figure 23: The left femur of the 20-month-old Sprague Dawley Rat was cut in the 

sagittal direction using a low speed diamond wafeing saw with 1.5 mm thick blade.   

 

3.3 Mechanical Testing 

 Mechanical testing of the bone sections was conducted using the Wilson 

Microindenter CM-402AT with a Vickers tip (See Figure 24). The force applied by 

the microindenter was 50g and held for 10 seconds before unloading. Ten 

indentations were conducted on the posterior and anterior femoral cross-sections of 

the transverse cut section and medial and lateral femoral cross-section of the 

sagittal cut section (20 indentations per femoral cross-section). The diameters and 

HV (Vickers hardness) of the indentation were recorded. HV is determined from 

the diameter (d1 and d2) and the force (F) applied to the sample (equation 3). The 
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HV of each indentation was used to find Young’s modulus (E) through equation 4. 

Mechanical testing was conducted pre-dehydration and post-rehydration. Results 

can be seen in Section 3.6 and discussion of results can be seen in Chapter 4.  

1.8544𝐹

𝑑1𝑑2
= 𝐻𝑉                                                           (3) 

0.36(𝐻𝑉) + 0.58 = 𝐸             (4) 

 

Figure 24: Micro-indentation of transverse cut bone sample using Wilson 

Microindenter CM-402AT with a Vickers tip  

 

3.4 Dehydration  

 Once all femoral cross-sections have been mechanically tested, the sections 

were dehydrated using decreasing concentrations of ethanol. According to Jimenez-

Palomar, the standard way to dehydrate bone samples is by leaving the samples in 
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70% ethanol overnight, then 80% ethanol for 30 minutes, 90% ethanol for 30 

minutes, 100% ethanol for 30 minutes, and then left in 100% ethanol uncapped 

(Jimenez-Palomar, et. al. 2012). The samples were left under the fume hood 

overnight and the ethanol was expected to evaporate. Samples were maintained 

under the fume hood to avoid any rehydration from any moisture or humidity from 

the surrounding air.  

 

3.5 Rehydration 

 According to Jimenez-Palomar, et. al., bone samples were rehydrated by 

placing samples in a chamber with vapor. Therefore, in this study, a nebulizer was 

used to rehydrate the sample. PBS was placed in the medication cup of the 

nebulizer kit. The samples were placed in the mask area and the mask was placed in 

a plastic bag with holes on it. The nebulizer then ran for three hours. Once the three 

hours were up, the samples were hydrated and ready for mechanical testing again. 

The same mechanical testing procedures were followed as in Chapter 3.3. Data was 

recorded and analyzed and can be seen in Chapter 3.6.  

 

3.6 Results 

 The tables below show the raw data from the micro-indentation process for 

both pre-dehydration and post-rehydration. Excel was used to create plots of the 

results to compare whether the Young’s modulus of bone pre-dehydration and post-

dehydration have any statistical difference. For the statistical analysis of the two 

moduli (hydrated and rehydrated), the standardized program SPSS was used to run 

a Pearson Correlation. The Pearson Correlation determines the statistical 

significance of a two-tailed t-test. Chapter 4 will discuss whether the results support 

the hypothesis. 
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Hydrated Samples 

Samples 
Average D1 
(μm) 

Average D2 
(μm) 

Average HV 
(kg/mm) 

Average E 
(GPa) 

Sample 1 Posterior 47.02 45.29 44.22 16.50 

Sample 1 Anterior 42.25 41.29 55.03 20.39 

Sample 2 Posterior 41.04 40.25 56.81 21.03 

Sample 2 Anterior 40.92 46.27 50.02 18.59 

Sample 3 Posterior 41.69 41.97 53.38 19.80 

Sample 3 Anterior 41.52 41.60 54.51 20.20 

Sample 4 Posterior 42.41 42.78 52.33 19.42 

 

Table 5: Average diameters, Vicker’s hardness, and modulus for the hydrated (pre-

dehydration) samples. 

Rehydrated Samples 

Samples 
Average D1 
(μm) 

Average D2 
(μm) 

Average HV 
(kg/mm) 

Average E 
(GPa) 

Sample 1 Posterior 39.84 40.35 58.87 21.77 

Sample 1 Anterior 40.75 41.42 56.10 20.78 

Sample 2 Posterior 42.38 38.09 57.85 21.41 

Sample 2 Anterior 39.52 42.09 57.54 21.29 

Sample 3 Posterior 41.95 42.09 53.51 19.84 

Sample 3 Anterior 39.56 38.24 61.68 22.78 

Sample 4 Posterior 44.89 44.71 47.21 17.58 

 

Table 6: Average diameters, Vicker’s hardness, and modulus for the rehydrated 

(post-rehydration) samples. 

 Raw data of all the indentations and calculations can be seen in the 

Appendix section. The following graphs contain the Young’s Modulus results for 

each sample and area of the sample (anterior or posterior) pre-dehydration and 

post-rehydration.  
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Figure 25: Young’s modulus versus indentation position of sample 1 on the 

posterior area.  

 

Figure 26: Young’s modulus versus indentation position of sample 1 on the 

anterior area. 
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Figure 27: Young’s modulus versus indentation position of sample 2 on the 

posterior area. 

 

Figure 28: Young’s modulus versus indentation position of sample 2 on the 

anterior area. 
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Figure 29: Young’s modulus versus indentation position of sample 3 on the 

posterior area. 

 

Figure 30: Young’s modulus versus indentation position of sample 3 on the 

anterior area. 
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Figure 31: Young’s modulus versus indentation position of sample 4 on the 

anterior area. 

Figures 32 through 34 are bar graphs that were constructed based on the 

average Young’s modulus of pre-dehydrated and post-rehydrated bone. The error 

bars are based on standard deviation.  

  

Figure 32: Average Young’s modulus of anterior and posterior areas of 

Sample 1 pre-dehydration and post-rehydration. 
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Figure 33: Average Young’s modulus of anterior and posterior areas of 

Sample 2 pre-dehydration and post-rehydration. 

  

Figure 34: Average Young’s modulus of anterior and posterior areas of 

Sample 3 pre-dehydration and post-rehydration. 
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Figure 35: Average Young’s modulus of anterior and posterior areas of 

Sample 4 pre-dehydration and post-rehydration. 

 

Bone Sample Average Modulus (GPa) STDV 

Hydrated 19.05 3.10 

Rehydrated 20.77 3.68 

 

Table 7: Average modulus of all indentations for samples 1 through 4 for hydrated 

(pre-dehydrated) and rehydrated (post-rehydrated) bone samples. 
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Figure 36: Graph of average modulus of all indentations for samples 1 

through 4 for hydrated (pre-dehydrated) and rehydrated (post-rehydrated) bone 

samples with standard deviation error bars.  

 

 

Figure 37: Pearson correlation and statistical significance of a two-tailed t-

test. Significance is 0.051 and Pearson correlation = 0.235.  
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  Figure 38: Correlation between the modulus for hydrated and 

rehydrated samples with R2 value.  
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Chapter 4 

 

Discussion of Finite Element Analysis and Rehydration Study 

 

4.1 Finite Element Analysis Discussion 

 Chapter 2.4.1 shows the results of the static structural and transient 

structural analyses for the humerus model. The humerus model experiences a force 

on the distal end simulating a direct impact on the elbow. Because bone is weakest 

in shear, Tresca Failure Criteria method was used to analyze failure within bone 

after a load that was greater than the ultimate shear strength of bone. At a load of 

11,100 N in static structural, there was a maximum shear stress experienced by the 

bone was 62.581 MPa. Since Tresca stress is greater than the ultimate shear 

strength of bone (54 MPa), it is evident the bone experienced failure in shear. It can 

be seen in Figure 18 that the maximum force that accounts for the Tresca Failure 

Criteria, is on the medial diaphysis area.  

 For the transient structural analysis, a load of 14,500 N, the bone 

experienced a maximum shear stress of 58.436 MPa. Since the Tresca stress is 

greater than the ultimate shear strength of bone, it can be determined that the bone 

experienced failure. Figure 19 illustrates the maximum shear stress of the transient 

structural analysis of the humerus model. The highest stresses are on medial and 

lateral diaphysis area of the humerus.     

 For the humerus and plate model, the same forces used in the humerus 

model, were also used. Due to the titanium alloy plate, the shear forces that the 

humerus model experienced, the humerus-plate model did not experience those 

stresses. As seen in Figures 20 and Figure 21, the medial and lateral diaphysis area 

experiences a maximum shear stress of 23.133 MPa for the static structural analysis 
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and a maximum shear stress of 28.69 MPa for the transient structural analysis. 

Since these stresses are less than the ultimate shear strength of femur, that signifies 

that there was no failure in shear for the humerus. The titanium plate did not fail 

either as the ultimate shear strength of titanium alloy is 550 MPa and the Tresca 

stress for the plate was 208.02 MPa and 258.28 MPa for the static structural and 

transient structural analysis, respectively. This sub-study shows that if a patient 

with a fixation plate that is healing impacts their elbow again, the plate will prevent 

the injury from reoccurring.      

Comparing the shear forces experienced by the humerus to the humerus and 

plate model, the humerus and plate model in both static and transient structural 

analyses, add enough support to the humerus to prevent shear forces on the medial 

diaphysis due to impact on the distal end of the humerus.  

  From the analyses, the medial diaphysis area is of interest as an impact on 

the elbow would result in injury on the distal end of the humerus, not the diaphysis 

(Amir, Jannis, & Daniel, 2016). The stresses in Figure 18 denote that there is 

failure in the medial diaphysis area. This failure may not be a complete fracture, but 

rather it can be micro-fractures and should still be an area of interest for orthopedic 

doctors who have a patient with a distal humeral injury. Finding the weakest points 

of the humerus from an injury provides medical evidence that there are other areas 

to a distal humerus injury that require medical attention. This study then suggests 

evidence-based medicine. Evidence-based medicine “attempts to fill the chasm by 

helping doctors find the information that will ensure they can provide optimum 

management for their patients” (Davidoff, et. al. 1995).  

Noting that stresses are experienced in the diaphysis area, a single-column 

anatomic plate would be a better fit versus a reconstruction plate, as it extends from 

the upper diaphysis area to the distal end of the humerus (see Figures 39 and 40 for 

examples of the plates).  
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In conclusion, from the analyses, the hypothesis is not supported. The finite 

element analysis did not determine the fracture on the distal end of the bone, which 

is where the bone was expected to fracture, based on experimental results reported 

in the literature. Instead, shear failure in the medial and lateral diaphysis area was 

predicted. Small fractures or micro-fractures do occur in the diaphysis area due to 

humeral distal injuries, which is why single-column anatomic plates can be used for 

repair.       

 

Figure 39: Single-column anatomic plate for distal humerus injury. Image 

from Capo et. al. 2014.  
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Figure 40: Reconstruction plate for distal humeral injury. Image from 

Haung, et. al. 2004.  
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4.2 Rehydration of Bone Samples 

 Dehydration of bones is known to increase stiffness, tensile strength, and 

hardness, and decrease strain at fracture and energy at fracture (Nyman, et. al. 

2006). Restoring the mechanical properties post-dehydration of bone is of interest. 

Chapter 3.6 displays all the results of hydrated samples (pre-dehydration) and 

rehydrated samples (post-rehydration). Samples 1, 2, and 4 were transverse cut 1 

mm thick sections and Sample 3 was a sagittal cut section. Figures 25 through 31 

display the Young’s modulus of each sample area (posterior or anterior) per 

indentation for both hydrated and rehydrated samples. Figures 32 through 35 

display the comparison of average Young’s modulus per sample for hydrated and 

rehydrated samples with standard deviation error bars. Figure 36 and Table 7 

display the average Young’s modulus for all indentations for all the samples (70 

indentations total) for hydrated and rehydrated samples. Figure 36 displays a bar 

graph of the 2 averages with standard deviation error bars. The average Young’s 

Modulus for a hydrated (pre-dehydrated) sample is 19 ± 3 GPa. The average 

Young’s modulus for a rehydrated (post-rehydrated) sample is 21 ± 4 GPa.  

 A Pearson Correlation Coefficient is a number between -1 and 1 that 

denotes the extent in which two variables are linearly correlated. The Pearson 

Correlation Coefficient for the hydrated and rehydrated moduli was 0.235.  This 

number is closer to 0 than it is to 1, and a Pearson Correlation Coefficient of 0 

means the two variables do not have a linear relationship, whereas a Pearson 

Correlation Coefficient of 1 means the two variables are positively linear. This is 

also seen in Figure 38 as the slope of the trendline is 0.279.  

 In Figure 38, the R2 value of the correlation can be seen. The R2 value is a 

proportion of variance. In this study, since the R2 is used in a bivariate correlation, 

the R2 value is the square of the Pearson Correlation Coefficient (see equation 5).  
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√𝑅2 = 0.2345 = 𝑃𝑒𝑎𝑟𝑠𝑜𝑛 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑡                                            (5) 

Therefore, an R2 closer to 1 is also desirable.  

 In the statistical analysis, the statistical significance (P-value) of a two-

tailed t-test was 0.051 (See Figure 37). Since the P-value is greater than 0.05, then 

the results are not statistically significant.   

 In conclusion, the two statistical analyses determine that the comparison 

between the Young’s modulus for hydrated bone and rehydrated bone was not 

statically significant. Therefore, the hypothesis for this study was not supported; the 

mechanical properties of bone could not be restored after dehydration of the bone 

using a nebulizer.   
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Chapter 5 

 

Conclusion 

 

5.1 Finite Element Analysis Conclusion 

 Finite element analysis did not determine the fracture on the distal end of 

the bone, which is where the bone was expected to fracture. The analysis did 

however predict shear stresses on the medial and lateral diaphysis area of the 

humerus. The failure seen on the medial diaphysis of the humerus may not be a 

complete fracture, but instead a small fracture. It’s important to take these small 

fractures into account as an orthopedic doctor. When simulating a distal humerus 

impact with the fixation plate, the plate prevented the humerus from experiencing 

ultimate shear stress on the medial diaphysis area.  

 

5.1.1 Future Recommendations 

 The humerus model used in this work was a completely solid model. Using 

a humerus model with a medullary cavity may produce different results. 

Additionally, in the human body, the humerus is not fixed at the proximal end as it 

is in this simulation. The humerus touches the glenoid which also touches the 

shoulder. Creating these bodies and simulating a fall with these bodies may also 

provide different results. Creating the shoulder and the glenoid in addition to the 

humerus may cause error in contact points for these bodies. Another test in addition 

to this would be testing different types of plates and different types of materials for 

the plates. Additionally, when people fall in general, they tend to fall with arms at a 
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75° angle (Zapata 2015). A load at a 75° angle or different angles would also 

provide different results.  

 

5.2 Rehydration of Bone Samples Conclusion 

 The hypothesis for the rehydration study was not supported; using the 

nebulizer and PBS to rehydrate bone samples does not restore its mechanical 

properties. The two-tailed t-test concluded a P-value of 0.051 and a Pearson 

Correlation Coefficient of 0.235. Since the P-value is greater than 0.051, the 

correlation between the pre-dehydrated sample and post-rehydrated sample was not 

significant. Also, since the Pearson Correlation Coefficient was closer to 0 than to 

1, the Pearson Correlation Coefficient concluded there to be little correlation 

between the two variables.      

5.2.1 Future Recommendations 

 Since this study only considered samples rehydrated using the nebulizer, a 

future recommendation could be using another rehydration method (i.e. increasing 

concentrations with ethanol and PBS). Additionally, other bones can be used (i.e. 

dentin) to see whether other bones with different compositions have any statistical 

significance between pre-dehydrated and post-rehydrated bones. Testing with 

different size structures would also be beneficial. As seen in Figure 1, testing for 

statistical significance between pre-dehydrated and post-rehydrated bone samples 

would be beneficial to determine where water loss has the greatest impact on the 

mechanical properties of bone.   
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Appendix 

Transverse Cut Femur 2 sample 1 Posterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 47.32 43.88 44.65 16.65 

2 42.92 42.71 50.58 18.78 

3 48.21 47.01 40.91 15.30 

4 51.98 48.07 37.11 13.93 

5 40.62 42.8 53.33 19.77 

6 43.57 47.32 44.97 16.76 

7 49.09 46.36 40.74 15.24 

8 53.02 50.56 34.59 13.03 

9 51.17 42.36 42.78 15.97 

10 42.27 41.78 52.50 19.48 

Average  47.01 45.28 44.22 16.49 

STDV 4.42 2.97 6.33 2.28 

 

Table 8: Pre-dehydration measurements of the posterior side of a transverse cut 

sample (Sample 1). 

Transverse Cut Femur 2 sample 1 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 38.86 38.65 61.73 22.80 

2 41.93 41.28 53.57 19.86 

3 51.34 50.70 35.62 13.40 

4 52.3 50.18 35.33 13.29 

5 39.13 37.63 62.97 23.24 

6 38.53 38.60 62.34 23.02 

7 42.33 41.83 52.36 19.43 

8 39.54 36.34 64.53 23.81 

9 37.39 38.66 64.14 23.67 

10 41.12 39.06 57.73 21.36 

Average  42.24 41.29 55.03 20.39 

STDV 5.28 5.07 11.13 4.00 

 

Table 9: Pre-dehydration measurements of the anterior side of a transverse cut 

sample (Sample 1) 
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Transverse Cut Femur 2 sample 2 Posterior 

Indentation  D1 (μm) 
D2 
(μm) HV (kg/mm) E (GPa) 

1 42.46 40.31 54.17 20.08 

2 38.86 36.41 65.53 24.17 

3 40.72 37.08 61.41 22.68 

4 37.71 39.01 63.03 23.27 

5 38.8 38.85 61.51 22.72 

6 45.96 44.16 45.68 17.02 

7 45.8 43.19 46.87 17.45 

8 37.25 39.41 63.16 23.31 

9 39.24 44.20 53.46 19.82 

10 43.63 39.92 53.24 19.74 

Average  41.04 40.25 56.81 21.03 

STDV 3.23 2.76 7.08 2.55 

 

Table 10: Pre-dehydration measurements of the posterior side of a transverse cut 

sample (Sample 2) 

Transverse Cut Femur 2 sample 2 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 40.77 45.63 49.84 18.52 

2 38.17 42.91 56.61 20.95 

3 43.65 38.48 55.20 20.45 

4 36.24 46.06 55.55 20.57 

5 47.46 48.35 40.41 15.12 

6 41.09 48.68 46.35 17.26 

7 41.9 58.26 37.98 14.25 

8 35.86 41.64 62.09 22.93 

9 41.54 51.33 43.48 16.23 

10 42.54 41.4 52.65 19.53 

Average  40.92 46.27 50.02 18.58 

STDV 3.48 5.74 7.79 2.80 

 

Table 11: Pre-dehydration measurements of the anterior side of a transverse cut 

sample (Sample 2) 
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Sagittal Cut Femur 2 sample 3 Posterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

(end) 1 40.69 42.08 54.15 20.07 

(end) 2 46.85 44.78 44.20 16.49 

(end) 3 35.25 42.3 62.18 22.96 

(end) 4 41.93 39.37 56.17 20.80 

(end) 5 40.48 42.08 54.43 20.17 

(mid) 6 44.8 39.98 51.77 19.21 

(mid) 7 42.22 42.69 51.44 19.09 

(mid) 8 41.06 44.08 51.23 19.02 

(mid) 9 40.43 39.4 58.21 21.53 

(mid) 10 43.14 42.98 50.01 18.58 

Average  41.68 41.97 53.38 19.79 

STDV 3.06 1.86 4.91 1.76 

 

Table 12: Pre-dehydration measurements of the posterior side of a sagittal cut 

sample (Sample 3) 

Sagital Cut Femur 2 sample 3 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

(end) 1 48.63 45.41 41.99 15.69 

(end) 2 41.04 40.81 55.36 20.50 

(end) 3 41.52 38.82 57.53 21.28 

(end) 4 41.22 38.35 58.65 21.69 

(end) 5 41.3 44.74 50.18 18.64 

(mid) 6 34.99 35.86 73.90 27.18 

(mid) 7 42.29 42.11 52.07 19.32 

(mid) 8 41.51 40.59 55.03 20.39 

(mid) 9 41.86 43.79 50.58 18.78 

(mid) 10 40.82 45.56 49.86 18.52 

Average  41.518 41.60 54.51 20.20 

STDV 3.24 3.29 8.31 2.99 

 

Table 13: Pre-dehydration measurements of the anterior side of a sagittal cut 

sample (Sample 3) 
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Transverse Cut Femur 2 sample 4 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 48.21 55.52 34.64 13.05 

2 41.43 48.06 46.57 17.34 

3 46.68 52.37 37.93 14.23 

4 42.83 49.61 43.64 16.28 

5 45 44.9 45.89 17.10 

6 41.21 53.97 41.69 15.58 

7 43.88 43.93 48.10 17.89 

8 42.05 44.55 49.49 18.39 

9 43.93 37.82 55.81 20.67 

10 46.18 41.27 48.65 18.09 

Average  44.14 47.2 45.24 16.86 

STDV 2.35 5.72 6.08 2.18 

 

Table 14: Pre-dehydration measurements of the anterior side of a transverse cut 

sample (Sample 4) 

Transverse Cut Leg 2 sample 1 Posterior 

Indentation  D1 (μm) 
D2 
(μm) HV (kg/mm) E (GPa) 

1 38.75 37.94 63.07 23.28 

2 42.06 35.38 61.8 22.82 

3 40.05 39.19 58 21.46 

4 35.04 32.12 82.1 30.13 

5 42.1 44.38 49.6 18.43 

6 39.15 37.93 62.4 23.04 

7 44.72 43.37 47.8 17.78 

8 39.04 41.44 57.3 21.20 

9 37.53 53.84 45.4 16.92 

10 39.99 37.86 61.2 22.61 

Average 39.84 40.34 58.87 21.77 

STDV 2.67 5.96 10.41 3.75 

 

Table 15: Post-rehydration measurements of the posterior side of a transverse cut 

sample (Sample 1) 
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Transverse Cut Leg 2 sample 1 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) 
E 
(GPa) 

1 40.14 41.69 55.4 20.52 

2 44.55 41.48 50.1 18.61 

3 39.12 37.85 62.6 23.11 

4 43.44 43.44 49.99 18.57 

5 45.79 46.89 43.2 16.13 

6 40.95 42.35 53.4 19.80 

7 39.54 42.06 55.7 20.63 

8 34.53 33.28 80.7 29.63 

9 37.82 41.68 58.7 21.71 

10 41.65 43.49 51.2 19.01 

Average 40.75 41.42 56.10 20.77 

STDV 3.32 3.63 10.14 3.65 

 

Table 16: Post-rehydration measurements of the anterior side of a transverse cut 

sample (Sample 1) 

Transverse Cut Leg 2 sample 2 Posterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 41.6 40.26 55.3 20.48 

2 37.84 35.73 68.5 25.24 

3 43.44 39.67 53.7 19.91 

4 45.76 36.21 55.2 20.45 

5 41.32 35.96 62.1 22.93 

6 44.46 40.68 51.2 19.01 

7 41.17 36.23 61.9 22.86 

8 40.27 36.79 62.5 23.08 

9 39.98 36.88 62.8 23.18 

10 47.97 42.47 45.3 16.88 

Average 42.38 38.08 57.85 21.40 

STDV 3.02 2.43 6.88 2.47 

 

Table 17: Post-rehydration measurements of the posterior side of a transverse cut 

sample (Sample 2) 
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Transverse Cut Leg 2 sample 2 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) 
E 
(GPa) 

1 38.73 39.93 59.9 22.14 

2 36.99 40.09 62.4 23.04 

3 35.09 35.16 75.1 27.61 

4 36.41 40.76 62.3 23.00 

5 34.5 43.02 61.7 22.79 

6 50.49 44.22 41.3 15.44 

7 46.63 52.46 37.8 14.18 

8 43.56 42.89 49.6 18.43 

9 39.69 43.79 53.2 19.73 

10 33.12 38.58 72.1 26.53 

Average 39.52 42.09 57.54 21.29 

STDV 5.67 4.56 12.13 4.36 

 

Table 18: Post-rehydration measurements of the anterior side of a transverse cut 

sample (Sample 2) 

Sagital Cut Leg 2 sample 3 Posterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

(end) 1 39.94 41.27 56.2 20.81 

(end) 2 46.53 47.38 42.1 15.73 

(end) 3 43.38 41.93 51 18.94 

(end) 4 37.33 40.25 61.6 22.75 

(end) 5 42.28 40.15 54.6 20.23 

(mid) 6 49.84 48.12 38.6 14.47 

(mid) 7 42.16 45.80 47.9 17.82 

(mid) 8 40.35 39.74 57.8 21.38 

(mid) 9 40.27 38.2 60.2 22.25 

(mid) 10 37.40 38.07 65.1 24.01 

Average 41.94 42.09 53.51 19.843 

STDV 3.90 3.69 8.57 3.08 

 

Table 19: Post-rehydration measurements of the posterior side of a sagittal cut 

sample (Sample 3) 
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Sagittal Cut Leg 2 sample 3 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

(end) 1 40.43 40.73 52.1 19.33 

(end) 2 39.43 36.63 64.1 23.65 

(end) 3 38.42 41.87 57.5 21.28 

(end) 4 36.46 32.81 77.3 28.40 

(end) 5 42.54 36.3 59.7 22.07 

(mid) 6 39.78 44.74 51.9 19.26 

(mid) 7 39.91 38.29 60.6 22.39 

(mid) 8 35.15 35.02 75.3 27.68 

(mid) 9 39.27 34.92 67.3 24.80 

(mid) 10 44.22 41.07 51 18.94 

Average 39.56 38.23 61.68 22.78 

STDV 2.62 3.75 9.37 3.37 

 

Table 20: Post-rehydration measurements of the anterior side of a sagittal cut 

sample (Sample 3) 

Transverse Cut Leg 2 sample 4 Anterior 

Indentation  D1 (μm) D2 (μm) HV (kg/mm) E (GPa) 

1 43.08 50.8 42.1 15.73 

2 43.54 38.86 54.6 20.23 

3 51.45 53.4 33.7 12.71 

4 36.62 41.78 60.3 22.28 

5 47.02 48.1 41 15.3 

6 41.8 41.8 48.6 18.07 

7 54.8 51.02 33.1 12.49 

8 43.4 44.87 47.6 17.71 

9 46.33 38.33 51.7 19.19 

10 40.86 38.15 59.4 21.96 

Average 44.89 44.71 47.21 17.575 

STDV 5.26 5.76 9.67 3.48 

 

Table 21: Post-rehydration measurements of the anterior side of a transverse cut 

sample (Sample 4). 


