
Aquatic Mammals 2019, 45(6), 717-732, DOI 10.1578/AM.45.6.2019.717

The Role of Material Properties in Cetacean Hearing Models: 
Knowns and Unknowns

Andrew A. Tubelli1 and Darlene R. Ketten1, 2

1Boston University Hearing Research Center and Department of Biomedical Engineering,  
44 Cummington Mall, Boston, MA 02215, USA

E-mail: atubelli@bu.edu
2Biology Department, Woods Hole Oceanographic Institution, 266 Woods Hole Road, Woods Hole, MA 02543, USA

Abstract whale (Odontoceti and Mysticeti, respectively) for 
which anatomical information exists.

Computational, anatomically derived modeling of As part of an ongoing research project on com-
hearing in mysticetes (baleen whales) can be a valu- prehensive modeling of cetacean hearing, we 
able technique for estimating hearing ranges when have previously completed finite element models 
live animal experimental measures are not possible. (FEMs) of the middle ear for two baleen whale 
To date, the authors have produced finite element species: minke (Balaenoptera acutorostrata) and 
models (FEMs) for the middle ears of two baleen humpback (Megaptera novaeangliae) (Tubelli 
whales. These models provide an analysis of the et al., 2012, 2018). Audiograms are the result of the 
middle-ear transfer function that is the basis for collective responses of the three major partitions of 
estimating best hearing range and auditory thresh- the ear (external, middle, and inner) for which the 
olds of any mammal. One difficulty in modeling middle-ear transfer function, a measure of stapes 
whale hearing is that mechanical and physical tissue velocity relative to acoustic pressure at any pro-
properties required for these models have not been posed input to the middle ear, is responsible for 
measured in many cetaceans, and those that have describing the bandwidth of hearing (Dallos, 1973; 
been measured show significant species differ- Rosowski, 1991; Ruggero & Temchin, 2002).
ences. Therefore, we undertook a study to examine Most computational models oblige us to make 
how varying tissue properties over a wide potential assumptions for some input parameters for which 
range based on known values of mammalian tissue material properties are unknown. Although approx-
analogues affect the model output and estimated imations can be made based on similar tissue char-
hearing ranges in the humpback whale (Megaptera acteristics, these models provide the most useful 
novaeangliae). Twenty-one total parametric varia- insight when we replace assumptions with species-
tions were tested. Model results indicate that eight specific, measured tissue data. Therefore, the effec-
parameters can have significant impacts on hear- tiveness of computationally modeling mysticete 
ing estimates, affecting key hearing characteristics, hearing thresholds critically depends on the values 
including peak frequency, auditory bandwidth, of chosen input parameters—that is, selection of 
low- and high-cutoff frequencies, and response material and mechanical properties that are as close 
magnitude. to in vivo values as possible. One difficulty with 

models for whale ears is that the majority of material 
Key Words: humpback whale, Megaptera novae- properties of key structures have not been measured 
angliae, cetacean, hearing, model, material prop- for most cetaceans, both mysticetes and odontocetes 
erties, mechanics alike. Further, those that have been measured show 

significant species differences, indicating that one 
Introduction value is not appropriate for all species models 

(Nummela et al., 1999; Tubelli et al., 2014; Schmidt 
No current method of live animal measurements of et al., 2018). There is concern therefore that models 
audiograms, either behaviorally or through brain- employing arbitrary surrogate material property 
stem responses, is feasible for any baleen whale. values without explanation of selection criteria may 
By contrast, inner- and middle-ear models are well- not provide accurate model results. In the absence 
established approaches to determine hearing in ter- of actual physical and mechanical property mea-
restrial mammals, and the same methods are prac- surements, middle-ear parameters can be estimated 
tical to use for any species of toothed and baleen based on measured values from similar tissues in 
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terrestrial mammals. These surrogate values should of three similarly sized ears obtained from both 
also be informed by an understanding of how dif- male and female stranded animals ranging in age 
ferences in multiple material property values affect from yearling to adult. Although head sizes change 
model outputs and may be further refined through with age, ears from both young and older animals 
model parameter tuning. are appropriate for these studies because cetacean 

The goal of the present study is to assess which ears are precocial, operating in utero, and have 
input parameters are most critical and to enumerate been shown to have fully formed middle and inner 
those that currently lack experimental measures by ears in neonates with auditory responses consistent 
studying sensitivity of the transfer function of finite with adults (Lancaster et al., 2014; Plencner, 2017; 
element middle-ear models to those input param- Wahlberg et al., 2017). All ears were scanned and 
eters using the humpback whale as an example imaged from freshly extracted Code 3 (moderately 
species. Parameters for our studies were based on decomposed) stranded specimens at a resolution 
the structural similarity of multiple measured mam- of 0.1-mm isotropic voxels. Some specimens were 
malian tissue analogues. Ranges of values were also scanned after fixation to verify tissue pres-
selected for parametric analysis to understand the ervation. To verify tissue dimensions from scans, 
effects of varying each parameter on the model measurements were performed as well on either 
output. We employed model parametric sensitivity histological sections or on frozen-thawed ears. The 
analysis, which is a method of individually chang- anatomical structures with the best quality were 
ing input parameter values and assessing the result- chosen from each scan dataset for a composite 
ing variation in output. This technique is useful for reconstruction. Further details can be found in the 
quantifying parameter uncertainty. In the case of original publication (Tubelli et al., 2018).
cetacean hearing models, for which so many mate- The middle-ear tissues were segmented from the 
rial and mechanical properties have no experimen- CT scans and reconstructed with Amira software 
tal measures, sensitivity analysis is critical. These (Mercury Computer Systems, Chelmsford, MA, 
methods, coupled with the middle-ear geometry and USA). These included the tympanic bone, malleus, 
cytoarchitecture extracted from imaging and histol- incus, stapes, incudo-stapedial joint, incudo-malleal 
ogy, provide a methodology to more accurately esti- joint, annular ligament (a fibrous ring that attaches 
mate hearing of any cetacean species or, in fact, of the stapes to the oval window), and the tympanic 
any species untestable by conventional techniques. membrane (Figure 1A). In mysticetes, the tympanic 

Previous publications (Tubelli et al., 2012, 2018) membrane is a massive and well-developed mem-
touched on a few of the properties that are thought brane shaped like a hollow finger of a glove (and 
to be most important in hearing. This article pro- therefore commonly referred to as a “glove finger”) 
vides a more comprehensive discussion of 21 input with a relatively thick ligament that inserts onto 
parameters and their effects on the middle-ear the malleus (Lillie, 1910; Fraser & Purves, 1960; 
transfer function in the humpback whale. Because Ketten, 2000). Additionally, the stapedius muscle 
of the diversity of researchers and regulators con- tendon and posterior incudal ligament were recon-
cerned with marine mammal hearing studies, we structed from anatomical landmarks with the con-
provide herein both a comprehensible introduction sistency of position and dimensions compared and 
to the modeling process and technical information confirmed via gross dissection and histological sec-
from this study in a way that can be appreciated by tions of other specimen ears of the same species. 
those differing technical backgrounds. The models were secondarily “topologized”—that 

is, surface shapes were redefined in terms of a mesh 
Methods of adjoined triangular elements—in Maya software 

(Autodesk Inc., San Rafael, CA, USA) to provide 
The anatomy and parameters for the humpback whale a best fit of the heavily contoured geometry of the 
model were taken directly from Tubelli et al. (2018). middle-ear structures. The finalized geometry of the 
Briefly, the middle ear is surrounded by the tympanic humpback whale reconstruction contained 26,615 
bulla, a shell-like bony case containing the primary triangular surface elements (Figure 1B & C).
functional elements of the middle ear: the eardrum or Because our main goal was to look primarily 
tympanic membrane; the “ossicular chain,” a jointed at alterations in response values, we opted to test 
three-bone (malleus, incus, and stapes) middle-ear middle-ear response variations based on a single 
lever system that connects the eardrum via the mal- pressure input at a commonly configured point on 
leus through the incus to the stapes that is attached the tympanic bone in the humpback model rather 
to the oval window (the entry to the inner ear); and than compare values from tympanic membrane 
associated ligaments and tendons that provide ten- inputs for simplicity. Fixed boundary conditions 
sion and support for the ossicles. were set at the connecting regions of the tympanic 

In this study, anatomical data for the humpback bone to the periotic bone as well as the rim of the 
bulla and its parts were compiled from CT scans annular ligament distal from the stapes to simulate 
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Figure 1. (A) Labeled components of the humpback whale (Megaptera novaeangliae) model from a lateral view, (B) mesh 
geometry for humpback whale from a lateral view, and (C) comparison of geometry of the tympanic membrane (magenta) 
relative to ossicles (teal) from a medial view

differential motion of the stapes with respect to in the measured mysticete species are 35 GPa, 
the periotic bone since this is what translates to on average. Odontocetes have significantly stiffer 
cochlear fluid motion and, subsequently, the sen- middle-ear components with an even higher ossicu-
sation of hearing, as is known in all mammals. lar elastic moduli of ~60 GPa, on average. In com-

parison, some terrestrial mammals have ossicular 
Study Parameters elastic moduli of less than 20 GPa (Speirs et al., 
Each input parameter in the model was given a pri- 1999; Soons et al., 2010). 
mary value and varied individually in a series of For the humpback whale, the mean elastic 
parametric sweeps within a wide range to include modulus value for mysticetes from Tubelli et al. 
related physiological values measured in other (2014) was used for a primary value. Although 
mammalian tissues (Table 1). Details for sources values measured in each of the studies investigat-
of values used for each parameter are given below. ing cetacean ear bone elastic moduli converge on 

Elastic Modulus—The elastic modulus of a similar results, sensitivity analysis was performed 
material is the relation between force on a mate- between 10 MPa to 100 GPa to study the general 
rial and its resulting deformation. Stiffer materi- effect this property has on the transfer function.
als will have higher elastic moduli—that is, high The variations in anatomy and material prop-
force can be exerted on stiffer materials with less erties of each of the middle-ear bones, their joint 
resultant deformation. Cetacean bullae and mid- structures, and their associated soft tissues (muscle 
dle-ear bones are known to be highly mineralized tendons and ligaments) are all critical to accurate 
with some of the highest known modulus values modeling. Soft tissues come in many varieties 
for bone (Currey, 1979; Lees et al., 1996; Zioupos (e.g., fat, muscle, and ligaments) and, therefore, 
et al., 2000; Zioupos, 2005; Tubelli et al., 2014; have a wide range of possible material prop-
Schmidt et al., 2018). For example, Tubelli et al. erty values. Thus, soft tissues in the model were 
(2014) found that the elastic moduli of ossicles divided into four groups: (1) articular soft tissue 



720 Tubelli and Ketten

Table 1. Primary, low, and high values for each parameter used in the model. * = directly measured for humpback whales 
(Megaptera novaeangliae), † = extrapolated from cetacean values, ‡ = extrapolated from terrestrial values, and § = estimated.

Parameter Low value Primary value High value

Elastic modulus, bone (Pa) 1 × 108 3.5 × 1010† 1 × 1011

Elastic modulus, tympanic membrane (Pa) 1 × 104 1.35 × 107‡ 1 × 1010

Elastic modulus, annular ligament (Pa) 1 × 104 2.9 × 105‡ 1 × 1010

Elastic modulus, articular soft tissue (Pa) 1 × 104 1 × 107‡ 1 × 1010

Elastic modulus, suspensory soft tissue (Pa) 1 × 104 1 × 107‡ 1 × 1010

Density, bone (kg/m3) 1 × 103 2.3 × 103* 5 × 103

Density, tympanic membrane (kg/m3) 1 × 103 1.32 × 103‡ 5 × 103

Density, annular ligament (kg/m3) 1 × 103 1.32 × 103‡ 5 × 103

Density, articular soft tissue (kg/m3) 1 × 103 1.32 × 103‡ 5 × 103

Density, suspensory soft tissue (kg/m3) 1 × 103 1.32 × 103‡ 5 × 103

Poisson’s ratio, bone -0.49 0.3§ 0.45

Poisson’s ratio, tympanic membrane -0.49 0.45§ 0.45

Poisson’s ratio, annular ligament -0.49 0.45§ 0.45

Poisson’s ratio, articular soft tissue -0.49 0.45§ 0.45

Poisson’s ratio, suspensory soft tissue -0.49 0.45§ 0.45

Cochlear damping constant (N s/m) 0 0.217‡ 1

Rayleigh damping mass coefficient (s-1) 0 1 × 103§ 1 × 103

Rayleigh damping stiffness coefficient (s) 0 1 × 10-5§ 1

Isotropic loss factor, all tissues 0 --§ 1

Isotropic loss factor, bone 0 --§ 1

Isotropic loss factor, soft tissue 0 --§ 1

(incudo-stapedial joint and incudo-malleal joint), mammalian middle-ear modeling studies (Koike 
(2) annular ligament, (3) tympanic membrane, et al., 2002; Homma et al., 2010; Wang & Gan, 
and (4) suspensory soft tissues (posterior incu- 2016; De Greef et al., 2017). Finally, the elastic 
dal ligament and stapedial muscle tendon). The modulus of the tympanic membrane was assigned 
tensor tympani tendon is typically seen in mam- 13.5 MPa, an average value of the pars flaccida, 
mals, though it was not included in the humpback a portion of the tympanic membrane most similar 
model since it was not present in dissected ear to the glove finger structure according to Fraser 
samples. It is unknown whether it is absent in this & Purves (1954), which has been used in other 
species or rapidly degraded postmortem. Elastic terrestrial mammalian middle-ear FEMs and 
moduli measurements have been published on ranged from 7 to 20 MPa. Sensitivity analysis was 
some head tissues in one odontocete, a previously performed between 10 kPa to 10 GPa for all soft 
frozen beaked whale specimen (Soldevilla et al., tissue groups.
2005), but there are no published measurements Density—The primary parameter value for ear 
for cetacean middle- or inner-ear soft tissues. bone density used in the model is 2.30 × 103 kg/
Articular and suspensory soft tissues were given m3, taken as the mean value of densities for hump-
a primary elastic modulus value of 10 MPa, the back whale ossicles measured by Nummela et al. 
general order of magnitude of experimentally (1999). Sensitivity analysis values ranged from 
measured values for ligaments and tendons of ter- 1 × 103 kg/m3 to 5 × 103 kg/m3.
restrial animals (McGough et al., 1996; Stäubli Soft tissue densities are unknown for cetaceans 
et al., 1999; Provenzano et al., 2002; Hashemi with the exception of fats (Soldevilla et al., 2005; 
et al., 2005; Chandrashekar et al., 2006). The Yamato et al., 2012), but density data are available 
annular ligament was given a primary value of for tendons in terrestrial mammalian species (Ker, 
0.29 MPa, a mean of the values used in other 1981; Kuo et al., 2001; Hashemi et al., 2005). 
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Densities of all soft tissues in the models were Puria, 2003; Slama et al., 2010). This value is spe-
set as 1.32 × 103 kg/m3, the mean of the measured cies-dependent and assumes a constant cochlear 
values from three terrestrial mammalian tendon input impedance. The primary value, 0.217 N 
density sources that is also similar to values of soft s/m, was chosen from Aibara et al. (2001) but 
tissue densities used in other middle-ear models tested between 0 and 1 with parametric sensitivity 
(Koike et al., 2002; Gan et al., 2004; Homma analysis.
et al., 2009; Wang & Gan, 2016). The range of Rayleigh damping is a classical type of structural 
values used for sensitivity analysis for all soft tis- damping used in many modeling studies that pro-
sues was the same as that used for bone. vides a simplified approximation of energy dissi-

Poisson’s Ratio—Poisson’s ratio is a means of pation and has been applied to middle-ear models 
quantifying how a material alters shape when com- (Ferris & Prendergast, 2000; Koike et al., 2002; 
pressed or stretched. Technically, it is the ratio of Wang & Gan, 2016; De Greef et al., 2017). Here, 
deformations perpendicular to a uniaxial compres- it was used for primary models. It consists of two 
sive force or transverse to the direction of stretch. parameters: (1) a mass coefficient α and (2) a stiff-
The possible range of values for isotropic materi- ness coefficient β. In previous middle-ear FEMs, α 
als (i.e., when a material property measures the was set to either 0 s-1 or 260 s-1 and β between 1.86 
same in all directions) spans -1 to 0.5, where 0.5 is × 10-5 s and 5 × 10-4 s (Ferris & Prendergast, 2000; 
incompressible vs those with negative values that Koike et al., 2002; Gan et al., 2004; Hoffstetter 
are auxetic materials (i.e., materials that shrink in et al., 2010; Wang & Gan, 2016; De Greef et al., 
all directions when compressed). Values greater 2017). This model employed primary values of 1 × 
than 0.5 are possible for anisotropic materials. 103 s-1 for α and 1 × 10-5 for β.
Published middle-ear models almost invariably Rayleigh damping may not be an optimal repre-
use 0.3 for bone and 0.3 to 0.45 for soft tissues sentation of damping in the middle ear since struc-
(e.g., Gan et al., 2004; Tuck-Lee et al., 2008; tures can become overdamped at high frequencies 
Homma et al., 2010). (Zhang & Gan, 2013); therefore, isotropic damping, 

Here, soft tissue was set as 0.45. Measured characterized by isotropic loss factors, was tested as 
values of Poisson’s ratio in bone have a wider an alternative. Three parametric sweeps employing 
range than is reflected in models—between 0.07 isotropic damping were performed: (1) bone damp-
to > 0.5 (McElhaney, 1966; Reilly & Burstein, ing only, (2) soft tissue damping only, and (3) both 
1975; Dalstra et al., 1993; Shahar et al., 2007). bone and soft tissue damping. Primary values did 
Tendons have a wide range of Poisson’s ratios, not contain isotropic damping; values between 
with some studies obtaining positive values of 0 and 1 were investigated in sensitivity analysis. 
approximately 0.1 to 4 (Lynch et al., 2003; Vergari Both Rayleigh and isotropic damping were sepa-
et al., 2011; Chernak & Thelen, 2012; Thorpe rately investigated as opposing types of damping; 
et al., 2013, 2014), whereas other studies report cochlear damping was included in all cases.
negative values approaching -10 (Gatt et al., The FEMs were designed to be linear for sim-
2015). The current study used isotropic materials plicity and solved with COMSOL Multiphysics 
for simplicity, thus values in the simulation were software (COMSOL Inc., Stockholm, Sweden). 
kept within a permissible range to satisfy equa- The output of the models was a series of transfer 
tions for linear elastic materials. Values between functions of output velocity at the center of the 
-0.49 and 0.4 were tested with sensitivity analysis. stapes footplate relative to the input pressure as 
Values close to the upper limit of Poisson’s ratio a function of frequency (1 Hz to 100 kHz). The 
for linear materials (0.5) in FEMs are known to primary values provided a reference transfer func-
give inaccurate results; for technical reasons, see tion for each species that was compared with the 
Bathe (2006). For this reason, values greater than transfer functions resulting from all parameter 
the primary value of 0.45 were avoided. changes.

Damping—Damping is a form of energy dis-
sipation from a system over time. There are many Results
different types of damping, three of which are 
included in the middle-ear models: (1) cochlear Parameters that when changed produce a signifi-
damping, (2) Rayleigh damping, and (3) isotro- cant effect on the response and therefore trans-
pic damping. Cochlear damping is attributed fer function, here defined as any change greater 
to the fluid of the cochlea reacting to the stapes than 6 dB from the primary transfer functions, are 
footplate velocity. The cochlear damping constant presented in Figure 2. More details about those 
can be derived from the measurements of sev- effects on frequency and magnitude are given in 
eral terrestrial mammalian species, ranging from the subsequent text and figures.
0.059 to 0.891 N s/m (Møller, 1965; Lynch et al., 
1982; Merchant et al., 1996; Aibara et al., 2001; 
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Elastic Modulus
All tested changes to bone and soft tissue elas-
tic moduli resulted in significant changes in the 
transfer function. For bone, increases in the elastic 
modulus had the effect of shifting the transfer func-
tion higher in frequency (Figure 3). Changing the 
tympanic membrane elastic modulus only resulted 
in significant changes in the mid-frequency region 
(i.e., the peak region) (Figure 4). Increasing the 
tympanic membrane elastic modulus primarily 
introduced resonances around the peak frequency. 
The annular ligament elastic modulus affected the 
transfer function most strongly in magnitude; the 
peak frequency and bandwidth also showed slight 

Figure 2. Summary of the effects of parameter changes, 
both material/mechanical properties and damping, on 
the transfer functions of humpback whales with respect 
to magnitude. Values highlighted in black are those that 
showed a significant difference (i.e., a change of ±6 dB) 
from the primary transfer functions of each species, split 
into low-, mid- (peak), and high-frequency regions.

shifts (Figure 5). A higher elastic modulus of the 
annular ligament resulted in a lower magnitude.

Increasing the elastic modulus of articular 
soft tissues (the highest values of which simu-
late a rigid joint tissue between the ossicles) both 
increased magnitude of the transfer function and 
shifted the peak to higher frequencies (Figure 6). 
Additionally, at higher elastic moduli values, when 
the joints are most rigid, the high-frequency roll-
off became shallower. Increasing suspensory soft 
tissue elastic moduli primarily affected dampen-
ing of the low and mid frequencies (Figure 7). The 
magnitude at high frequencies slightly increased 
as well.

Density
Density of bone, when increased, affects the trans-
fer function by shifting the peak and high-frequency 
slope downward in frequency (Figure 8). Lower fre-
quencies (less than 1 kHz) are unaffected. Changing 
densities of the tympanic membrane, annular liga-
ment, articular soft tissues, and suspensory soft 
tissues have no significant effect on the transfer 
function.

Figure 3. The effects of changing bone elastic modulus 
on the transfer functions of humpback whales. Top graph 
shows all transfer function curves for each parameter value 
(n = 7) compared to the primary transfer function (dotted 
line). Bottom graph shows the change in magnitude as a 
function of frequency in dB for which the threshold of 
significance is defined here as ±6 dB from the primary 
magnitude. Changes greater than 40 dB are not shown. A 
color gradient from green to magenta is used to indicate 
the range of values tested from low to high, respectively. 
Lowest and highest sensitivity values are labeled in the 
legend as well as the primary value.
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Figure 4. The effects of changing tympanic membrane 
elastic modulus on the transfer functions of humpback 
whales. Top graph shows all transfer function curves for 
each parameter value (n = 7) compared to the primary 
transfer function (dotted line). Bottom graph shows the 
change in magnitude as a function of frequency in dB for 
which the threshold of significance is defined here as ±6 
dB from the primary magnitude. A color gradient from 
green to magenta is used to indicate the range of values 
tested from low to high, respectively. Lowest and highest 
sensitivity values are labeled in the legend as well as the 
primary value.

Figure 5. The effects of changing annular ligament elastic 
modulus on the transfer functions of humpback whales. Top 
graph shows all transfer function curves for each parameter 
value (n = 7) compared to the primary transfer function 
(dotted line). Bottom graph shows the change in magnitude 
as a function of frequency in dB for which the threshold 
of significance is defined here as ±6 dB from the primary 
magnitude. Changes greater than 40 dB are not shown. A 
color gradient from green to magenta is used to indicate 
the range of values tested from low to high, respectively. 
Lowest and highest sensitivity values are labeled in the 
legend as well as the primary value.

Poisson’s Ratio
Poisson’s ratio of articular soft tissue has a slight 
effect on the shape of the transfer function curve, 
significantly affecting mid and high frequencies 
(Figure 9). Poisson’s ratio of bone, the tympanic 
membrane, annular ligament, and suspensory soft 
tissue all have an insignificant effect on the trans-
fer function.

Damping
Changes in the cochlear damping constant exclu-
sively affect the peak frequency region of the 
transfer function, although insignificantly. The 
Rayleigh damping stiffness parameter strongly 
affects the shape of the transfer function. Increased 
damping results in a smoother transfer function 
that additionally flattens out the peak (Figure 10). 
A higher mass damping coefficient smooths the 
resonances of the transfer function shape (or, 
rather, a lower mass damping coefficient intro-
duces resonances to the transfer function shape), 
but this change is not significant.

Higher isotropic damping has greater effects 
on the mid and high frequencies when damp-
ing is modeled with isotropic loss factors rather 
than Rayleigh damping (Figure 11). The transfer 

function becomes much smoother with higher 
damping applied to all tissues together. In all other 
cases, for lower damping or damping on bone 
only (Figure 12) or soft tissue only (Figure 13), 
the transfer function shows several resonances.

From the sensitivity analyses of the middle-ear 
model, there emerge eight material properties with 
the highest priorities for obtaining experimental 
measures for improving middle-ear model accuracy 
and, subsequently, hearing range estimation. The 
order of importance based on effects on the trans-
fer function are as follows: (1) Rayleigh damping 
stiffness coefficient, (2) elastic modulus of articular 
soft tissue, (3) isotropic loss factor of soft tissue, 
(4) isotropic loss factor of bone, (5) elastic modulus 
of annular ligament, (6) elastic modulus of suspen-
sory soft tissue, (7) Poisson’s ratio of articular soft 
tissue, and (8) elastic modulus of tympanic mem-
brane. Figure 14 displays these results in the con-
text of best hearing range estimation (here defined 
as -40 dB from the peak magnitude). Box plots for 
the peak frequency, low-frequency cutoff at -40 dB, 
and high-frequency cutoff at -40 dB show the most 
probable estimated ranges for each of the most sen-
sitive parameters. The Rayleigh damping stiffness 
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Figure 6. The effects of changing articular soft tissue elastic 
modulus on the transfer functions of humpback whales. Top 
graph shows all transfer function curves for each parameter 
value (n = 7) compared to the primary transfer function 
(dotted line). Bottom graph shows the change in magnitude 
as a function of frequency in dB for which the threshold 
of significance is defined here as ±6 dB from the primary 
magnitude. Changes greater than 40 dB are not shown. A 
color gradient from green to magenta is used to indicate 
the range of values tested from low to high, respectively. 
Lowest and highest sensitivity values are labeled in the 
legend as well as the primary value.

Figure 7. The effects of changing suspensory soft tissue 
elastic modulus on the transfer functions of humpback 
whales. Top graph shows all transfer function curves for 
each parameter value (n = 7) compared to the primary 
transfer function (dotted line). Bottom graph shows the 
change in magnitude as a function of frequency in dB for 
which the threshold of significance is defined here as ±6 dB 
from the primary magnitude. A color gradient from green to 
magenta is used to indicate the range of values tested from 
low to high, respectively. Lowest and highest sensitivity 
values are labeled in the legend as well as the primary 
value.

parameter β gives the most extreme result, but if 
we consider that isotropic damping gives a closer 
approximation to the audiogram, we can ignore 
this parameter. The most probable ranges for the 
peak frequency (defined here as the range between 
the lowest value of the first quartile to the highest 
value of the third quartile for the peak boxplots in 
Figure 14, excluding β) are between 2 and 4 kHz 
for the humpback whale. The widest bandwidth 
of hearing (defined as the lowest value of the first 
quartile of the low-frequency box plots to the high-
est value of the third quartile of the high-frequency 
box plots in Figure 14, excluding β) for the hump-
back whale is likely between 50 Hz to 20 kHz.

Discussion

While parameters were given wide ranges of 
values during sensitivity analysis, it was expected 
that only a subset of values in each range would be 
physiologically relevant. A potentially more accu-
rate range can be estimated from values already 
measured in literature, and many primary values 
in the models were chosen this way. It must be 
noted, however, that because most properties of 

cetacean tissue remain unknown, it is entirely pos-
sible that the real values may be outside the stan-
dard range of values of terrestrial mammals. For 
example, the ear bones of cetaceans have unusu-
ally high mineralization and a greater percentage 
of the bullar capsule comprised of exceedingly 
dense compact bone as compared to ear bones 
in any other known mammal or even other ceta-
cean bone (Currey, 1979; Kim et al., 2014; Tubelli 
et  al., 2014; Schmidt et  al., 2018). This implies 
that an unusually high elastic modulus is appro-
priate. It has been suggested that this is an adap-
tation related to diving as well as having conse-
quences for underwater hearing (Currey, 1979; 
Kim et  al., 2014; Tubelli et  al., 2014; Schmidt 
et al., 2018). Other yet unmeasured tissue param-
eters could similarly diverge considerably from 
terrestrial tissue values based on anatomy evolved 
to be uniquely marine. 

In the case of elastic moduli and densities of 
ear bones, measurements have been made for a 
few cetacean species (Currey, 1979; Nummela 
et  al., 1999; Kim et  al., 2014; Tubelli et  al., 
2014; Schmidt et al., 2018) and, thus, sensitivity 
analysis was purely an exercise in understand-
ing the role of these parameters in shaping the 



725Material Properties in Cetacean Hearing Models

Figure 8. The effects of changing bone density on the 
transfer functions of humpback whales. Top graph shows 
all transfer function curves for each parameter value (n = 
7) compared to the primary transfer function (dotted line). 
Bottom graph shows the change in magnitude as a function 
of frequency in dB for which the threshold of significance is 
defined here as ±6 dB from the primary magnitude. A color 
gradient from green to magenta is used to indicate the range 
of values tested from low to high, respectively. Lowest and 
highest sensitivity values are labeled in the legend as well 
as the primary value.

Figure 9. The effects of changing articular soft tissue 
Poisson’s ratio on the transfer functions of humpback 
whales. Top graph shows all transfer function curves for 
each parameter value (n = 11) compared to the primary 
transfer function (dotted line). Bottom graph shows the 
change in magnitude as a function of frequency in dB for 
which the threshold of significance is defined here as ±6 
dB from the primary magnitude. A color gradient from 
green to magenta is used to indicate the range of values 
tested from low to high, respectively. Lowest and highest 
sensitivity values are labeled in the legend as well as the 
primary value.

transfer function. The effects of changing bone 
elastic moduli (Figure 3), for which a higher elas-
tic modulus results in a higher frequency peak, 
is reasonable given measurements performed by 
Tubelli et al. (2014), as well as those by Schmidt 
et  al. (2018) that showed that odontocetes have 
higher ossicular elastic moduli than mysticetes. 
Mysticetes are generally categorized as lower fre-
quency animals and, thus, it is consistent that the 
bones are less stiff than in odontocetes.

Changes in bone density affecting only the mid 
and high frequencies of the transfer functions also 
make sense when considering the model in the 
context of two properties: (1) mass and (2) stiff-
ness. These two properties are the most important 
components in determining the natural frequency 
(i.e., the most sensitive frequency) of a system 
and are related by

(Equation 1)

where f  is natural frequency, k is stiffness, and m 
is mass. 

n

As shown in Equation 1, mass is inversely 
proportional to the natural frequency. A more 
massive ear favors a lower resonant frequency. In 
the opposite manner, stiffness is proportional to 

natural frequency; thus, a stiffer middle ear favors 
a higher resonant frequency. This relation is a 
lumped-element simplification of the middle-ear 
system that generally explains why mysticetes, 
with their more massive ossicles in comparison 
to odontocetes, would be more sensitive at lower 
frequencies (Fleischer, 1978; Wartzok & Ketten, 
1999). Density is a property that depends on mass; 
therefore, we would expect lower frequencies to 
be less inhibited, whereas higher frequencies 
would be significantly attenuated in denser ears 
due to mass domination at those frequencies.

The stapes complex (i.e., the stapes and annu-
lar ligament) can be considered a mass-spring 
system, with the stapes as the mass and the annu-
lar ligament as the spring supplying the stiff-
ness (Fleischer, 1978). Together, they transfer 
the mechanical energy of the middle ear to fluid 
motion in the cochlea via piston-like motion of the 
stapes (Høgmoen & Gundersen, 1977; Rosowski, 
1994). Where mass can attenuate vibration at 
higher frequencies (as seen in the response of 
the transfer function to changes in density in 
Figure 8), stiffness likewise can attenuate the low-
frequency response. In support of this, Figure 5 
shows that within the range of parametric values 
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Figure 10. The effects of changing Rayleigh damping 
stiffness parameter on the transfer functions of humpback 
whales. Top graph shows all transfer function curves for 
each parameter value (n = 8) compared to the primary 
transfer function (dotted line). Bottom graph shows the 
change in magnitude as a function of frequency in dB for 
which the threshold of significance is defined here as ±6 dB 
from the primary magnitude. Changes greater than 40 dB 
are not shown. A color gradient from green to magenta 
is used to indicate the range of values tested from low to 
high, respectively. Lowest and highest sensitivity values are 
labeled in the legend as well as the primary value.

Figure 11. The effects of adding isotropic damping on 
all tissues, replacing Rayleigh damping, on the transfer 
functions of humpback whales. Top graph shows all transfer 
function curves for each parameter value (n = 6) compared 
to the primary transfer function (dotted line). Bottom graph 
shows the change in magnitude as a function of frequency 
in dB for which the threshold of significance is defined 
here as ±6 dB from the primary magnitude. Changes 
greater than 40 dB are not shown. A color gradient from 
green to magenta is used to indicate the range of values 
tested from low to high, respectively. Lowest and highest 
sensitivity values are labeled in the legend as well as the 
primary value.

tested, lower frequencies are orders of magnitude 
more affected by changes in annular ligament 
elastic moduli than higher frequencies. To a lesser 
extent, the suspensory soft tissues function much 
in the same way, with the elastic modulus control-
ling how tight each of the ligaments and muscle 
tendons are, or how stiff the system is, and thus 
affecting the magnitude of the low-frequency 
response (Figure 7). Additionally, given the orien-
tation of the annular ligament around the footplate 
of the stapes, anchoring it to the periotic bone, the 
stiffness of the annular ligament effectively acts to 
dampen the motion of the stapes, which explains 
why increasing annular ligament elastic modulus 
strongly transforms the transfer function lower in 
magnitude. Sensitivity analysis of the annular lig-
ament and suspensory soft tissue elastic moduli in 
humans yields results similar to this study (Ferris 
& Prendergast, 2000; De Greef et al., 2017).

Articular soft tissue in this study is comprised 
of the interossicular joints: the incudo-malleal 
joint and the incudo-stapedial joint. Results of 
parametric studies combine the effects of these 
tissues; however, there are differences between 
the tissues and between the two suborders. In 

many middle-ear models, the incudo-malleal 
joint is modeled as rigid, with an elastic modulus 
equal to the bone (Gan et al., 2004; Homma et al., 
2009; Hoffstetter et al., 2010). This is backed by 
some experimental sources in terrestrial mammals 
(Kirikae, 1960; Gundersen & Høgmoen, 1976) 
but argued to be more flexible in others (Willi 
et al., 2002; Nakajima et al., 2009). In whales and 
dolphins, the ossicles are not fused, and mysti-
cete ossicles are more loosely joined, but there is 
no consistent comparative quantitative measure-
ment of the properties of interossicular connec-
tions in cetaceans (Fleischer, 1978; Ketten, 2000). 
Parametric analysis results reveal that choosing 
different parameter values will have a dramatic 
effect on the shape of the transfer function at all 
frequencies (Figure 6), and, thus, the mechanical 
properties should be studied further.

The cochlear damping constant controls the 
cochlear input impedance, which is the contri-
bution of the cochlear load to the middle-ear 
response (Rosowski, 1994). In this study, changes 
in the cochlear damping constant have an insignif-
icant effect on the humpback whale transfer func-
tion. De Greef et al. (2017) examined the change 
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Figure 12. The effects of adding isotropic damping on 
bone, replacing Rayleigh damping, on the transfer functions 
of humpback whales. Top graph shows all transfer function 
curves for each parameter value (n = 6) compared to the 
primary transfer function (dotted line). Bottom graph 
shows the change in magnitude as a function of frequency 
in dB for which the threshold of significance is defined 
here as ±6  dB from the primary magnitude. Changes 
greater than 40 dB are not shown. A color gradient from 
green to magenta is used to indicate the range of values 
tested from low to high, respectively. Lowest and highest 
sensitivity values are labeled in the legend as well as the 
primary value.

Figure 13. The effects of adding isotropic damping on 
soft tissues, replacing Rayleigh damping, on the transfer 
functions of humpback whales. Top graph shows all 
transfer function curves for each parameter value (n = 6) 
compared to the primary transfer function (dotted line). 
Bottom graph shows the change in magnitude as a function 
of frequency in dB for which the threshold of significance 
is defined here as ±6 dB from the primary magnitude. A 
color gradient from green to magenta is used to indicate 
the range of values tested from low to high, respectively. 
Lowest and highest sensitivity values are labeled in the 
legend as well as the primary value.

in the human middle-ear transfer function using 
cochlear impedance data (rather than a simpler 
cochlear damping constant extracted from these 
data for simplicity) from four measured sources. 
The changes to the transfer function were much 
more significant, suggesting that the cochlear load 
should be modeled in a less simple way if experi-
mental data for cetacean cochlear input imped-
ance become available.

This study compares the response of the trans-
fer function to two types of damping on the over-
all system: (1) Rayleigh damping and (2) isotro-
pic damping. Rayleigh damping is commonly 
used in modeling and was included in the previ-
ously published models of the authors (Tubelli 
et al., 2012, 2018). However, choosing Rayleigh 
coefficient parameter values in these studies are 
conjectured as a result of little experimental jus-
tification for which values to choose. In spite of 
these unknowns, this study shows that both α and 
β smooth the transfer function with the stiffness 
parameter β taking this smoothing to an extreme 
(Figure 10). Funnell et  al. (1987) have reported 
similar results for the sensitivity of an eardrum 
model, although at a much smaller perturbation 

range. However, Zhang & Gan (2013) reveal 
that Rayleigh damping results in high frequen-
cies getting overdamped and suggest using visco-
elastic damping instead, which, in the case of the 
tympanic membrane frequency response, gives 
greater accuracy to the model. The differences 
between Rayleigh damping with parameters at 
the primary values and isotropic damping in this 
study supports this conclusion (Figures 11-13). 
The distinction between the two types of damp-
ing can become crucial at frequencies greater than 
3.8 kHz (Zhang & Gan, 2013) and, therefore, 
may be significant for mysticetes and potentially 
even more critical for higher frequency cetaceans, 
which could be compared with audiometric data.
For example, according to the standard bottle-
nose dolphin (Tursiops truncatus) audiogram 
measured by Johnson (1968), the most sensitive 
region is between 10 and 100 kHz, with high-
frequency roll-off starting at approximately 80 
kHz. Most of this peak region from the audiogram 
may be eliminated in a model transfer function 
with Rayleigh damping applied; therefore, using 
isotropic loss factors in lieu of Rayleigh damping 
should result in a closer approximation of models 
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Figure 14. Box plots showing the change in best hearing range at low (purple), peak (orange), and high (green) frequency 
regions for each change in parameter for each species compared to the primary frequencies. ETM = tympanic membrane 
elastic modulus, EAL = annular ligament elastic modulus, EAST = articular soft tissue elastic modulus, ESST = suspensory soft 
tissue elastic modulus, νAST = articular soft tissue Poisson’s ratio, β = Rayleigh damping stiffness coefficient, η = isotropic 
loss factor for all tissues, ηB = isotropic loss factor for bone, and ηST = isotropic loss factor for soft tissue. The number of data 
points are shown in parentheses.

to audiograms. A future step is to model loss as a investigations with accurate material properties 
frequency-dependent variable rather than a static can settle pathway debates and indeed contribute 
value (Homma et al., 2010; Zhang & Gan, 2013). to a better understanding of frequency sensitivi-

This model employed input to the tympanic ties and potential impacts.
bone for simplicity. It is known that the acoustic It has been demonstrated that combining the 
fats terminate near the tympanic bone in a number separate contributions of the outer, middle, and 
of cetacean species (Norris, 1968; Ketten, 1992, inner ears together provides a comprehensive, 
2000; Yamato et al., 2012); however, the exact optimal estimation of an audiogram (Ruggero 
terminus can be difficult to determine in post- & Temchin, 2002). The pathway to the middle 
mortem material because of rapid dissolution. ear is one element but not the most significant 
In a few extremely fresh odontocete specimens, for understanding how sound is processed and 
the acoustic fats have been shown to terminate at transferred to the brain. In terms of hearing and 
the tympanic membrane (Ketten, 2000; Costidis audiogram models, the most important elements 
& Rommel, 2012), but the exact location in mys- are not pathways but, rather, the middle-ear trans-
ticetes remains unclear. As seen from the trans- fer function and the inner-ear response maps 
fer functions of the minke (Balaenoptera acu- (Rosowski, 1991, 1994; Ruggero & Temchin, 
torostrata) and humpback whale models from 2002). Total hearing ranges are readily studied 
Tubelli et al. (2012, 2018), the tympanic mem- through cochlear frequency mapping models, but 
brane could be the effective input source and the it is their coupling with middle-ear transfer func-
primary, most efficient pathway as is the case for tions that holds the key to determining peak sensi-
all other mammalian species. For all mysticetes, tivities (Dallos, 1973; Rosowski, 1991). The study 
the hyperdevelopment of a large, well-developed presented herein looks at the middle-ear compo-
tympanic membrane suggests that this structure nent of hearing and is a first step in a complete 
is functional. Whether the tympanic membrane hearing analysis. In particular, we are addressing 
of mysticetes (glove finger) maintains the same the importance of better property measurements, 
function as the primary input structure for sound especially for the most sensitive properties (those 
to the middle ear, as in terrestrial mammals, or has displayed in Figure 14).
evolved to function differently is uncertain. If the For future studies, both tissue quality and 
tympanic membrane of mysticetes is part of the its post-extraction handling are of great impor-
primary hearing pathway, then having the most tance. It is well established that fixation methods 
accurate related parameters for the membrane and processing can alter tissue appearance and 
has elevated importance in the model. Further response characteristics (Schuktnecht, 1993). Just 
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