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SANTRAUKA 

 

Baigtinių elementų metodas plačiai taikomas klausos problemų tyrimuose: nustatant ir 

identifikuojant audinių savybes, apibūdinant klausos elementų elgesį tam tikromis sąlygomis ar 

pagerinant chirurginių intervencijų kokybę. Daugybė tyrėjų ir mokslininkų orientuojasi į klausos 

problemų šalinimo galimybių paiešką ar gilinasi į vidurinės ar vidinės ausies funkcionavimą  

Šiame baigiamajame darbe nustatinėjamos ausies priekalo mechaninės savybės. Šiam tikslui 

pasiekti atlikta mikrotomografijos rezultatų analizė, vibracinė analizė naudojantis pjezoelektrine 

sistema ir galiausiai sukurtas skaičiuojamasis baigtinių elementų modelis.  

Skirtingai nei kitų autorių skaitiniai tyrimai magistro baigiamojo projekto darbo  metu 

sudarytas skaitinis modelis įvertina ausies priekalo nehomogeniškumą. Sudarytas Baigtinių 

Elementų (BE) modelis su skirtingais tankiais ilgojoje bei trumpojoje kaulo ataugoje. Ilgosios ir 

trumposios ataugos nehomogeniškumas gali būti viena iš ausies priekalo kaulo nefunkcionavimo 

priežasčių, kuri tiesiogiai nepriklauso nuo kaulo sunykimo dydžio bei pažeisto kauliuko paviršiaus 

ploto.  

Eksperimentinėje darbo dalyje buvo nustatytas ausies priekalo tankis (atliekant svorio 

matavimus) bei vibracinė analizė skaitinio modelio validavimui. Naudojant sukurtąjį skaitinį modelį 

bei atvirkštinį BE modeliavimą galiausiai nustatytas ausies priekalo Jungo modulis.  
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SUMMARY 

 

The capabilities to apply the FEM in hearing research field are large: the identification of 

tissues properties, the definition of the behavior of hearing elements or even it could improve the 

clinical surgical intervention. Numerous researchers are focused on hearing improvement or 

understanding problems by working on middle ear or inner ear behavior.  

In this Final Project focused on mechanical properties identification of incus by using 

micro-CT scanning, performing vibrational analysis and finally the FE simulations.  

Contrarily to other researchers in this Final Project was supposed that incus bone to be 

non-homogeneous body and accordingly attributed different densities in long and short processes. 

The non-homogeneity of the long and short processes could be the reason why the incus bone 

behavior does not depend simply on degradation level and affected area size.  

From experimental study of incus bone performing mass measurements was estimated 

bone volume. Also, was performed modal analysis of numerical model for validation. Finally, using 

incus bone numerical model by inverse FE modelling, the Young Modulus was estimated.  
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INTRODUCTION 

 

One of the most important senses for human - is hearing. Hearing problems affect life 

quality and emotional state. All over the world more than 500 million people has hearing problems 

(1). 

The mechanism of hearing involves conduction of mechanical vibrations along the 

ossicular chain to the inner ear (2). The middle ear system with its smallest bones and articulations 

is responsible for catching noise energy and transforming it to perilymph pressure changes in the 

cochlea. Of the three ossicles from the middle ear, the incus was often reported in literature to be 

the most eroded bone and the more distant from the inflammation focus (3) (4). Also from ossicles’ 

surgery the surgeons observed that incus bone work does not depend on degradation level and 

affected area size. It can be assumed, that this is influenced by the incus bone microstructure.  

The aim of this Final Project is to perform experimental and numerical study of human 

incus bone and evaluate its microstructure and mechanical properties as an inverse problem 

combining eigenfrequency analysis and FE calculations. To achieve this goal is necessary to 

perform following tasks:  

1. Review and analyse Final Project aim related literature. 

2. Accomplish visual samples evaluation and mass measurements. 

3. Evaluate bone microstructure using results from incus bone µCTomography test. 

4. Perform frequency experiment using piezoelectric system. 

5. To create three-dimensional computational model and perform eigenfrequencies 

analysis.  

The problem mentioned above is relevant, because well knowing incus bone mechanical 

properties and microstructure would be easier to adapt and to create middle ear bone implants and 

reconstruct human hearing system.  
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1. PROBLEM ANALYSIS 

 

1.1. HUMAN HEARING SYSTEM 

 

Human ear is the hearing and balance organ. It is divided in to three parts – outer ear, 

middle ear and inner ear (Fig. 1.1). Outer ear and the middle ear are associated only with the audio 

sensing, and in the inner ear sound and balance receptors are located (5). 

 

 

 

Fig. 1.1 Human hearing system (6) 

 

Outer ear (lat. Auris externa) consists of pinna and the auditory canal. It gathers sound 

energy and focuses it on the eardrum (tympanic membrane). 

Middle ear (lat. Auris media) consists of tympanic cavity, three tiny bones known as 

ossicles and auditory tube. The primary function of the middle ear is to offset the decrease in 

acoustic energy that would occur if the low impedance ear canal air directly contacted the high-

impedance cochlear fluid (7).  

Inner ear (lat. Auris interna) consists of cochlea, the balance mechanism, the vestibular and 

the auditory nerve.  
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Human receptors distinguish sound of air vibrations with, in a frequency range 20 – 20000 

Hz (5). Sound waves vibrate the eardrum. Ossicles, which are attached to the eardrum, strengthen 

sound waves and transmit the vibrations to the membrane of the vestibular nerve. Then in the 

cochlea sound waves are converted to nervous impulses which via auditory nerve, are transmit to 

the brain. 

 

1.2. OSSICLES 

 

As it was mentioned above, middle ear includes three bones (lat. Ossicula auditus) – 

hammer (lat. Malleus), anvil (lat. Incus) and stirrup (lat. Stapes) (Fig.1.2). They are the smallest 

bones in the human body (5). The ossicular chain connects the tympanic membrane and the inner 

ear, and plays an important role in amplifying and regulating sound waves (8) 

 

 

Fig.1.2 Ossicles (5) 

 

The hammer articulates with the incus through the incudomalleolar joint and is attached to 

the tympanic membrane, from which vibrational sound pressure motion is passed. The anvil bone 

consists of body and short and long processes. Long process is connected with stirrup. Stirrup bone 

consists of head, anterior crus, posterior crus and a base. Stirrup head makes joint with anvil and a 

base covers the oval window (5). In doing so the spatial motion of the ossicular chain appears as the 

one of main causes of the hearing quality (9). 
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1.3.  HEARING DISEASES 

 

Ear inflammation and other ear diseases are common problems that affect people's ability 

to hear. There are estimated 27 million people in China with hearing loss. Worldwide, the number is 

estimated to be more than 500 million (1). The degree of ossicular chain deterioration or damage in 

humans, as a result of inflammatory disease, trauma or malformation, is variable (10). Hearing loss 

can be caused by many different reasons, some of which can be successfully treated with medicine 

or surgery, depending on the disease process. There are three different types of hearing loss (11):  

1. Conductive hearing loss - when hearing deficit is due to problems with the ear canal, 

ear drum, or middle ear and its little bones (the malleus, incus, and stapes). 

2. Sensorineural hearing loss (SNHL) - when hearing deficiency is due to problems of 

the inner ear, also known as nerve-related hearing loss. 

3. Mixed hearing loss - refers to a combination of conductive and sensorineural hearing 

loss. This means that there may be damage in the outer or middle ear and in the inner ear (cochlea) 

or auditory nerve. 

Hearing deterioration can occur for a variety of reasons such as high noise level (eg. 

fireworks, constant work in noisy environments, loud music, etc.), head trauma, autoimmune inner 

ear disease, various medicines using, after infectious diseases such as influenza, meningitis, 

hepatiti) (12). 

 

 

 

Fig.1.3 Incus bone; image from the micro scanner survey: a – non-inflammatory incus; b – 

inflammatory incus (4) 

 

Group of French scientists did a research, and found that damaged incus bone structure is 

changed (4). They compared 15 healthy bones with 13 damaged ones. To identify the bone 

structure, they used µCTomograph. It was found that incus bone is cortical in nature with a cavity in 

http://www.sciencedirect.com/science/article/pii/S875632821400461X#gr1
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its middle part. The comparison of the healthy and damaged bones showed that damaged bones are 

characterized by strong degradation level and increase of porosity (Fig. 1.3)  

Borgstein et al (13) highlighted, that the problem of erosion of the incus is a frequently 

observed, but rarely discussed problem. Park (14) also examined the problems of the long process 

of incus but caused by congenital origin. Finally, Yung (15) summarised ossicular damage in the 

patients with atelectasis and found that for 72% of cases in posterior retraction pocket only incus 

was eroded. 

It is hypothesised that the function of the malleus-incus-stapes arrangement is to link the 

drum to the oval window with the flexibility required for impedance matching but the rigidity to 

prevent unconstrainable resonances from occurring in the hearing range (2). If it is true, then the 

structural stiffness of ossicular chain is the critical design for middle-ear replacement prostheses.  

Nevertheless, the substituting materials should fit according to the material characteristics; 

the geometrical requirements are also important. Kaftan et al (10) accentuate that the most difficult 

situation is to evaluate the length of prosthesis. For this kind of problems, and others, the finite 

element method (FEM) has distinct advantages in modelling complex biological systems when 

compared to other techniques (16). Even, as reported in (17) it could improve the clinical surgical 

intervention. 

Consecutively to ossicles’ surgery the surgeons observed that incus bone work does not 

depend on degradation level and affected area size. They observed that sometimes damaged bone 

part is large but it does not affect bone work in whole hearing system; and opposite – the bone 

degradation level can be low but the ossicles not functioning. Also, it is important to mention, that 

there is no method how to identify bone degradation level before surgery – surgeons evaluate 

osccicles condition and decide necessity to change them only after ear opening.  

From these observations, a hypothesis could be made that this phenomenon is affected by 

the bone microstructure, segmentation and porosity. Also, it can be supposed that location of the 

focus of infection also affects bone strength and its ability to transmit vibrations. To confirm or to 

deny this hypothesis was decided to perform experimental and numerical study of Incus.  
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2. EXPERIMENTAL STUDY OF INCUS  

 

Firstly, a study of the middle ear bone incus microstructure and mechanical properties was 

undertaken. An example of the study object is shown in Figure 2.1. Dimensions (L x W x H) of the 

sample is 4.564 x 4.247 x 5.641 mm. To identify bone microstructure µCTomograph was used, to 

evaluate bone porosity, and to identify bone type – cortical (compact) or trabecular (porous). To 

identify real value of incus bone Young’s Modulus was performed frequency analysis using 

piezoelectric system.  

 

 

 

Fig.2.1 Study object 

 

Four incus bones were prepared for this study. Each incus bone was removed due to 

surgical treatment. Also, each sample was coded to 1M, 1V, 18ZV and 1VS (Fig.2.2) for the 

privacy of patients.  

 

 

 

Fig.2.2 Study objects: a) Incus bone samples in formaldehyde; b) Incus bone sample in dry box 

a) b) 
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Table 2.1 Bone samples 

Sample name Gender Age, years 

1M Female 63 

1V Male 15 

18ZV Male 18 

1VS Male 13 

 

Three of the samples – 1V, 1M, 18ZV – were kept in recipients containing fluid 

(formaldehyde) and one – 1VS – was kept in box without liquid. All incuses were obtained from 

four patients – three male (age range: 13 – 18 years) and one female (age: 63 years) (Table 2.1). 

 

2.1. SAMPLE PREPARATION 

 

All four samples were kept in refrigerator in about +5o C temperature. Samples were taken 

of the refrigerator only for experiments and after tests put back to it. 

After removing them of refrigerator, samples kept in formaldehyde were taken from 

solution and put on the paper towel to dry (Fig.2.3).  

 

    

 

Fig.2.3 Samples 1M, 1V, 18ZV, DRY (1VS) before visual inspection and residual soft tissue removal 

 

After 30 minutes using optical microscope ZEISS® with magnification of 20 (Fig. 2.4), all 

samples were visually inspected to identify their condition. During visual inspection all post-

surgery residual soft tissues were removed using tweezers.  
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Fig.2.4 Microscope used for visual inspection 

 

After visual inspection, it was found that the most infection damaged and the sickliest 

incus was the sample 18ZV. As we can see in Fig. 2.5, the infection damaged the very large part of 

the incus body, but the external aspect of short and long processes seemed to be healthy. 

 

 

 

Fig.2.5 Incus bone – sample 18ZV image when viewed through a microscope (x20) 

 

1VS sample was identified as the second most damaged one. As we can see in Fig. 2.6, 

sample infection damaged mainly incus body and malleus-joint surface.  
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Fig.2.6 Incus bone – sample 1VS image when viewed through a microscope (x20) 

 

The third by the level of damage is the 1V sample. It is clearly visible in Fig. 2.7, that in 

this case infection damaged short and long processes and a small part of the body external surface.  

 

 

 

Fig.2.7 Incus bone – sample 1V image when viewed through a microscope (x20) 
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Finally, as it can be observed in Fig.2.8, it was found that the less damaged is the 1M 

sample.  

 

 

 

Fig.2.8 Incus bone – sample 1M image when viewed through a microscope (x20) 

 

The picture above shows that 1M sample has a small groove in the short process. The 

origin of this groove is unclear, but it was established that this groove is not a result of bone 

pathology and was not caused during surgery. Some damages can be observed in the long process 

of this sample, but these alterations are small comparing with other samples.  

 

2.2. SAMPLES MASS MEASUREMENT 

 

After visual inspection with optical microscope, all samples were left to dry at room 

temperature and controlled humidity. Their mass was measured immediately after the microscopy 

(t=0 h) then 3 and 8 hours later. For each sequence, the measurements were repeated three times in 

a row. The high precision balance SARTORIUS CPA225D was used to perform these mass 

evaluations. The precision d of this balance is d = 0.01 mg for m < 100 g and d = 0.1 mg for                     

100 < m < 220 g (Fig. 2.9). 
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Fig.2.9 Balance SARTORIUS CPA225D used for mass evaluations 

 

The measurement results for samples 18ZV, 1V and the 1VS are summarized in Table 2.2, 

Table 2.3, and Table 2.4. Figure 2.10 illustrates their average mass evolution as a function of time. 

 

Table 2.2 Sample 1VS mass measurement 

Sample: 1VS 

Time, h Mass (I), g Mass (II), g Mass (III), g Average, g 

0 0.01574 0.01574 0.01574 0.01574 

3 0.01587 0.01588 0.01592 0.01589 

8 0.01576 0.01581 0.01582 0.01580 

 

Table 2.3 Sample 18ZV mass measurement 

Sample: 18ZV 

Time, h Mass (I), g Mass (II), g Mass (III), g Average, g 

0 0.01519 0.01519 0.01519 0.01519 

3 0.01536 0.01532 0.01538 0.01535 

8 0.01524 0.01526 0.01527 0.01526 

 

Table 2.4 Sample 1V mass measurement 

Sample: 1V 

Time, h Mass (I), g Mass (II), g Mass (III), g Average, g 

0 0.01296 0.01296 0.01296 0.01296 

3 0.01348 0.01346 0.0135 0.01348 

8 0.01334 0.01333 0.01332 0.01333 
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Fig.2.10 1VS, 18ZV and 1V samples average mass change as a function of time 

 

The tendency of minor mass increase was observed during 3 hours, especially for the 

sample 1V, followed by its slow decrease. However, this mass variations are only about 0.05 – 0.1% 

for each sample. 

It may be concluded that mass changes are probably due to the ambient humidity variations 

and cannot be associated with the formaldehyde evaporation or loss because similar behaviour was 

observed for dry and humid bone samples. 

The same mass measurement experiment was done with 1M incus. All measurement 

results are presented in Table 2.5.  

 

Table 2.5 Sample 1M mass measurement 

Sample: 1M 

Time, h Mass (I), g Mass (II), g Mass (III), g Average, g 

0 0.02901 0.02901 0.02901 0.02901 

3 0.02897 0.02905 0.02900 0.02901 

19 0.02871 0.02873 0.02879 0.02874 

26 0.02876 0.02875 0.02876 0.02876 

93 0.0288 0.02881 0.02883 0.02881 

98 0.02878 0.02881 0.02883 0.02881 
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As for other samples, samples mass was measured immediately after removal from the 

refrigerator and from formaldehyde solution. However, five supplementary measurements were 

made after 3, 19, 26, 93 and 98 hours. All results are plotted in Figure 2.11. 

 

 

 

Fig.2.11 Sample 1M average mass change as a function of time 

 

The results indicate that the mass variation for sample 1M is about 0.2 %. From the line-

chart we can see that the sample mass has no clear tendency to increase or to decrease during 98 

hours period. It could be said, that the mass changes are mainly due to the moisture changes in the 

atmosphere. 

It can be concluded, that keeping samples in the formaldehyde liquid does not affect their 

mass. It could mean that incus bones are more cortical than trabecular.  
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2.3. EVALUATION OF INCUS MICROSTRUCTURE 

 

To evaluate the volume and microstructure of prepared samples µCTomography analysis 

was made.  

To identify and evaluate the level of bone porosity, bone segmentation also to identify 

Incus bone type – cortical or trabecular tomography test was used. The µCTomography analysis 

was made for all four samples.  

Before tomography test each sample was glued to the plastic rod which works as a support 

during scanning. Also, a small aluminium particle was glued to this support to scale the Hounsfield 

number. The X-ray measurements were performed using "nanotom180N" device produced by GE 

Sensing & Inspection Technologies phoenix X-ray Gmbh. During   the   measurement   the tungsten 

target was used. The working parameters of X-ray tube were V=60kV and I=310µA. 1500 

projections were taken with an exposure time of 500 milliseconds with 4 integrations for each 

exposition. The total time of measurement was around 60 min. The reconstruction of measured 

objects was done with the aid of proprietary GE software datosX ver. 2.1.0 with use of Feldkamp 

algorithm for cone beam X-ray CT (18). To get the most accurate results 3.5 µm resolution was 

selected. It means that 1 pixel is equal to 3.5 µm.  

The tomography analysis results showed that porosity in incus bone is variable in each 

part. In the figures below (Fig.2.12, Fig.2.13, Fig.2.14 and Fig.2.15) is clearly visible that the 

largest concentration of porosity is in the body. The long and short processes are also porous but the 

porosity is much lower than in the body.  

Also, the tomography results showed that the porosity level of each sample is different. It 

was noticed after tests that 18ZV is the most porous sample and the less porous – 1M specimen.  
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Fig. 2.12 Porosity of sample 1V 

 

 

 

Fig. 2.13 Porosity of sample 18ZV 

Porosity channel 

Bone tissue  

Porosity channel 

Bone tissue  
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Fig. 2.14 Porosity of sample 1VS 

 

 

 

Fig. 2.15 Porosity of sample 1M 

 

  

Porosity channel 

Bone tissue  

Porosity channel 

Bone tissue  
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After scanning, from the obtained results, using image processing software Fiji®, the 

volume of each sample was calculated.  

Firstly, from all scanned slides were eliminated slides including aluminium particle and 

support (Fig. 2.16). After, binaries data was prepared consisting only of white and black pixels (Fig. 

2.17). 

 

 

 

Fig. 2.16 Elimination of slides with aluminium particle 

 

 

 

Fig. 2.17 Prepared binaries data 
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Fig. 2.18 Selection of threshold value 

 

Finally, set threshold values (Fig. 2.18) where set enabling the calculation of volumes of 

samples. The obtained volume values are presented in Table 2.6.  

 

Table 2.6 Volume values of each sample 

Sample Bone volume, mm3 Mass, g Density, g/cm3   

1V 15.553 0.01333 0.857 

18ZV 13.364 0.01526 1.142 

1VS 9.796 0.01580 1.613 

1M (without pores)  14.163 0.02881 2.034 

1M (with pores) 13.240 0.02881 2.176 

 

For sample 1M volume was calculated twice: firstly, using scan results as for the others 

samples, and later for the same model but with manually eliminated porosity. These calculated 

volume results will be compared with the finite element model volume value.  
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Knowing, from the measurements presented above the mass of each sample, was 

performed density (ρ) calculations using formula [1]:  

 

ρ = 
𝑚

𝑉
 [1] 

 

here:  

m – sample mass 

V – bone volume.  

 

The results of density calculations are presented in Table 3.3.1. As it can be seen, density 

of samples used for analysis varies in range of 0.857 g/cm3 (1V sample) to 2.176 g/cm3 (1M 

sample). These apparent density variations show that the microstructure of all four samples is not 

the same.  

It can be concluded, that thanks to the tomography analysis results it was identified 

complex microstructure of all samples and calculated their volumes and densities. It was founded, 

that the microstructure of all four samples is damaged and alternated. These microstructure changes 

decrease the apparent density of the bone.  

Various experimental methods can be used to identify the mechanical properties of 

materials or tissues. The classical mechanical tests such as traction, compression or twisting are 

frequently used to characterize the properties of materials such as metals or polymers. However, 

they require the sufficient amount of matter to machine the standard samples. Moreover, they 

belong to the so-called destructive tests. Recently, nano-indentation has been recognized as a 

powerful method to estimate local values of Young's modulus of the materials (19). As the classical 

tests mentioned above, this method leads to a local deterioration of the tested material. On the other 

hand, ultrasonic methods based on the measurement of sound waves' celerity provide convenient 

way to characterize the elastic properties of materials and tissues in non-destructive manner. Indeed, 

the size of the ossicles is too small to use the classical ultrasonic apparatus. Consequently, it was 

decided to extract the average bone properties by invers method based on the eigenvalues 

measurement and calculation. To this end the finite element model of 1M sample was built. 
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2.4. FREQUENCY EXPERIMENT  

 

To find real value of Incus bone Young’s Modulus was decided to make a frequency 

analysis using piezoelectric system.  

Figure 2.19 shows the place and equipment of experiment. For this analysis was used 

OPTIKA® TC B5 camera with resolution of 5 Mpixels. Also, was used TOE7404 function generator 

with frequency range from 0.5 Hz to 5 MHz. Commercial piezo actuator which the precise 

properties of are unknown. A laptop computer was used to monitor motions of sample.  

 

 

 

Fig. 2.19 Frequency experiment 

 

Firstly, the 1M and 1VS samples were glued in the centre of the piezoelectric plate (Fig. 

2.20). As a fixation point was chosen malleus-joint surface. Samples were left completely to dry the 

glue for a few minutes. After, using function generator manually, the vibration frequency value was 

increased slowly from 0 to 30 000 Hz to follow body motions. 
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Fig. 2.20 Samples glued on piezoelectric plate 

 

To better to see the body motions and to easily identify frequency range for each mode, 

camera was zoomed only to the end of long process (Fig. 2.21). The registered frequency values are 

summarised in Table 2.7.  

 

 

 

 

 

               

 

Fig. 2.21 Zoomed long process of 1M sample 

 

Table 2.7 Registered frequency values 

1VS Sample 1M Sample 

18.93 kHz 14.18 kHz 

19.96 kHz 20.67 kHz 

38.81 kHz 30.00 kHz 
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As it could be seen from the table above, we obtained only three eigenvalues for each 

sample. The main reason is because that the piezoelectric plate which we used for this analysis was 

not powerful enough. Also, it is important to mention, that all results was registered only from the 

view inspection and only in one direction. It means that these values are just approximate.  
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3. NUMERICAL STUDY OF INCUS 

 

3.1. COMPOSITION OF FINITE ELEMENT MODEL OF INCUS 

 

After the visual exams was decided to simulate the dynamic behaviour of 1M sample. This 

sample was chosen because it has the best quality and is closest to the healthy incus bone. It was 

decided to create two different three-dimensional (3D) models: one as original damaged 1M sample 

and other – as non-inflammatory (“healthy”) bone.  

Using the tomography analysis results was created three-dimensional surface bone model. 

In Figure 3.1 can be seen that converting data to .stl file causes apparition of numerical artefacts on 

model such as superimposed triangles and missing parts of surfaces.  

 

 

 

Fig.3.1 Incus bone three-dimensional surface model 

 

Figure 3.2 shows the most affected part of this bone. As can be seen the long process bone 

tissue is significantly damaged. 
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Fig.3.2 Damaged long process tissue 

 

Altair HyperMesh® v 11.0 Software was used to close all surface holes and to make the 

model smooth. The cleaned and repaired 3D bone model is shown in Figure 3.3. 

 

 

 

Fig.3.3 Smoothed and repaired 3D bone model 

 

Also, using the same .stl file was created non-inflammatory (“Healthy”) three-dimensional 

bone model. It was done by closing surface holes, fixing groove in a short process, repairing 

damages in long process, and smoothing the whole external surface of the sample. Three different 

views of “healthy” bone are shown in Figure 3.4.  

 

 



33 
 

 

   

 

Fig.3.4 Non-inflammatory incus bone 3D model 

 

For both surface models, 2D meshes were firstly created and in the second step 3D meshes 

were generated (Fig. 3.5). For 2D triangular meshing a mean element size was set to 0.06 mm. The 

3D meshing was based on 2D ones and led to 102 915 elements for original 1M sample, and         

106 213 elements for “Healthy” one. The grids obtained are illustrated in Fig. 3.5. 

 

 

 

Fig. 3.5 Incus bone 3D mesh: a) Original 1M sample; b) non-inflammatory bone  

 

To verify the convergence of performed results two types of tetrahedral elements were 

used. For both models, by changed element class, linear and quadratic versions were prepared. That 

means that for in the case of linear element type “Quad (4)” class was chosen which consist of 

b) a) 
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elements with 4 nodes (Fig.3.6 a)). For quadratic element type the class was changed to “Tetra 

(10)” class for which each element is defined by 10 nodes (Fig.3.6 b)). 

 

                   

 

Fig.3.6 3D model: a) linear (4 nodes) element type; b) quadratic (10 nodes) element type 

 

Finally, 4 different models – two with linear type of elements (one original model and one 

“healthy”) and two with quadratic type of elements (one original model and one “healthy”) – for 

dynamic behaviour calculations were prepared. In the Table 3.1 is presented how many nodes and 

elements on all occasions were created. 

 

Table 3.1 Number of elements and nodes for each model 

Model name Number of elements 

Nodes 

Linear (4 nodes) el. 

type 

Quadratic (10 nodes) 

el. type 

Original 1M sample 102 915 22 311 157 226 

„Healthy“  106 213 22 935 161 909 

 

When the meshes were created, both 3D models were exported to MSC Marc Mentat® v 

2013.1.0 Software. Firstly, for both 3D mesh models, the elastic, linear and isotropic material was 

associated. The material mechanical properties were chosen with reference to literature (20). We 

have chosen the value of 1.41 x 1010 (N/m2) for its Young’s Modulus and 0.28 as the Poisson’s 

ratio.  

As we found in literature (1) and (16), but also as a results of performed tomography 

analysis, the porosity or internal architecture of bone is not homogeneous and differs from part to 

part of the bone. Consequently, the density of the incus is not the same in the different parts also. It 

 

 

 

 

a) b) 



35 
 

means that the bone has different mechanical properties in every part. For this reason, as can be 

seen in Fig. 3.7, both models were divided in three parts – body (in pink), short process (SP – in 

yellow) and long process (LP – in red).  

 

 

 

Fig.3.7 1M sample 3D mesh model divided in three sections: body, long process (LP) and short 

process (SP) 

 

To estimate the natural frequencies of the sample, the boundary conditions should be 

chosen to eliminate the rigid body motion with minimal constraining of the structure.  

 

 

Fig.3.8 Finite element model with boundary conditions 
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Consequently, it was decided for both models to fix 3 neighbouring nodes in X, Y, Z 

directions on malleus-joint surface (Fig. 3.8). To create the same boundary conditions for both 

models the fixed nodes were selected, as much as it was possible in the same place. 

 

3.2. CONVERGENCE ANALYSIS 

 

As a first verification, the volumes of both original and “healthy” models were calculated 

using the MSC Marc® Software. The results showed that for original 1M sample model the volume 

is equal to 14.220 mm3 and for “healthy” model V = 14.295 mm3. To compare these results with the 

results from tomography analysis (where 1M with pores V = 13.240 mm3) can be seen that volume 

value for 1M 3D model is bigger than calculated with Fiji® Software. Comparing the same finite 

elements model volume value with 1M sample without porosity (V = 14.163 mm3) it was noticed, 

that the difference is only 0.132 mm4 i.e. less than 0.9 %. Because the volume differences between 

finite elements model and 1M-sample without pores is very small, it could mean, that created 3D 

model of the original 1M-sample is sufficiently precise.  

For all calculations was used MSC Marc® Software. To verify the reliability and the 

convergence of obtained results, the calculations were repeated five times for each bone geometry 

of 1M-sample. Indeed, MSC Marc® provides five types of tetrahedral elements – two linear and 

three quadratic ones. In the case of linear tetrahedron, it proposes the classical technology (element 

type n° 134) and Hermann formulation (element type n° 157). For the quadratic elements, there is a 

choice to choose among the classical technology (element type n° 127), the Hermann formulation 

(element type n° 130) and “Assumed strain” (element type n° 184). Ten eigenvalues were extracted 

for each case. 

The results from linear element type dynamic calculations are presented in Table 3.2 those 

corresponding to the quadratic element type dynamic calculations are gathered in Table 3.3. 

In all cases three first eigenvalues correspond to the rigid body rotations around the fixed 

nodes. They are not analysed below. Generally, was observed that the eigenvalues of the “healthy” 

model are lower than those of the initial or infected bone. This is because “healthy” model has more 

bone tissue in the long process. 

However, exception is made for the modes nine and ten. As it can be seen in Appendix 1, 

this is due to the fact that the corresponding eigenvectors are different for both bones. 

For the Young's modulus chosen and without taking into account the sample porosity, all 

significant eigenfrequencies are higher than 20 kHz, the threshold frequency of the human ear. 

Also, significant differences were found between classical and Hermann formulations. For both 

models, the frequencies are higher in the case of 134-element type than for Hermann formulation. 
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For instance, this difference is of about 1.5 % in the case of mode 4 of initial geometry. This 

discrepancy shows that, in spite of relatively small element size (0.06 mm), the grid with linear 

classical elements is too stiff. 

 

Table 3.2 Model with linear element type dynamic behaviour 

Linear (4 

nodes) el. 

type 

Original 1M sample “Healthy” bone model 

Full 

Integration 

(134) 

  

Full 

Integration & 

Herman 

Formulation 

(157) 

  

 

The situation is similar for the quadratic grids (see Table 3.3). Main difference between 

these two tables concerns the significant decrease of eigenvalues obtained with quadratic elements. 

Indeed, for instance in the case of mode 4 and classical formulations, the eigenvalues are of 38.346 

kHz and 28.427 kHz, respectively for linear and quadratic elements. It represents nearly 35% of 

difference. The softest response of the model was obtained for full integration & “assumed strain” 

technology (element n° 184). However, the difference between the results of classical and assumed 

strain formulations is less than 1.6%. Consequently, the all remaining calculations and invers 

method were done using quadratic elements with “assumed strain” technology. 
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Table 3.3 Model with quadratic element type dynamic behaviour 

Quadratic 

(10 nodes) 

el. type 

Original 1M sample “Healthy” bone model 

Full 

Integration 

(127) 

  

Full 

Integration & 

Herman 

Formulation 

(130) 

  

Full 

Integration & 

Assumed 

Strain (184) 

  

 

The last test concerns the analysis of the influence of Poisons ratio or material 

compressibility on the eigenvalues. The simulations were done with three values of the Poison’s 

ratio, namely 0.28 to 0.30 and 0.40. All results are presented in Table 3.4 and plotted in Figure 3.9. 

From the results could be said that increasing Poison’s ratio results in increase of eigenfrequencies. 

However, it could be concluded that because differences between results with different Poisson’s 

ratio is slight, the initial value of this constant is retained for the invers method of elastic modulus 

identification.  
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Table 3.4 1M-sample frequencies with different Poison’s Ratio 

Modes 
Frequencies (Hz), when Poison’s ratio: 

0.28 0.30 0.40 

1 435.069 436.093 447.693 

2 771.88 773.168 792.621 

3 1116.9 1115.74 1126.45 

4 27882.6 27934.9 28575.8 

5 35153.5 35159.4 35568.2 

6 44818.7 44786.6 45131.7 

7 48153.4 48132.9 48195.5 

8 59350.6 59415.3 59818.9 

9 66526.4 66522.2 66592 

10 93116.4 92821.3 91484.4 

 

 

Fig.3.9 1M-sample frequencies with different Poison’s Ratio 
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3.3. DISPLACEMENT ANALYSIS  

 

To better understand body behaviour during vibrations, displacements fields were 

calculated. All displacement maps are shown in Appendix II.  

In the figures of Appendix II. I are shown displacements for finite element models with 

linear type of elements and in the Appendix II.II – displacements for models with quadratic type of 

elements. From the figures, can be seen, that in 1 – 3 modes original 1M sample and “healthy” bone 

perform body rigid rotations. Comparing 4th mode of both models can be seen that long process 

perform bending motion around X-axis. In the Figure 3.10 of 5th mode shows that the long process 

also performs motion around X-axis, but in the opposite direction than in the 4th mode. The colour 

map shows that the highest displacement values were obtained in body and in the short process 

parts.  

 

 
 

 

Fig.3.10 Long process motions around X-axis: a) 4th mode; b) 5th mode 

 

In the 6th mode models perform bending motions along Z-axis. Also in this mode for 

models with quadratic type of elements can be seen short process motions around Y-axis. In the 7th 

mode for models with linear type of elements, are performed motions around Y-axis, but in the 

same mode, for models with quadratic type of elements is showed, that long process is moving 

around X-axis, but in the opposite directions for “healthy” and for original 1M models. 

 

a) b) 
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 Fig.3.11 Long process motions around Z-axis: a) Original 1M sample; b) “Healthy” bone model 

 

In the Figure 3.11 of 8th mode long process of the models performed motions around Z-

axis, but as it is shown in the figures, in the opposite directions for the original 1M and the 

“healthy” model. In the 8, 9 and 10 modes motion direction differences between original and 

“healthy” models are represented. These differences could perform because the “healthy” bone 

model is stiffer in its long process.  

To conclude, it could be said, that from the frequency calculations results can be taken into 

account only from the 4th to 7th modes. Because first three values perform rigid body rotations, and 

the last three – have the different motion directions because model thickness differences in long 

process. 

  

a) 

b) 
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3.4. YOUNG’S MODULUS IDENTIFICATION  

 

To identify sample material properties was decided to identify Young’s modulus using 

results from vibration test.  

1M-sample model with quadratic element type (element type n° 184) was used for Young’s 

modulus identification. 10 calculations were done, shown in Table 3.5, by changing these properties 

to fit the experimentally determined eigenfrequencies.  

 

Table 3.5 Young’s modulus identification 

Young’s 

Modulus, 

N/m2 

Frequency, Hz 

Young’s 

Modulus, 

N/m2 

Frequency, Hz 

1.41 x 1010  

 

1.3 x 1010 

 

1.1 x 1010 

 

1 x 1010 

 

9 x 109  

 

7 x 109 
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6 x 109  

 

5.5 x 109 

 

5 x 109  

 

4.5 x 109 

 

 

The resulting eigenfrequencies showed that the Young’s Modulus equal to 4.5 x 109 

(N/m2) provided the response closest to the experimentally obtain eigenvalues. Also, it should be 

mentioned that calculations were made using bone model in which porosity is not included.  

We also tried to take into account the sample inhomogeneity. Basing on literature [(1), 

(16)] and (21) we have set the density of the long process of 1M-sample to 5.08 x 103 kg/m3 .The 

simulations were repeated for two values of Young’ modulus, namely 4.5 x 109 and 6 x 109 N/m2. 

The obtained results are presented in Table 3.6.  

 

Table 3.6 Frequency, when the density of long process is 5.08 x 103 kg/m3 

Young’s 

Modulus, N/m2 
4.5 x 109 6 x 109 

Results 
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Comparing results from Table 3.5 with results from Table 3.6 it was noticed that when the 

density of 1M-sample is not homogeneous the frequency values obtained for E=4.5 x 109 N/m2 are 

lower than experimental ones. Consequently, this enabled us to increase this modulus to E=6x109 

N/m2 to fit better the experimental values. 
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CONCLUSIONS 

 

1. In order to identify Incus bone microstructure and mechanical properties, firstly, visual 

analysis was made for four samples. This inspection allowed to establish the most damaged and the 

healthiest sample. Also, the mass of all samples was measured and identified that mass varies in 

range of 0.01333 – 0.02881 g. It was noticed that mass changes appeared because of the ambient 

humidity variation, but not because of bone water contents.  

2. After tomography result analysis it was identified that microstructure and porosity of 

bone are not homogeneous and differ from part to part of the bone. It could be said, that bone 

samples used for experiments are more porous than typical cortical bone. Also, it was found that 

that microstructure of samples used for research is very different because samples density varies in 

range from 0.857 g/cm3 to 2.176 g/cm3.  

3. To find real value of the average incus bone Young’s Modulus the modal analysis using 

piezoelectric exciter was performed. Two different incus samples were tested and 3 modes were 

found in the range of 14.18 kHz - 38.81 kHz.  

4. From tomography results 3D Finite Element models were created: real incus and healthy 

(the infected part was remodelled) one. It was found that, because “healthy” model has more bone 

tissue in the long process the eigenvalues of the “healthy” model are lower than those of the 

infected bone. Furthermore, significant differences were found between classical and Hermann 

formulations of FEM. For both FE models – original 1M-sample and the “healthy” one – the 

frequencies are 1.6 % higher in the case of 134-element. Also, it was noticed significant decrease of 

eigenvalues obtained for models with quadratic elements comparing with linear ones – the 

difference is about 35 %.  

5. Poison's ratio influence was tested on the eigenvalues, and it was found that differences 

between results with various Poisson’s ratio are slight, and the initial value of this constant was 

retained for the invers method of elastic modulus identification. 

6. Comparing frequency values obtained from experiment with frequencies calculated by 

changing Young’s Modulus value, it was found that the calculated eigenfrequencies are closest to 

real value, if the Young’s Modulus is equal to 4.5 x 109 N/m2.  
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RECOMMENDATIONS 

 

The results obtained during this research have to be treated as the first approximation 

because all calculations were done not taking into account the actual bone porosity. Moreover, on 

purpose to found out Incus bone mechanical properties, the real density of each bone part has to be 

identified. Also, to get reliable results, all calculations should be repeated using bone model with 

porosity. Furthermore, it is important to mention that, to get reliable results for this research more 

than one computational model should be used.  
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1. Introduction 

 

 The mechanism of hearing involves 

conduction of mechanical vibrations along the ossicular 

chain to the inner ear [1]. The middle ear system with its 

smallest bones and articulations is responsible for 

catching noise energy and transforming it to perilymph 

pressure changes in the cochlea. The ossicular chain (the 

malleus, the incus and the stapes - Fig. 1) connects the 

tympanic membrane and the inner ear, and plays an 

important role in amplifying and regulating sound waves 

[2]. In doing so the spatial motion of the ossicular chain 

appears as the one of main causes of the hearing quality 

[3].  

 

 
Fig. 1 The ossicular chain of human ear [4]  

 

The degree of ossicular chain deterioration or 

damage in humans, as a result of inflammatory disease, 

trauma or malformation, is variable [5]. Of the three 

ossicles from the middle ear, the incus was often reported 

in literature to be the most eroded bone and the more 

distant from the inflammation focus [6, 7]. Borgstein et al 

[8] highlighted, that the problem of erosion of the incus is 

a frequently observed, but rarely discussed problem. Park 

[9] also examined the problems of the long process of 

incus but caused by congenital origin. Finally, Yuang 

[10] summarised ossicular damage in the patients with 

atelectasis and found that for 72% of cases in posterior 

retraction pocket only incus was eroded. 

There are many ways to reconstruct the ossicular 

chain, but the results are not always satisfactory because 

it is being done usually by columella (bird) effect, which 

sometimes is unsatisfactory for hearing impairment. 

Sometimes, some artificial materials, as glue [11] for 

example, could be used to reconstruct the ossicular chain 

discontinuity. Or the use of glass ionomer cement to 

repair incus long process defects is a suitable method that 

improves hearing in pediatric patients [12]. It is 

hypothesised that the function of the malleus-incus-stapes 

arrangement is to link the drum to the oval window with 

the flexibility required for impedance matching but the 

rigidity to prevent unconstrainable resonances from 

occurring in the hearing range [1]. If it is true, then the 

structural stiffness of ossicular chain is the critical design 

for middle-ear replacement prostheses.  

Nevertheless, the substituting materials should 

fit according to the material characteristics; the 

geometrical requirements are also important. Kaftan et al 

[5] accentuate that the most difficult situation is to 

evaluate the length of prosthesis. For this kind of 

problems, and others, the finite element method (FEM) 

has distinct advantages in modelling complex biological 

systems when compared to other techniques [13]. Even, 

as reported in [14], it could improve the clinical surgical 

intervention.  

Consecutively to ossicles’ surgery, the surgeons 

are observing that incus bone work does not depend only 

on degradation level and affected area size. It was also 

observed that sometimes damaged bone part is large but it 

does not affect bone work in whole hearing system and 

opposite – the bone degradation level can be low but the 

ossicles not functioning well.  
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II. DISPLACEMENT DIAGRAMS 

I.I. LINEAR ELEMENT TYPE 

 

LINEAR ELEMENT TYPE 

Type 

of el. 

MODE 

No. 
Original 1M sample „Healthy” bone model 
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I.II. QUADRATIC ELEMENT TYPE 

 

QUADRATIC ELEMENT TYPE 

Type 

of el. 

MODE 

No. 
Original 1M sample „Healthy” bone model 
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