




 

 
Figure 5.1 View of ear-canal model before simulation. The coloured area represents the walls of the canal 

where the pressure is applied. 
 

 
Figure 5.2 Displacement results of ear-canal model. Larger displacements are focused on the canal 

boundary. 
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Figure 5.3 Cross-section view of ear-canal model after simulation. Area in white is the canal opening. The 

displacement pattern of the canal wall changes as the canal is traversed medially towards the TM.  
 

 
Figu

 

re 5.4 Middle-ear simulation results. The displacements are focused primarily in the inferior-posteri
quadrant of the TM. 

or 
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5.2.2 COMPLIANCE CALCULATION 

 

The purpose of these simulations is to study the relative magnitude of the 

admittances that would be attributed to the ear canal and middle ear in response to a 

tympanometric probe tone. However, admittance is a dynamic measurement that involves 

the volume velocity of the structures while these static simulations reveal no dynamic 

results whatsoever. Therefore, in order to estimate admittance from these results, the 

following equation will be used to describe admittance at very low frequencies (Keefe et 

al. 1993): 

 

    )C+C+Cjω=Y wmv(                                              (5.1) 

 

where Cv, Cm, and Cw are the compliances of the ear-canal air volume, the middle ear and 

induced by 1 Pa of pressure. This low-frequency admittance is purely imaginary and 

always positive, implying that the admittance response is at a phase angle of 90 degrees. 

This coincides with what is expected in a static simulation where the system will be 

affected only by stiffness. More importantly, the equation also implies that the relative 

magnitudes of the admittances of the three components are the same as the relative 

magnitudes of their compliances. Therefore, even when using static simulations, the 

admittance of the ear in response to a low-frequency probe tone can be determined. 

 

 Cv is not a quantity that can be extracted directly from the simulation, but it can be 

derived explicitly from the following equation (Keefe et al. 1993): 

 

                

the canal walls respectively. In this case, the compliance is defined as the volume change 

2v ρc

V
=C                                                        (5.2) 

 

where V is the volume of air in the ear canal, ρ is the density of air (1.2 kg/m3), and c is 

the speed of sound in air (343 m/s). Qi et al. (2006) calculated the volume of this ear 
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canal to be 150 mm3. Using this value, the compliance of the canal air is calculated to be 

.1 mm3/Pa.  

 

           

1

 Unlike Cv, both Cm and Cw can be measured directly from the simulation results 

by calculating the volume displacement corresponding to the displacements generated by 

the input pressure. The volume displacement (ΔV) of each structure is calculated with the 

following equation: 

 

i

N

=i
i nd=ΔV 

1
                                                   (5.3) 

 

where di and ni text are the displacement and normal vectors of the triangular boundary 

to the 

near nature of the materials, these curves are all linear and the compliances (slopes of 

n a linear system, the 

put pressure levels are kept around 0.4 Pa (~85 dB) since this is the normal amplitude 

of the probe tone. The canal-wall and TM compliances seen here are similar to those 

calculated by Qi et al. (2006, 2008) for the same

their input pressures, where their hyperelastic materials were behaving linearly. The Cw 

model. The FEM simulations of the middle ear do not take the effect of the middle-ear 

elements i = 1…N that outline the structure of interest, in this case the canal wall and the 

TM. The dot product must be taken between the displacement and the normal of each 

boundary element to ensure that shear displacements are not included in the overall 

integration, since surface displacements that are parallel to the original surface do not 

produce a volume change. 

 

 Using this equation, the total volume displacements of the canal and TM in 

response to several different input pressures are calculated and plotted in Figure 5.5 and 

the resulting compliance results are seen in Table 5.1. Clearly, and as expected due 

li

the lines) are inversely proportional to the Young’s moduli of the tissues. Although the 

magnitude of the pressure in calculating stiffness does not matter i

in

 Young’s moduli at the lower limit of 

values of 0.0073, 0.0037, and 0.0024 mm3/Pa are the true canal-wall compliance values 

that would be used in Equation 5.1. However, this is not the case for the middle-ear 
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cavity into account, and many studies have shown the large impact that this cavity can 

have on the admittance of the middle ear (e.g., Zwislocki et al. 1962, Funnell and Laszlo 

982, Stepp and Voss 2005). Therefore, the calculated middle-ear compliance values 1

must be adjusted in order to compensate for this effect. 

 

 

 
Figure 5.5 Volume displacement versus pressure curves for ear canal and TM for different Young’s moduli 
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Ear-Canal Compliance (mm3/Pa) 

60 kPa 120 kPa 180 kPa 

0.0073 0.0037 0.0024 

 

TM Compliance (mm3/Pa)   

1.2 MPa 3.0 MPa 4.8 MPa 

0.014 0.0068 0.0046 

Table 5.1 Compliance results for ear canal and TM for different Young’s moduli  
 

 

5.2.3 ACCOUNTING FOR MIDDLE-EAR CAVITY 

 

The alteration in the compliance of the middle ear due to the cavity is caused by 

the air that is trapped in this space. As the TM gets displaced inward, for example, the air 

on the medial side of the TM is compressed and exerts a force back on the TM. This 

effect can be modelled as an impedance element (ZCAV) in series with the impedance of 

the TM itself (ZTM) (Stepp and Voss, 2005): 

 

          CAVTMME Z+Z=Z                                               (5.4) 

 

where ZME is the total impedance of the middle ear that would be detected in 

tympanometry. Conversion of the above equation from impedance to compliance results 

in 

 

        
CAVTMME C

+
C

=
C

111
                                              (5.5) 

 

form as Equation 5.2 for the ear-canal volume. Consequently, an estimate is needed for 

the volume of the cavity itself. However, before this estimation is performed, it is 

important to realize that the middle-ear cavit

 

The equation for the compliance of the air in the middle-ear cavity (CCAV) takes the same 

y can be in one of two different states. 
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As described in Section 2.7, the Eustachian tube connects the middle-ear cavity to 

the nasal cavity and can te. When it is open, the 

middle-ear cavity, for the se of ng co , would essentially extend 

into the nasal cavity and o the ounding dy. In this case, it is very 

reasonable to assume that the cavity is infinite in volume. This leads to the air compliance 

being infinite as well, resulting fect on the admittance. 

Simply put, if the Eustachian tube is open, th  the air is free to move in and out of the 

middle-ear ressed or 

decompressed when the TM displaces. This situation, however, when the Eustachian tube 

is open and the middle-ear cavity is directly connected to the external air, is rare. The 

 etc., and so it is 

uch more likely that the tube will be closed when tympanometric data are being 

recorded. T

ate of the newborn’s middle ear 

lume is needed to determine its effect on the middle-ear admittance. Qi et al. 

(2008) estimated this volum eing between 70

segmentation data. Subsequently, in this research, it will be assumed that the cavity has a 

ng these compliance values in Equation 5.5 leads to a drastic change in the total 

iddle-ear compliance values as seen in Table 5.2. Not only does the closed cavity 

decrease the compliance of the middle ear by almost

eliminates the inversely proportional relationship between the middle-ear compliance and 

the Young’s modulus of the TM. In fact, the addition of the middle-ear cavity reduces the 

be in either an open or a closed sta

 purpo calculati mpliance

 out int air surr  the bo

 in the cavity having a negligible ef

en

 space. Therefore, the air exerts no force since it does not get comp

tube generally only opens for brief intervals during yawning, swallowing,

m

he open-cavity situation tends to arise more often during post mortem 

experiments when a hole has been drilled in the temporal bone. 

 

For the purpose of this model, it is assumed that the simulations are run when the 

Eustachian tube is closed. Therefore, an accurate estim

cavity vo

e as b 0 and 1000 mm3 using the CT 

volume of either 700 or 1000 mm3 in order to provide limits on this cavity’s effect. These 

cavity volumes result in an air compliance of 0.0050 and 0.0071 mm3/Pa respectively. 

Usi

m

 75% in some cases, but it also 

ratio between the middle-ear compliance at the minimum and maximum modulus from 3 

to 1.6. Therefore, the cavity causes the results of the simulation to be much less sensitive 

to the Young’s modulus of the TM, a convenient outcome due to the uncertainty in this 

parameter’s value. 
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Middle-Ear Compliance (mm3/Pa) 

 1.2 MPa 3.0 MPa 4.8 MPa 

Open Cavity 0.014  0.0068  0.0046  

Closed Cavity (700 mm3) 0.0037  0.0029  0.0024  

Closed Cavity (1000 mm3) 0.0047  0.0035  0.0028  

Table 5.2. Middle-ear compliance results for different Young’s moduli including the effects of the middle-
ear cavity 

 

 

5.2.4 COMPARISON WITH EXPERIMENTAL DATA 

 

 With the compliance values calculated and external effects accounted for, the 

simulation results are validated via comparison to experimental results. Due to the 

uncertainty of the Young’s moduli of the system, the total simulated compliance of the 

ear is expressed as a range. The upper boundary of the range corresponds to moduli of the 

canal wall and TM of 60 kPa and 1.2 MPa respectively at a middle-ear cavity volume of 

1000 mm3, while the lower boundary of the range corresponds to moduli of 180 kPa and 

4.8 MPa respectively at a middle-ear cavity volume of 700 mm3. The compliance of the 

canal air is independent of these parameters and is therefore held constant at a value of 

0.0011 mm3/Pa. Using these criteria, it is concluded that the simulated total ear 

compliance is 0.0059-0.0131 mm3/Pa. The data that will be used for comparison will be 

from Keefe et al. (1993) where they measured the impedance of the ear for normal 

subjects in a variety of different age groups. They used phase information to separate the 

impedance into resistance and reactance and then used the following formula to convert 

input reactance (Xin) to input compliance (Cin): 

 

             
in

in ωX
=C

1
                                                       (5.6) 

 

Their averaged reactance measurements and the derived compliances for the group of 

fifteen 1-month-old newborns can be seen in Figure 5.6. For this subject group, the 

compliance plot suggests that the average total low-frequency ear compliance is 
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approximately 0.007 mm3/Pa. However, the lowest frequency represented on this plot is 

250 Hz, and it is possible that this is not an accurate representation of the true low-

frequency behaviour. Loo e minimum frequency in 

this data set is 125 Hz. Reading the data off the graph, the average reactance of the 

newborn ear at 250 Hz is approximatel  CGS hile th e reactance at 

125 Hz is a S oh ing these two values in Equation 5.6 gives 

compliance values that differ by only 5%. Ther ue to arly identical 

 

xperimental low-frequency ear compliance. Th e simulated range 

nd thus indicates that the model is consistent with the measured data 

 

 

 

 

 

king at the reactance plot instead, th

y -900 ohms w e averag

pproximately -1900 CG ms. Us

efore, d  the ne

compliances seen at 125 and 250 Hz, it is assumed that 0.007 mm3/Pa is indeed the

is value lies within the

a
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Newborn Ear Reactance 

 

 

 Newborn Ea Compliance r 

 
Figure 5.6 Experimental newborn ear measurements used for model validation. Modified from Keefe 

(19  

 

93)
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5.2.5 RELATIVE COMPLIANCE 

 

With the model producing overall compliance results similar to those seen in the 

measurements of Keefe et al. alues that comprise the total 

value are now analyzed separately. This is an analysis that cannot be done 

experimentally; the tympanometer cannot distinguish between the admittance of the canal 

and that of the middle ear. The simulated compliance of the newborn ear-canal air 

volume, ear-canal wall, and middle ear for the open middle-ear cavity state as well as 

both closed-cavity volumes are seen in Figure 5.7. The two different graphs use the lower 

and upper limit of the Young’s moduli respectively. As can be clearly seen, in the closed-

cavity state the compliance of the newborn’s canal wall is very similar to the compliance 

of the middle ear. Even for the open-cavity state of the middle ear, even though the 

middle-ear compliance value has been increased significantly, it is still unreasonable to 

deem the canal-wall displacements negligible in this situation. 

 

 

 

 

 

 

 

 

 

, the individual compliance v
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Figure 5.7 Comparison of simulated compliances for different Young’s moduli. 
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     his observation is drastically different from what is seen in the adult where the 

compliance of the bony canal wall is typically considered unimportant when compared 

with that of the middle ear. In the adult, the normal tympanometric procedure is to first 

isolate the compliance of the air volume by introducing a large static pressure into the 

ear. After this is done, the second step is to subtract this extrapolated air compliance from 

the normal results to isolate the response of the middle ear. Both of these steps, however, 

require he assumption that the canal-wall compliance and admittance are negligible, 

which is obviously not the case in these simulations for the newborn. If the canal wall is 

compliant, then the ear-canal volume will change under a large static pressure, skewing 

the compliance value of the canal air. Also, subtracting this air compliance from the total 

would result in the combination of the canal-wall and middle-ear signals and not simply 

the isolated middle-ear value. Apparently, the fact that the newborn’s canal wall is not yet 

fully ossified and has a much lower stiffness than that of the adult plays a large role in the 

admittance measurement. 

 

5.3 DYNAMIC RESULTS 

 

5.3.1 OVERVIEW 

 

Unlike the static simulations where the velocity-based admittance is estimated 

from the displacement-based compliance, dynamic simulations allow for the direct 

alculation of the admittance from the simulation due to the inclusion of the time 

parameter in the results. The output of interest is the overall volume velocity of the ear 

canal or TM. During the single-frequency simulations, the resulting volume velocity after 

transients will be a scaled and shifted version of the input sine wave. The magnitude of 

the admittance is simply the amplitude of the output wave, while the phase of the 

admittance can be deduced from the time lag separating the peak of the output and the 

peak of the input. Conductance and susceptance can then be easily calculated from these 

measures. The calculation of admittance for the step-input simulations is performed using 

the Fourier transform of the volume velocity as explained in Section 4.5.3. 

 

T

 t

c
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5.3.2 CONVERGENCE TESTS 

 

For the static simulations, convergence tests were not performed since Qi et al. 

(2006, 2008) confirmed that the resolution and number of slices in the model were both 

satisfactory for static tests. However, this may no longer be the case when the model is 

dynamic, and therefore the effect of resolution needs to be tested. In the middle ear, the 

number of elements per diameter for the TM is increased from 160 to 200, and the 

number of elements per diameter for the ossicles and ligaments are increased from 40 to 

60. The increase in the resulting displacements varies across the range of input 

frequencies, but the average increase in amplitude is approximately 4.5%, the maximum 

increase is less than 7%, and there is no discernible effect on phase at any frequency. Due 

to the fact there is a large amount of uncertainty in the Young’s moduli and damping 

ratios in this model, it is deemed that the level of accuracy provided by the lower-

resolution model is satisfactory. Likewise, the same conclusion is made for the ear-canal 

model, sinc to 22, the 

average increase in the displacements is approximately 3%, the maximum increase is less 

ever, there are definite qualitative differences between the 

hase responses of the two systems. The phase of the model without the additional slices 

e when the number of elements per diameter is raised from 18 

than 6%, and there are no detectable phase differences. 

 

 The next convergence test involves the number of slices that need to be included 

on the inferior side of the ear canal. The model used by Qi included only approximately 

3 mm of tissue on the inferior side of the canal since this is the extent of the slices that are 

included in the CT scan. Through his own convergence testing, he concluded that this is 

an appropriate number of slices for a static simulation. In order to test this conclusion for 

dynamic simulations, an additional 6 mm of tissue was added artificially by extrapolating 

the geometry of the structures on the last slice of the CT scan. The differences between 

the admittances and phases of the two models, with parameter values at the centres of 

their ranges, can be seen in Figure 5.8 When comparing the results of the original model 

to the one with the additional slices, although there are differences of up to 35% between 

the admittance magnitudes of the two models at some frequencies, the two curves are 

qualitatively similar. How

p

58 



 

is negative between the frequencies of 600 and 1000 Hz while the model with additional 

ices has a positive phase throughout. Hence, the model does not behave appropriately 

issue on the inferior side of the canal for dynamic simulations. This 

ay be because a dynamic pressure on the ear-canal walls produces strains that extend 

deeper

 

sl

without the added t

m

 into the surrounding tissues than the strains produced by a static pressure. The 

geometry with the additional slices will be used for the remainder of this study. To ensure 

that even more slices are not required, a simulation was run with the inferior face of the 

model clamped in place and there are only very small differences in the results obtained. 

This demonstrates that any further additions to the inferior side of the structure will have 

very little effect on the results. 
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Figure 5.8 The effect of additional inferior slices on the response of the ear canal. 
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5.3.3 SENSITIVITY ANALYSIS 

Due to the large number of parameters present in the dynamic system, a 

ensitivity analysis is performed to analyze the relative importance of the various 

arameters. The Elementary Effects Method (EEM), described in Section 3.4, will be 

sed for this analysis since a full global and quantitative analysis is not needed in this 

ase. This is because the results of this sensitivity test will not be used for model 

updating, but rather for supplying a qualitative description of the importance of the 

parameters. 

 

Two different outputs will be used to describe the effects of each parameter: the 

maximum admittance, and the frequency at which this maximum occurs. These two 

outputs are used because it is very common that a certain parameter change can have a 

large effect on one and a minimal effect on the other. Single-frequency simulations are 

used to obtain the values of μ and σ since they allow for the same damping ratio to be 

simulated at all frequencies. However, the example frequency-response curves are 

generated with a step-function input since it is more practical to use this method for 

generating smooth curves. 

 

 The primary decision that needs to be made before performing EEM is the range 

of each of the parameter values. These ranges must be chosen carefully since the 

sensitivity results are normalized by these range values. For this work, the ranges are 

based on the uncertainty that may be present in their values due to lack of experimental 

data or inter-subject variability. For the ear-canal simulations, the three examined 

parameters are the Young’s modulus, density, and damping ratio of the soft tissue. The 

range of moduli used is the same as in the static simulations (60 − 180 kPa), the range of 

densities used is 900 − 1300 kg/m3, and the range of damping ratios used is 0 − 0.5. This 

range of damping ratios is larger than the one given in Section 4.5.2.3 since those 

experimental measurements were not specific to the newborn ear canal. 

 

 
 

 

 

s

p

u
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Middle Ear Ear Canal 

Maximum 
Admittance 
(mm3/s/Pa) 

Resonance 
 Frequency 

(Hz) 

Maximum 
Admittance 
(mm3/s/Pa) 

Resonance 
Frequency 

(Hz) 
 

μ σ μ σ μ σ μ σ 

Young’s 
Modulus 

−16 6.4 (40%) 290 30 (10%) 0.40 0.13 (33%) 380 185 (49%) 

Density -2 0.2 (10%) −165 5 (3%) -0.66 0.13 (20%) -80 10 (13%) 

Damping 
Ratio 

(100%) −50 14.2 (28%) 15 15 (100 %) −0.80 0.09 (7%) −10 10 

TM 
Thickness 

(3/4) 
−32 14.8 (46%) −50 40 (80%) 

 

TM 
Thickness 

−4 0.8 (20%) −
(1/4) 

 

70 50 (71%) 

 

ME Cavity 
Size 

4 5.0 (125%) −110 130 (118%)

 

Table 5.3 EEM results for ear-canal and middle-ear models. The percentage in brackets indicates the 
relative size of σi compared to μi (σ/μ). 
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Figure 5.9 Effect of positive and negative density perturbations on the admittance of the ear canal 

 

 

 
Figure 5.10 Effect of positive and negative density perturbations on the admittance of the middle ear 
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d negative thickness perturbations (just tFigure 5.11 Effect of positive an he 3 thinner quadrants) on the 

admittance of the middle ear 

 

With these specifications in place, the EEM procedure from Section 3.4 is carried 

out on the canal model and the values of μ and σ are presented in Table 5.3. For a simple 

mechanical problem with one degree of freedom, the damping ratio affects the size of the 

resonance peak while the stiffness and density affect the location of this peak. However, 

for this complicated model of the newborn ear with many degrees of freedom, these 

relationships are not as cut and dried. The exact effect of a density perturbation on the 

ear-canal frequency response can be seen in Figure 5.9  For example, the density and the 

Young’s modulus have a significant effect on the maximum admittance of the ear canal 

(μ = −0.66 and 0.40 mm3/s/Pa respectively). In fact, the density has almost as large an 

effect as the damping ratio (μ = −0.8 mm3/s/Pa). Looking instead at the resonance 

frequency of the ear canal, its value is most sensitive to the value of the Young’s modulus 

(μ = 380 Hz), it is moderately sensitive to the value of the density (μ = − 80 Hz), and it is 

almost completely insensitive to the value of the damping ratio (μ = −10 Hz). These 

effects are similar to what one sees with a simple system. The effect of the Young’s 

mod oth 

the maximum admittance and the resonance frequency of the canal. However, it 

 

ulus acts in a direction opposite to that of the density and the damping ratio for b
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consistently has a fairly large σ/μ value (33% and 49%), implying that its effect will vary 

considerably depending on where the model sits in parameter space. 

 

 The middle-ear model has several additional parameters that are not present in the 

ear-canal model, due mainly to the presence of several different types of materials. These 

new parameters include the Young’s moduli, densities and damping ratios of the TM, 

ossicles and ligaments; the thickness distribution of the TM; and the size of the middle-

ear cavity. Preliminary tests showed that reasonably sized changes of the ossicle and 

ligament material properties had very little effect on the system output and they will 

therefore be left out of the sensitivity analysis. This finding is consistent with previous 

findings (e.g. Lilly et al. 1984) that tympanometry is relatively insensitive in detecting 

abnormalities of the ossicles or ligaments. For the middle ear, the ranges of densities and 

damping ratios are the same as those used in the ear canal; the range of Young’s moduli 

is 1.2 − 4.8 MPa the range of thicknesses in the three thinner quadrants is 0.075 − 

0.2 e 

range of middle-ear cavity volumes is 700 − 3.  

 

The results of the EEM analysis for the middle ear are in Table 5.3. Overall, the 

maximum admittance of the middle ear is sensitive mainly to changes in the damping 

ratio (μ = −50 mm3/s/Pa), the thickness of the 3 thinner TM quadrants (−32 mm3/s/Pa) 

and the Young’s modulus (−16 mm3/s/Pa), while it is insensitive to changes in the density 

(−1.6 mm3/s/Pa), the thickness of the thicker TM quadrant (−3.6 mm3/s/Pa) and the 

middle-ear cavity size (3.8 mm3/s/Pa). The middle-ear resonance frequency is most 

sensitive to changes in the Young’s modulus (μ = 290 Hz) and the density (−165 Hz), 

while it is quite insensitive to changes in the damping ratio (15 Hz) and thicknesses of the 

TM (−50 and −70 Hz).  

 

 There are a few observations that stand out from these results. The first is that the 

di s 

modulus is much more pronoun del than in the ear-canal model. 

This m  due to the smaller number of nodes (and therefore degrees of freedom) in the 

25 mm; the range of thicknesses in the thicker quadrant is 0.35 − 0.65 mm; and th

 1000 mm

stinction between the damping ratio’s effect and that of the density and Young’

ced in the m ddle-ear moi

ay be
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middle

.3.4 MODEL VALIDATION 

 

 ear. The full effect of a density perturbation on the middle-ear model can be seen 

in Figure 5.10. Also, most of the μ values for the resonance frequency of the middle ear 

are quite small, implying that this resonance frequency is likely quite consistent and 

relatively insusceptible to changes in these parameters. In fact, the only parameters that 

have a significant effect on the middle-ear resonance frequency are the Young’s modulus 

and density of the TM and the size of the middle-ear cavity. Increasing the thickness of 

the TM will increase both the stiffness and the mass; since stiffness and mass have 

opposite effects on a resonance frequency, their effects will tend to cancel and the effects 

of thickness variations will therefore tend to be small. The thickness of the TM, 

especially of the three thinner quadrants, plays a significant role in the maximum 

admittance of the middle ear, as can be seen in Figure 5.11, and also partakes in large 

non-linear interactions with the other parameters. Finally, the effect of the middle-ear-

cavity size is extremely unpredictable as evidenced by the fact that its standard deviation 

is larger than its mean for both outputs. For example, for one point in parameter space, 

decreasing the volume of the middle-ear cavity from 950 mm3 to 800 mm3 caused the 

resonance frequency to rise by 60 Hz, whereas at a different point in parameter space, 

this volume decrease caused the resonance frequency to drop by 10 Hz. 

 

5

 

In order to validate the results of these models, they are compared with the 

experimental data measured by Keefe et al. (1993). Their data were plotted as average 

total ear impedance magnitude (in dB) and phase for several different age groups 

including a group of 1-month old newborns. Although their data were recorded at input 

frequencies as large as 10 kHz, only the measurements below 2 kHz will be used for 

validation because our simulations are limited to this frequency (see Section 4.5.3). In 

order for the model results to be appropriately compared with Keefe’s experiment, 

Keefe’s data must first be converted from impedance to admittance. Once this is done, 

the admittance of the ear-canal walls, the middle ear, and the canal air volume must be 

combined to form the simulated total ear admittance.  
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For this comparison, all of the parameter values were at the centres of their ranges 

except for the Young’s modulus and the damping ratio of the TM. These two values were 

t at 4.8 MPa and 0.4 respectively; these values are at or near the upper limits of their 

respect

se

ive ranges, and were chosen to give a better match between the simulated and 

experimental admittances. The results can be seen in Figures 5.12 and 5.13.  

 

 
Figure 5.12 Admittance magnitude comparison. 

 

 

 
Figure 5.13 Admittance phase comparison. 
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When comparing the simulated and experimental admittance magnitudes, 

qualitatively similar features are seen in both curves. The simulated admittance 

magnitude has an inflection at ~500 Hz and a resonance peak at approximately 1200 Hz. 

n the other hand, the experimental admittance magnitude of Keefe et al. has a broader 

f an inflection in the 200–800 -Hz range, and is consistent 

ith a resonance peak somewhere above 1500 Hz. The experimental and simulated 

magnit

 

 

pes. For the 

iddle ear, the peak is at the same frequency for both input types but the amplitude is 

much higher for the step-function input. This is presumably because the step-function 

simulation provides much less damping in the mid-frequencies. However, as mentioned 

in Section 4.5.3, the damping ratios of these two simulation types are equal when the 

frequency is either 50 Hz or 2000 Hz; as can be seen in Figure 5.14, the corresponding 

admittance magnitudes match very well at those frequencies.   

 

O

and more exaggerated version o

w

udes match closely at the lowest frequency but at higher frequencies (except the 

highest) the simulated admittance is higher by a factor of up to ~2.5. A similar degree of 

qualitative similarity is seen for the admittance phase curves of Figure 5.13. With the 

large amount of inter-subject variability present in the admittance data of newborns, the 

simulated results here may not be entirely unrealistic. Moreover, given the large amount 

of uncertainty in the model parameter values, it may be possible with further adjustments 

to obtain a much better match with the experimental data with a reasonable set of 

parameter values.  

 

5.3.5 RELATIVE ADMITTANCE  

The primary purpose for performing these simulations is to compare the 

admittance of the newborn ear-canal wall with that of the middle ear. The comparison of 

these two values for all frequencies for both the single-frequency and step-function inputs 

can be seen in Figure 5.14. It is clear that the two different types of input do not produce 

identical results. The ear-canal curves are very similar for both input ty

m
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Figure 5.14 Comparison of ear-canal and middle-ear admittances for both sine-wave and step inputs 

 
 

Despite the differences that are present, these two pairs of curves share some 

important similarities. At frequencies up to approximately 250 Hz, the admittances of 

both the middle ear and the canal wall increase linearly with input frequency. This 

behaviour suggests that for these frequencies the mass and damping of the systems are 

negligible, and the only parameter of importance is the stiffness of the tissues (see 

Equation 5.1), which is consistent with the experimental data presented in Section 5.2.4.  

 

The results in this region should match the results seen in the static simulations. In 

Section 5.2.5, the primary conclusion was that at low frequencies, the admittance of the 

canal walls and middle ear are comparable in the newborn. Both pairs of curves here are 

in accordance with this observation. Also, these pairs of curves each give a canal-wall 

admittance of approximately 5 mm3/s/Pa at 200 Hz, and if the canal-wall compliance 

with a Young’s modulus of 120 kPa from Table 5.1 is converted to admittance through 

Equation 5.1, the result is a canal-wall admittance of 4.65 mm3/s/Pa at 200 Hz. These 
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results confirm that the dynamic simulations at low frequencies are able to reproduce the 

behaviour of the static simulations. 

 

 Once the input frequency surpasses 250 Hz, the behaviours of both the canal walls 

and the middle ear begin to incorporate the effects of damping and inertia and the 

admittance no longer increases linearly with frequency. The admittance of the canal wall 

plateaus rather quickly in both sets of curves; there is a broad peak from approximately 

00 to 800 Hz followed by a more or less constant level up to the maximum simulated 

l, there is a clearly defined resonance peak in the 

icinity of 1100 Hz that produces an admittance measurement far larger than that seen for 

e can

 

 

 

 

 

 

 

 

4

frequency. In the middle-ear mode

v

th al wall. Above this frequency, the admittance gradually decreases, reaching a 

value approximately twice that of the canal wall. Overall, the middle-ear admittance only 

dominates that of the canal wall in a narrow band around the middle-ear resonance, if at 

all.  
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 

 

6.1 INTRODUCTION 

 

 In this chapter, the conclusions that can be drawn from the results of the previous 

chapter are presented, and potential future work that can be done with these models is 

discussed. 

 

6.2 CONCLUSIONS 

 

6.2.1 LOW-FREQUENCY SIMULATIONS 

 

In this section of the research, a static model of the newborn ear was used to 

simulate the response to low-frequency probe-tone input. The simplification of the 

system to a model where damping and inertia are not included allowed for there to be 

nly one major material property of interest: the Young’s modulus. However, this 

arame

reasonably direct experimental measurements.  

 

o

p ter has not been measured experimentally for either the newborn’s canal wall or 

the TM. Therefore, large ranges of possible values were used for their moduli, based on 

indirect evidence. Within those ranges, parameter values were found such that the models 

produce an overall behaviour that is in reasonable agreement with measured data. It 

would be beneficial for future work if the material properties of these newborn tissues 

were studied more closely so that the parameter choices could be supported by 

 The primary justification for using a static simulation is that at low frequencies all 

of the time-dependent effects become insignificant due to how slowly the system is 

moving. A reasonable concern about this assumption might be that the frequency at 

which this simplification is valid is outside of the normal audible hearing range and 

would not be within the realm of typical tympanometry. However, as seen in Section 

5.2.4, the experimental work by Keefe et al. (1993) shows that the total compliance of the 
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ear changes by only 5% as the input frequency is doubled from 125 Hz to 250 Hz. This 

suggests that the typical 226 Hz probe-tone frequency is low enough, even in newborns, 

at the displacements of the system are very insensitive to frequency changes and are 

nly structure of interest. Currently, newborn tympanometry is most often performed 

t a frequency of 226 Hz for the reasons described in Section 2.8.1. Figure 5.14 shows 

at at 226 Hz, the canal-wall admittance is as large as or even larger than the middle-ear 

dmittance, so this frequency is far from ideal. In this situation, the signal of interest 

iddle-ear behaviour) is being combined with an additional signal with minimal clinical 

alue (canal-wall behaviour). It is likely that an important reason for the difficulty in 

nderstanding newborn tympanograms is that the canal-wall admittance is mistakenly 

eing interpreted as additional middle-ear admittance.  

It is clear that a different probe-tone frequency should be considered for newborn 

sting, and an obvious choice based on the desired output is in the vicinity of the 

sonance frequency of the middle ear. At this frequency, the results of this work suggest 

at the middle-ear admittance is several times larger than the canal-wall admittance. The 

iddle-ear admittance signal would be much larger than the unwanted effect being 

roduced by the canal wall, improving the chance that the data would give useful 

formation about the middle ear. These findings consistent with those of the groups 

iscussed in Section 2.8.2 who have concluded that 1000 Hz is a much better probe-tone 

frequency to use for newborns.  

th

mostly due to stiffness effects. Therefore, it is reasonable to assume that static 

simulations are able to give a fairly good estimate of newborn ear behaviour at realistic 

low probe-tone frequencies. 

 

6.2.2 DYNAMIC SIMULATIONS 

 

The primary goal of tympanometry is the discovery of middle-ear pathologies. It 

is not needed for analysis of the ear canal since most canal pathologies can be discovered 

through visual inspection. It is therefore desirable that the admittance signal measured in 

tympanometry should correspond only to the admittance of the middle ear since this is 

the o

a

th

a

(m

v

u

b

 

 

te

re

th

m

p

in

d
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As seen in Table 5.3, the resonance frequency of the newborn’s middle ear is 

relatively insensitive to parameters such as damping and TM thickness. Therefore, any 

variation in these parameters, whether they re due to pathology or simply inter-subject 

t the resonance frequency far away from its typical value. As 

videnced by Table 5.3, any significant deviation in the middle-ear resonance frequency 

The middle-ear admittance resonance peak may be quite sharp, and its position is 

ively small shift in the location of the peak could be enough to 

ause large changes in the admittance measured at any one frequency in its vicinity.  

the admittance at several frequencies in the 

icinity of the middle-ear resonance in order to pinpoint its exact location. 

rate. For example, if the μ value of a 

arameter is high, this implies that the behaviour of the model will vary widely across the 

a

variability, will not shif

e

is likely due to pathology or anatomical variability affecting the density and/or the 

Young’s modulus of the TM.  

 

uncertain. Even a relat

c

Because of this, it may be better to measure 

v

 

As stated in Section 5.3.3, the admittance of the middle-ear model is quite 

insensitive to any changes to the material properties of the ossicles and their ligaments. 

This suggests that tympanometry will have difficulty detecting any abnormality or 

pathology of these structures since they have little effect on the measured admittance. 

 

 When using EEM, the perturbations of the parameter values are normalized using 

a scale defined by the user. In our case, the perturbations were chosen according to the 

uncertainty present in the experimental measurements. With this choice of scale, it 

follows that the μ value of a particular parameter will decrease as experimental 

measurements of its value become more accu

p

range of potential parameter values, whereas if μ is small, the model will behave 

similarly regardless of where the parameter magnitude lies within its range of 

uncertainty. Therefore, parameters with a large μ are the top priority for further study and 

more accurate measurements. In the case of these models, Table 5.3 seems to suggest that 

better estimates of the Young’s modulus and density are most important for obtaining 
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more accurate resonance frequencies, while better estimates of the damping ratio and TM 

thickness are important for obtaining more accurate maximum admittances. 

 

As mentioned in Sections 4.2 and 4.4.2.5, two modelling errors were found after 

the thesis had been written, examined and passed. First, the anterior-superior quadrant of 

the TM was set as the thickest rather than the posterior-superior quadrant. Second, the 

odel was elongated in the inferior-superior direction by 25%. Preliminary tests have 

se errors on the model results.  

 

ow changes in the results that are 

ot negligible, they are not large compared with the effects of anatomical variability and 

arame

 of the newborn ear, many of the parameter values used 

m

been done to assess the effects of the

For the quadrant error, correctly setting the posterior-superior quadrant of the TM 

as the thickest lowers the maximum admittance of the middle ear by approximately 20%, 

raises the resonance frequency by approximately 150 Hz, and introduces a secondary 

peak in the middle-ear frequency response at approximately 900 Hz. For the scaling 

error, compressing the middle-ear model by 20% in the inferior-superior direction (not 

changing the already correct TM thickness) lowers the maximum admittance by another 

20%; lowers the resonance frequency by approximately 50 Hz; and increases the size of 

the secondary peak in the frequency-response curve. The changes due to scaling the ear-

canal model are much smaller: the resonance frequency only increases by approximately 

50 Hz and the maximum admittance only decreases by approximately 7%.  

 

Although the results of these preliminary tests sh

n

p ter uncertainty, and the overall conclusions regarding the relative admittances of 

the ear-canal and middle-ear models remain the same. It appears that the revised models 

may actually match the experimental data better than the incorrect models do.  

 

6.3 FUTURE WORK 

 

 There are several different steps that should be taken to pursue this research. 

Firstly, there is a need for additional experimental work. Due to a lack of knowledge 

about the true material properties
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in the m

 

simulations results could give valuable insight into the mechanics of the newborn ear 

canal a

 in 

ewborns (Saunders et al. 1983) and would allow the vibrations of the canal wall to 

introduced into an ear that is subject to a static pressure of 4000 Pa, the large 

odels, such as the Young’s moduli and damping ratios of the TM and ear canal, 

were crudely estimated. There is also a need for more precise imaging of the newborn 

ear. Higher-resolution images would allow for the construction of smoother and more 

accurate 3-D models and would provide insight into areas such as inter-subject variability 

and age-related anatomical changes. Overall, the accuracy of the FE simulations is 

limited by our knowledge of the true system, and therefore further experimental research 

would be extremely valuable. 

A closer look could also be taken at the displacement patterns of the ear canal and 

the middle ear. In this research, the primary results were the volume displacements and 

volume velocities of the system. Close attention was not given to results such as the 

points of maximum displacement, displacements of key points such as the umbo, the 

spatial distribution of the displacement patterns, etc. Further analysis of these types of 

nd middle ear. 

 

Also, the models could be run without assuming that the tympanic ring is fixed in 

place. This might be a significantly better representation of the actual tympanic ring

n

affect those of the TM and vice versa. However, this new type of interaction would 

clearly require that the canal model and middle-ear model be coupled and run 

simultaneously. This would greatly increase the computation time required. 

 

 Another interesting next step would utilize an input pressure that has both a large 

static component and a small dynamic component, as this is the complete input signal 

that is used in tympanometry. However, using this type of input would result in several 

complications. First, the static pressure component of the input can reach up to 4000 Pa, 

and as shown by Qi et al. (2008), this requires a non-linear formulation for the materials 

in the models. This new type of input pressure would also require that the model solver 

have extremely high precision. For example, for the case when a 0.4 Pa probe tone is 
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displacements caused by the static pressure would be solved with the same tolerance (the 

allowable error in each integration step) as the much smaller displacements produced by 

e probe tone. This leads to the necessity for 10000 times less tolerance for the large 

displac

 he goal of this work on models of the newborn ear is to be able to accurately 

simulat

 

th

ements than would be needed if there was no probe tone. Obviously, a dynamic, 

non-linear model with a complex geometry and the need for a very high level of precision 

would require a very powerful computer setup and the simulations would be very time-

consuming.   

 

T

e the complete response of the newborn ear canal and middle ear to 

tympanometry. When this is achieved, the results should provide insight into the typical 

shape of a newborn’s tympanogram (see Figure 2.7) and should aid with the proper 

screening and diagnosis of a newborn’s hearing. Additionally, pathological changes, such 

as a stiffening of the TM or the introduction of fluid in the middle ear, could be 

introduced into these models. These types of modifications would demonstrate how the 

newborn tympanogram would differ in these pathological situations and would 

potentially allow for much greater precision in clinical diagnoses.  
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APPENDIX 

 

 

 

 

 Young’s modulus Density  Damping Ratio 

Baseline B B B 

Step 1 + Δ B B 

Step 2 + Δ + Δ B 

Step 3 + Δ + Δ + Δ 

Reset B B B 

Step1 B − Δ B 

Step 2 B − Δ − Δ 

Step 3 − Δ − Δ − Δ 

Reset + Δ − Δ + Δ 

Step 1 + 2Δ − Δ + Δ 

Step 2 + 2Δ − 2Δ + Δ 

Step 3 + 2Δ − 2Δ + 2Δ 

Table A.1 Procedure used for studying the elementary effects of the ear-canal model. B signifies the 

baseline parameter value at the centre of its range.  
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Young’s 

Modulus  
Density  

Damping 

Ratio 

TM 

Thickness ¾ 

TM 

Thickness ¼  

ME Cavity 

Size 

Baseline B B B B B B 

Step 1 + Δ B B B B B 

Step 2 + Δ + Δ B B B B 

Step 3 + Δ + Δ + Δ B B B 

Step 4 + Δ + Δ + Δ + Δ B B 

Step 5 + Δ + Δ + Δ + Δ + Δ B 

Step 6 + Δ + Δ + Δ + Δ + Δ + Δ 

Reset B B B B B B 

Step 1 B − Δ B B B B 

Step 2 B − Δ B − Δ B B 

Step 3 B − Δ − Δ − Δ B B 

Step 4 B − Δ − Δ − Δ B − Δ 

Step 5 B − Δ − Δ − Δ − Δ − Δ 

Step 6 − Δ − Δ − Δ − Δ − Δ − Δ 

Reset + Δ − Δ + Δ − Δ + Δ − Δ 

Step 1 +2Δ − Δ + Δ − Δ + Δ − Δ 

Step 2 +2Δ − 2Δ + Δ − Δ + Δ − Δ 

Step 3 +2Δ − 2Δ +2Δ − Δ + Δ − Δ 

Step 4 +2Δ − 2Δ +2Δ − 2Δ + Δ − Δ 

Step 5 +2Δ − 2Δ +2Δ − 2Δ +2Δ − Δ 

Step 6 +2Δ − 2Δ +2Δ − 2Δ +2Δ − 2Δ 

Table A.2 Procedure used for studying the elementary effects of the middle-ear model. B signifies the 

baseline parameter value at the centre of its range.  
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