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ABSTRACT

The malleus–incus complex (MIC) is unique to
mammalian hearing. To develop a comprehensive
biomechanical MIC model for the human middle ear,
measurements regarding its anatomical features are a
necessity. Micro-scale X-ray computed tomography
(micro-CT) imaging, which is known to be a suitable
method for imaging high-density tissue such as
middle-ear ossicles and surrounding bones, is used in
this study to determine the three-dimensional (3-D)
morphometry of the soft tissue attachments of the
MIC. The MIC morphometry is based on their 3-D
reconstruction from micro-CT image slices with reso-
lutions ranging from 10 to 20 mm. The suspensory
ligament and tendon attachments of the malleus and
the incus as well as the incudomalleal joint (IMJ), are
quantified in terms of dimensions, positions, and
orientations for four human cadaver temporal bones.
The malleus principal frame, the incus principal
frame, and the MIC principle frame are calculated
and the morphometry is reported in relation to each
of these frames for the first time. The resulting values
show significant variation across ear samples, suggest-
ing that models of the MIC should be based on
individual anatomy. The IMJ morphometry dimen-
sions appear to be proportional to the ossicular mass.
The micro-CT imaging modality is a nondestructive
and relatively fast method for obtaining soft tissue
morphometry and provides accurate anatomical fea-
tures in relation to the principal axes of bones.

Keywords: morphometry, middle ear, soft tissue,
suspensory attachment, tensor tympani tendon, liga-
ment, malleus, incus, malleus–incus complex, incu-
domalleal joint (IMJ), computed tomography (CT),
micro-CT

INTRODUCTION

Among vertebrates, one of the most distinguishing
traits of mammals is the presence of three middle ear
bones and this distinction is used as a criterion for
including fossilized or living animals in the mamma-
lian class (Masterton et al. 1969; Colbert and Morales
1991). The middle ear bones consisting of the
malleus, incus, and stapes, which are the smallest
bones in the human body, are attached to surround-
ing bony structures by suspensory attachments such
as ligaments and tendons and are connected to each
other by two joints. The anatomical features include
the morphometry of the middle-ear bones as well as
the morphometry of the soft tissues. Inertial proper-
ties of the middle-ear bones for human (Kirikae
1960; Beer et al. 1999; Weistenhöfer and Hudde
1999; Puria et al. 2007a; Sim et al. 2007) and for cat,
guinea pig, and chinchilla (Puria et al. 2007a) have
been reported previously. However, detailed mor-
phometry of the soft tissues such as their dimensions
and relative positions mostly remains unknown.

Several general descriptions of the suspensory
attachments of the malleus have been reported (Gray
1918; Schuknecht 1974; Beer et al. 1996; Gan et al.
2002; Koike et al. 2002). Though the number of
identified suspensory attachments to the malleus has
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varied from two (Koike et al. 2002) to five (Beer et al.
1996) in previous studies, four suspensory attach-
ments consisting of the tensor tympani tendon, the
anterior attachment, the lateral attachment, and the
superior attachment are generally accepted (Gray
1918; Schuknecht 1974; Beer et al. 1996; Gan et al.
2002). This is consistent with our observation of the
same four attachments to the malleus under a
microscope (Fig. 1) and within micro-CT images
from all four ear samples used in this study.

The anterior attachment and the lateral attach-
ment are generally described as suspensory ligaments
consisting of collagen fibers, while the superior
attachment is sometimes considered to be a thin fold
of mucous membrane consisting of a thin layer of
epithelium. Recent observations by Merchant (per-
sonal communication, 2006) indicate the possible
existence of collagen fibers within the superior
attachment, although they were found in only two
out of the six temporal bone samples that were
examined. Considering this observation, the superior

attachment is referred to as the Bsuperior attachment
of the malleus^ in this work, while the anterior
attachment and the lateral attachment are both
referred to as ligaments.

The incus ligament, which is sometimes referred
to as the posterior ligament of the incus, is a short,
thick band connecting the end of the short crus of
the incus to the fossa incudis (Gray 1918), and has a
more complicated geometry than the ligaments of
the malleus. This ligament contacts the incus mainly
on the medial and lateral parts of the short crus of
the incus, and connects to the bony wall of the
middle-ear cavity on the medial (attaching to the
incus buttress) and lateral sides, so this ligament is
sometimes considered to be two separate ligaments.
It has been observed, however, that the two parts are
connected through the inferior or the posterior parts
of the short crus of the incus, so it is in fact a single
continuous ligament rather than two separate liga-
ments. The contact areas on the middle-ear cavity wall
are a little larger than the contact areas on the incus.

FIG. 1. Microscopic view of suspensory attachments of themalleus in an isolatedmalleus–incus preparation (ear 4, a right ear).A Tensor tympani tendon
(anterior view), B anterior ligament (medial view), C superior attachment (medial view), and D lateral ligament (lateral view).
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The incudomalleal joint (IMJ), which has a twisted
saddle shape as first described by Helmholtz (1968),
has been considered to be diarthrodial joint binding
the malleus and the incus at its two articular facets
(Schuknecht 1974; Marquet 1981). It is also known
that the two articular surfaces are connected by thin
fibrous structures along the boundary. These fibrous
structures are thickened on its medial and lateral
aspects, where the gap between the two surfaces is
relatively large. The joint is presumed to contain
synovial fluid inside the capsule (Marquet 1981). All
these descriptions are consistent with our observations
under a microscope and of scanning electron micros-
copy (SEM) photos of the joint interface (Fig. 2).

Many folds of peritoneum and other membranes
are also found to be attached to the MIC, which
provide pathways for the blood supply to the ossicles
(Schuknecht 1974). These tissues are believed to
have low stiffness and thus minimal influence on the
MIC motion. They are not included in this study
because the focus of this work is on the soft tissues
that are likely to affect the MIC dynamics.

To obtain three-dimensional anatomical informa-
tion about the soft tissues in the human middle ear,
traditional histological methods have been used, but

they are destructive and require several months for
results to be obtained. Physiological measurements of
the middle ear are often made with different
ossicular manipulations including ossicular disarticu-
lation and removal of the eardrum (Sim et al. 2006).
Another issue in modeling the middle ear is the fairly
large variations in middle-ear anatomy across ear
samples. To formulate an accurate biomechanical
model, individual anatomy may be important, which
requires a fast and non-destructive method. This
work shows that micro-CT imaging, which is known
to be a suitable method for high-density tissue such
as the ossicles and surrounding bone (Decraemer
et al. 2003; Lane et al. 2004; Sim et al. 2006; Puria
et al. 2007a), can also be used to image the soft
tissues of the malleus–incus complex (Figs. 3 and 4).

This work is one step toward characterizing the
biomechanics of the malleus–incus complex. To de-
couple the MIC from eardrum mechanics and the
stapes mechanics, we have developed an isolated MIC
preparation where the eardrum and the stapes are
removed (Fig. 3 and Fig. 4 right panel). The resulting
morphometry data are important for anatomically
based 3-D computational models of the MIC subsys-
tem of the human middle ear (Sim et al. 2006).

FIG. 2. The incudomalleal joint (IMJ) interface on the malleus and
incus. A Microscopic view after drying of the joint fluid for 30 min,
B SEM photo of the interface to the incus, and C SEM photo of the

fibrous structure at the joint wall. The joint is filled with sticky fluid,
which is contained by the fibrous wall along its boundary.
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MATERIALS AND METHODS

Temporal bone preparation

Four human temporal bones from four different
human cadavers were used (three right ears and one
left ear). The temporal bones were harvested within 2
days after death and were frozen immediately upon
extraction. The ear canal and the middle-ear cavity
were opened widely to minimize X-ray attenuation
and to reduce the specimen size so as to allow the
scan resolution to be increased. Because this study
was originally planned to obtain anatomical informa-
tion for a model of the isolated MIC dynamics, the
eardrum and stapes were dissected using a surgical
laser (AccuSTAT 10-6110).

Micro-CT imaging

The vivaCT 40 micro-CT scanner developed by
SCANCO Medical AG (www.scanco.ch) was used for
this study. Figure 4 shows slice images of an intact ear
(left) and the isolated malleus–incus complex
(right). The best resolution of 10.5 mm could be
obtained by reducing our specimen size to fit into the
21.5-mm diameter holder (Sim et al. 2007).

The maximum X-ray intensity setting of 145 mA
was used to get sufficiently good signal-to-noise ratio
and good image clarity (Sim et al. 2007). By
increasing the integration time up to 2,000 ms which
corresponds to measurement times of 9–12 h for
most of our preparations, it was possible to further
improve soft tissue visibility.

The vivaCT 40micro-CT scanner in this study allows
45, 55, or 70 keV as the diagnostic energy level. We had
difficulty indifferentiating soft tissue from the surround-
ing background air in grayscale with 70 keV because of
small attenuation difference between them. With the
photon energy level set to 45 keV, the attenuation
difference between bone and air was larger, but visibility
of soft tissue, which is the most difficult part, was not
improved, and even partially degraded compared to the
scan with the photon energy level set to 55 keV (Fig. 5).

We also observed some interruptions because of
Bbeam hardening^ effects (Brook et al. 1976; Wang
et al. 1998) in large bony sections with the photon
energy level set to 45 keV. This led us to select 55 keV
as the photon energy, where soft tissue was clearly
distinguishable from its background and grayscale
differences between bone and the surrounding air
and soft tissue are sufficiently large.

Another factor affecting the visibility of soft tissue
is the imaged area of the soft tissue in each slice,

FIG. 3. Isolated malleus–incus complex (MIC) of the human
middle ear obtained from 3-D reconstruction of micro-CT scan
images. Blue structures indicate suspensory attachments while the
tensor tympani tendon is shown in red. The middle-ear cavity walls,
where the attachments terminate, are not shown. The umbo is at the
origin of the X, Y, and Z axes of the CT frame.

FIG. 4. Micro-CT images of an intact ear (left) and the isolated MIC
(right). These images were obtained from 12.5 mm iso-volume scans
with the 25.6 mm diameter holder (intact ear, left) and 10.5 mm iso-

volume scans with the 21.5 mm diameter holder (the isolated MIC,
right). Note the notch in the posterior part of the incus. (Reprinted
with permission from Sim et al. 2007).
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where smaller areas yield lower visibility. To avoid the
small areas associated with suspensory tissues inter-
secting the image planes longitudinally, and to
ensure that all suspensory tissues are clearly visible,
scans for each specimen are made in two approxi-
mately orthogonal directions: superior–inferior and
anterior–posterior directions.

Segmentation and three-dimensional volume
reconstruction

The Evaluation Program (v.6.0) provided by the micro-
CT manufacturer (SCANCO, Switzerland) was used
for segmentation and 3-D volume reconstruction
from the stacks of slice images. The first step in
using this program is to outline the object of interest
with contours in each slice image. For bone which
has a high contrast ratio with respect to surrounding
soft tissue and air, contouring can be performed by
automated software algorithms as follows: a contour
(which approximately matches the shape of the
bone) is initially drawn on a slice by hand, and then
a Bshrink-wrapping^ algorithm based on Gaussian
segmentation is used to automatically adjust the
shape to closely match the edge of the bone. The
resulting contour is then copied to the next slice
(iterating forwards) or the previous slice (iterating
backwards), and the shrink-wrapping algorithm is
repeated. Because the grayscale differences between
soft tissue and air are too small (Fig. 6A), automatic
contouring cannot be used for soft tissue, and hand
segmentation is required. Once the object is separated
from adjacent objects by contours, a range in grayscale
is applied to identify Bfull^ voxels and Bempty^ voxels,
which correspond to the volume within the range and
outside of the range. Different grayscale ranges are
selected for objects of high and low grayscale values
corresponding to bone and soft tissue (Fig. 6B), which
are readjusted for each scan. These ranges are not
typically the same for different specimens and scans

because even the same material can have a different
grayscale value depending on the scan conditions and
specimen preparation.

Figure 6B shows the grayscale values along the red
line in Figure 6A, which were recalculated such that
the maximum attenuation (m/p=8 cm2/g) corre-
sponds to 1,000 and no attenuation (m/p=0) corre-
sponds to 0. Based on a histogram analysis (Fig. 6C), a
grayscale range of 200–350 was used for the soft tissue
with our scan condition and specimen preparation. A
range above 350 was used for bone and a range below
200 was used for surrounding air. After segmentations
are done for a stack of slices, segmented slices are
combined to reconstruct the 3-D volume of the object.

Registration into the principal frame

To describe attachment positions and orientations of
suspensory attachments, all reconstructed 3-D volumes
are registered into the principal frames of the malleus,
the incus, or the combined malleus–incus complex.
Each principal frame consists of the corresponding
principal axes and has the corresponding center of
mass as its origin.

Portions of the malleus/incus bones are vascular-
ized and thus contain lower-density blood vessels
(Donaldson et al. 1992). Consequently, the entire
bone cannot be treated with uniform density (Fig. 7).

The center of mass and inertia in the Cartesian
coordinate system are calculated by the standard
discretization of 3-D volume information from the
micro-CT images. The specific techniques and results
for the same ears reported in this study are described
elsewhere (Puria et al. 2007a; Sim et al. 2007). The
bone mass, which includes the mass of the low-
density blood vessels as well as the mass of the high-
density bony parts, is physically measured using a
scale (ACCULAB LA-110) with a precision of 0.1 mg
(Table 1). All mass measurements are made 15 min
after the bone is removed from a saline solution bath.

FIG. 5. Micro-CT images with a photon energy level of 55 keV
(left) and 45 keV (right). With a photon energy level of 45 keV,
attenuation differences between bony portion and its background

were larger, but the visibility of soft tissue was not improved, and
even partially degraded compared to the scan with the a photon
energy level of 55 keV.
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The density of blood vessels is assumed to be the
same as the density of water (1,000 kg/m3).

Once moments of inertia are known for a given
frame, the orientation of the principal frame is calculat-
ed such that all nondiagonal terms in the inertia matrix
are zero simultaneously (Sim et al. 2007). The three
orthogonal principal axes approximately lie along the
anterior–posterior direction, the inferior–superior di-
rection, and the lateral–medial direction. The principal
axis in the anterior-to-posterior direction is set as X-axis,
the principal axis in the inferior-to-superior direction as
Y-axis, and the principal axis in the lateral-to-medial
direction as Z-axis. This designation of axes results in a
Bright-hand-rule^ Cartesian coordinate system for right
ears and a Bleft-hand-rule^ Cartesian coordinate system
for left ears, making comparison between ear samples
possible regardless of whether the ear sample is from a
left or a right ear. Figure 8 shows the malleus and its
suspensory attachments aligned to the malleus princi-
pal frame (A) and the malleus–incus complex and its
suspensory attachments aligned to the MIC principal
frame (B).

Parametric characterization of soft tissue
morphometry

Because of poor signal-to-noise surrounding the soft
tissue and hand segmentation errors, the 3-D volume
reconstruction of the MIC suspensory attachments,
shown in Figure 9 in light blue, are too rough to be
incorporated into our relatively simple beam-like
descriptions of the suspensory attachments. In a
vibrating system, each suspensory attachment can be
modeled as three translational and three rotational
springs when its attachment to the vibrating body is
distributed over a relatively small area compared to
the size of the body. If the length of the suspensory
attachment is relatively large compared to its cross-
sectional dimension, it can be approximated by a beam
structure such as a tapered cylinder. The 3-D volumes
of suspensory attachments of the malleus are described
to a first-order approximation as tapered cylinders with
equivalent diameters, which are calculated from the
actual cross-sectional areas of the suspensory attach-
ments and are shown in Figure 9 in red.

In determining the equivalent diameters of the
suspensory attachments for the mathematical model,
the volume fraction and alignment of fibers within the
suspensory attachment should also be considered. In
this study, the focus is on the geometry of suspensory
attachments, however, so the equivalent diameters are
calculated such that the tapered cylinders have approx-
imately the same cross-sectional area as the actual
corresponding suspensory attachment.

To describe the attachment positions and orienta-
tions, simplified 3-D volumes of the suspensory

FIG. 6. Grayscale levels of a micro-CT image. A Slice image of
the malleus, surrounding tissue, and air, B grayscale values along
the red line on A, and C histogram of the scan image A. Bone
and soft tissue are distinguishable from surrounding air (A). The
grayscale values for bone have a higher rang (350–550) than soft
tissue (200–350) and air (below 200). (Reprinted with permission
from Sim et al. 2007).
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attachments of the malleus are registered into the
malleus principal frame, and into the MIC principal
frame (Fig. 10).

The attachments to the malleus are described by
position vectors from the corresponding center of
mass to the attached location, and their orientations
are described by unit-directional vectors which start
at the malleus attachments and go to the bony
middle-ear cavity attachments.

To characterize the incus ligament morphometry,
average thicknesses and contact areas on the medial
and lateral sides of the incus are measured from the
3-D solid model. The orientation of the incus
ligament is described in the incus or MIC principal
frames by the orientations of two vectors normal to
the planes contacting the lateral and medial sides of
the incus. Figure 11 shows the two contact areas along
with the planes that are calculated as the best fits to
the areas, in addition to their corresponding normal
vectors. The planes are calculated using the commer-
cial program RapidForm (www.rapidform.com), and

the attachment positions on the incus are described
by the centroid positions of the two contact areas in
the principal frames.

The incudomalleal joint (IMJ) is characterized by
its maximum and minimum thicknesses, width, area
in contacting the malleus and incus, and total
volume. To determine the thickness map of the
IMJ, the distance transformation (DT) method
(Hildebrand and Rüegsegger 1997), which measures
the mean thickness of a structure by filling it with
spheres of the largest possible diameter and calculat-
ing their mean diameter, is used.

RESULTS

Dimensions, positions, and orientations of suspenso-
ry attachments for the malleus principal frame are
summarized in Figure 12A and for the malleus–incus
principal frame in Figure 12B. The umbo position
and the center of mass (at the origin) are also shown

FIG. 7. Segmented slice image of malleus (left) and incus (right).
These bones contain Bhigh-density^ bony parts and Blow density^
parts consisting of blood vessels. For inertial calculation, the density

of the blood vessel is assumed to be the density of water, and the
bone mass is measured using a precision scale. (Reprinted with
permission from Sim et al. 2007).

TABLE 1

Mass and average density of the malleus, incus, and the combined malleus and incus

Ear 1 Ear 2 Ear 3 Ear 4 Mean SEM

Malleus Mass (mg) 25.9 29.8 35.1 26.2 29.3 2.14
Densitya (mg/mm3) 2.14 2.68 2.35 2.09 2.31 0.134

Incus Mass (mg) 29.4 27.8 38.7 25.0 30.2 2.97
Densitya (mg/mm3) 2.02 2.23 2.21 2.11 2.14 0.049

MIC Mass (mg) 55.3 57.6 73.8 51.2 59.5 4.96
Densitya (mg/mm3) 2.07 2.44 2.27 2.10 2.22 0.086

All mass measurements were made 15 min after the bone was removed from a saline solution bath.
aAverage density assuming the lower density of the blood vessel is equal to the density of water.
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in the figure. Detailed morphometry analyses, which
includes mean and standard error of mean (SEM)
values, are reported primarily in tabular form and are
described in the sections that follow.

Suspensory attachments of the malleus

Table 2 shows the diameter and length ranges of the
simplified suspensory attachments of the malleus.

The diameter across the tensor tympani tendon is
nearly constant for ears 3 and 4, but it varies for ears
1 and 2. The mean minimum diameter is 0.7 mm at
the manubrium attachment, while the mean diame-
ter on the middle-ear cavity bone attachment is 0.9
mm. The mean length of the tensor tympani tendon
is 2.2 mm, and ear 2 has the longest tensor tympani
tendon (2.6 mm) among the four specimens. The
tensor tympani tendon is attached to its muscle. In

FIG. 9. Volume reconstruction of suspensory attachments of the
malleus and corresponding tapered cylindrical approximation (ear
3). A The tensor tympani tendon, B the anterior ligament, C the

lateral attachment, and D the superior attachment. All axes
dimensions are in millimeter.

FIG. 8. Registration into the principal frame (ear 4). The principal
axis in the anterior-to-posterior direction is set as X-axis, the
principal axis in the inferior-to-superior direction as Y-axis, and the
principal axis in the lateral-to-medial direction as Z-axis. The origin

of each principal frame is the corresponding center of mass. A The
malleus and its suspensory attachments aligned on the malleus
principal frame and B the malleus–incus complex and its suspensory
attachments aligned on the MIC principal frame.
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Table 2, the portion of the tensor tympani tendon
outside of the bone is measured as its length, which is
presumed to be its tendon length. The remaining
suspensory attachments of the malleus terminate on
the surface of the middle-ear cavity.

The anterior ligament, which partially covers the
anterior process of the malleus, has a more complicated
cross-sectional shape. It has the largest cross-sectional
area among suspensory attachments of the malleus, and
its mean equivalent diameter is 0.8–1.0 mm, where the
equivalent diameter is calculated from the equivalent
circular cross-section of the same area. The anterior
ligament has a uniform equivalent diameter for ear 1,
while the diameters for ears 2, 3, and 4 vary. Ear 1, whose
tensor tympani tendon has a length near the mean
value, has the longest anterior ligament among the four
samples, while ear 2, which has the longest tensor
tympani tendon, has a short anterior ligament. Ear 4,
with a short tensor tympani tendon, also has the shortest
anterior ligament (1.4mm), while ear 3, which also has a

FIG. 11. Characterization of the incus ligament in the incus
principal frame (ear 2). A The incus ligament aligned with respect
to the incus principal frame (X: anterior-to-posterior, Y: inferior-to-
superior, Z: lateral-to-medial), B two contact areas of the incus
ligament on the medial and lateral sides of the incus and their
corresponding normal vectors, C planes fit to the contact areas and
their two normal vectors, and D calculation of the planes and the
normal vectors. Thickness, area, and width on the medial and lateral

contacts are measured to quantify the dimensions of the incus
ligament. Orientation of the incus ligament was described by the
orientations of the two normal vectors (nM and nL) in the incus
principal frame and the MIC principal frame. The planes were
calculated for the best fit to the contact area. The attachment
positions on the incus are described by the centroid positions of the
two contacting areas in the incus and the MIC principal frames.

FIG. 10. Simplified features of the suspensory attachments in the
MIC principal frame (ear 4). The attachment positions on the malleus
are described as the position vectors of the attachment locations,
and their orientations are described by the unit-directional vectors
extending from the malleus to the middle ear cavity walls.
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short tensor tympani tendon, has a relatively long
anterior ligament (2.4 mm). While the length of the
tensor tympani tendon varies by 38% across the four ear
samples, the length of the anterior ligament varies by
almost 200%.

The lateral ligament of ear 2 has the shape of a
cylindrical bar, while for the other samples the lateral
ligament is shaped either more like a rectangular
plate or like a shape in-between a cylinder and a
rectangular plate. For ear 2, the equivalent lateral
ligament diameter (0.2–0.3 mm) was nearly half of
the mean diameter (0.5–0.6 mm) and also has a
relatively small length (0.8 mm) compared to its
mean length (2.0 mm). The mean equivalent diam-
eter and length of the superior attachments are small

compared to other suspensory attachments of the
malleus for all four ear specimens. The length is
distinctly larger for ear 2 with a value more than twice
that of the other specimens.

Table 3 shows the position vectors of the attach-
ment locations of the suspensory attachments on the
malleus surface in the malleus principal frame (top
half of the table) and the MIC principal frame
(bottom half of the table), where the origin is the
corresponding center of mass in each case. In both
frames, the tensor tympani tendon and the superior
attachment are furthest from the center of gravity
(origin), while anterior and lateral ligaments are
closest. For the lateral ligament of ear 2, which has
relatively small dimensions, the attachment location
differs significantly from the other specimens. For
the anterior ligament, variation with respect to the
MIC principal frame is smaller than variation with
respect to the malleus principal frame, while for the
superior attachment the variation is smaller in the
malleus principal frame. The attachment locations
of the lateral (1.2 mm) and anterior (1.0 mm)
ligaments are relatively close to the center of mass of
the malleus, while the attachment locations of the
tensor tympani tendon (2.2 mm) and the superior
attachment (2.4 mm) are relatively far from the
center of mass of the malleus. The attachment
locations of the tensor tympani tendon and the
anterior and lateral ligaments are further from the
center of mass of the MIC than from the center of
mass of the malleus, while the attachment location
of the superior attachment is closer to the center of
mass of the MIC (2.3 mm) than to the center of
mass of the malleus (2.4 mm).

Table 4 shows the unit-directional vectors of the
malleus suspensory attachments with respect to the
malleus principal frame and with respect to the MIC
principal frame. The tensor tympani tendon orienta-
tion shows a small variation (with an average angle
deviation of 7.6- from the mean vector within the
malleus principal frame), while the lateral ligament
shows a relatively large variation (with an average
angle deviation of 30.6- from the mean vector within
the malleus principal frame). It is noted that it is
difficult to parameterize the lateral ligament of the
malleus because its attachment to the malleus varies
from the anterior part to the posterior part and its
orientation is also quite different depending on the
ear sample. The lateral ligament starts from the
malleus attachments and extends in the lateral–
anterior direction for ears 1 and 2, but in the
lateral–posterior direction for ears 3 and 4. The
tensor tympani tendon lies on the XZ plane of
the MIC principal frame, that is, perpendicular to
the Y-axis (inferior-to-superior direction), while the
superior attachment is quite perpendicular to XZ

FIG. 12. Summary of length, position, and orientation of suspen-
sory attachments in two different principal frames for the four ears
measured (E1–E4). A The malleus suspensory attachments in the
malleus principal frame and B the MIC suspensory attachments in
the MIC principal frame. The bones are from ear 3. All dimensions
are in millimeter. The line width is approximately proportional to
the diameter of the corresponding suspensory attachment. The
indicated origin is the center of mass.
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plane of the MIC principal frame (90T20.2-). The
anterior ligament lies on the XZ plane of the malleus
principal frame and extends from the attachment on
the malleus to the anterior side. In summary, the
suspensory attachments of the malleus of ears 1 and 3
have similar dimensional values, but exhibit large
differences in orientation, while the suspensory
attachments of ears 1 and 2 have similar orientations,
but exhibit large differences in their shapes and
dimensions.

Incus ligament

Table 5 shows the average thickness and contact area of
the incus ligament on the medial and lateral sides of
the incus. For all four specimens, the average thickness
of the lateral part (0.59 mm) is greater than that of the

medial part (0.38 mm). The average thickness of the
lateral part is about twice as large as the average
thickness of the medial part for ear 4, while the
difference in thicknesses between the two for ear 3 is
small (0.09mm). The contact area on the lateral side of
the incus is larger than the contact area on the medial
side of the incus for ears 2, 3, and 4, while ear 1 has a
larger contact area on the medial side of the incus. The
contact area on the lateral side of the incus is about
twice as large as the contact area on the medial side of
the incus for ear 3, while the two contact areas for ear 4
are nearly equal. The width on the medial side contact
is larger than the width on the lateral side contact for all
four ear samples. The four ear samples show very small
variation in the width of the contact surfaces on the
medial side (the standard error of the mean, SEM, is
about 1% of the mean value), while the variation is

TABLE 2

Diameter and length of suspensory attachments of the malleus measured from the malleus surface
to the bony middle ear cavity wall

Suspensory attachments Tensor tympani tendon Anterior ligament Lateral ligament Superior attachment

Diameter (mm)
Ear 1 0.6–1.0 0.7–0.7 0.6–0.6 0.2–0.3
Ear 2 0.6–0.9 0.7–0.9 0.2–0.3 0.2–0.2
Ear 3 0.8–0.8 0.9–1.2 0.5–0.6 0.1–0.2
Ear 4 0.8–0.8 0.9–1.1 0.6–0.7 0.3–0.4
Mean 0.7–0.9 0.8–1.0 0.5–0.6 0.2–0.3
SEM 0.06–0.05 0.06–0.11 0.09–0.09 0.04–0.05
Length (mm)
Ear 1 2.1 3.0 2.5 1.0
Ear 2 2.6 1.7 0.8 2.3
Ear 3 2.0 2.4 2.7 0.8
Ear 4 2.0 1.4 2.1 1.0
Mean 2.2 2.1 2.0 1.3
SEM 0.14 0.36 0.43 0.34

TABLE 3

Suspensory attachment locations of the malleus in the malleus principal frame (top) and in the MIC principal frame (bottom)

Suspensory Attachments Tensor tympani tendon Anterior ligament Lateral ligament Superior attachment

In the malleus principal frame (mm)
Ear 1 (

_
0.1,

_
2.1, 0.4) (

_
0.3,

_
0.9, 0.0) (0.4,

_
0.6,

_
0.6) (0.5, 2.3, 0.5)

Ear 2 (
_
0.3,

_
2.5, 0.1) (

_
0.7,

_
1.5, 0.0) (

_
0.6, 1.0,

_
0.9) (0.6, 2.0, 0.5)

Ear 3 (
_
0.4,

_
1.9, 0.2) (

_
0.7, 0.1, 0.0) (0.5,

_
0.4,

_
0.8) (0.1, 2.8, 0.5)

Ear 4 (
_
0.4,

_
2.2,

_
0.1) (

_
0.2,

_
0.6,

_
0.2) (0.8,

_
0.7,

_
0.8) (0.2, 2.2, 0.8)

Mean (
_
0.3,

_
2.2, 0.2) (

_
0.5,

_
0.7,

_
0.1) (0.3,

_
0.2,

_
0.8) (0.4, 2.3, 0.6)

SEM (0.07, 0.13, 0.10) (0.13, 0.33, 0.05) (0.30, 0.40, 0.06) (0.12, 0.17, 0.08)
Distance from the origin (mean T SEM) 2.2T0.12 1.0T0.23 1.2T0.13 2.4T0.15
In the MIC principal frame (mm)
Ear 1 (

_
0.4,

_
2.5,

_
0.1) (

_
1.1,

_
1.5,

_
0.2) (

_
0.6,

_
0.9,

_
0.9) (

_
1.3, 1.8, 0.6)

Ear 2 (
_
0.7,

_
2.9,

_
0.4) (

_
1.4,

_
2.0,

_
0.3) (

_
1.7, 0.6,

_
0.9) (

_
0.9, 1.6, 0.7)

Ear 3 (
_
0.1,

_
2.7,

_
0.1) (

_
1.5,

_
1.2, 0.0) (

_
0.3,

_
0.9,

_
0.9) (

_
2.4, 1.4, 0.7)

Ear 4 (
_
0.3,

_
2.7,

_
0.2) (

_
0.9,

_
1.2,

_
0.3) (

_
0.4,

_
0.9,

_
1.2) (

_
1.3, 1.6, 0.8)

Mean (
_
0.4,

_
2.7,

_
0.2) (

_
1.2,

_
1.5,

_
0.2) (

_
0.8,

_
0.5,

_
1.0) (

_
1.5, 1.6, 0.7)

SEM (0.13, 0.08, 0.07) (0.14, 0.19, 0.07) (0.32, 0.38, 0.07) (0.32, 0.08, 0.04)
Distance from the origin (mean T SEM) 2.7T0.10 1.9T0.19 1.6T0.16 2.3T0.19
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relatively large for the width of the contact surface on
the lateral side (where the SEM is almost 20% of the
mean value).

Table 6 shows the position vectors of the centroids
of the two contact areas, with respect to the incus
principal frame and with respect to the MIC principal
frame. The centroid of the lateral contact (2.8 mm
from the origin of the incus principal frame and
3.8 mm from the origin of the MIC principal frame)
is a little further away from the origin of the prin-
cipal frames than the centroid of the medial contact
(2.5 mm from the origin of the incus principal frame
and 3.6 mm from the origin of the MIC principal
frame).

Table 7 shows the orientations of the incus
ligament as described by two unit-vectors normal to
the contact planes (Fig. 11), with respect to the incus
principal frame and with respect to the MIC principal
frame. The four sample ears show slightly smaller
variations in the incus ligament orientation with
respect to the MIC principal frame than with respect
to the incus principal frame. The vector normal to
the medial contact plane shows larger variability with

respect to both principal frames than the vector
normal to the lateral contact plane. The vector
normal to the lateral contact plane is nearly perpen-
dicular to the XY plane of the MIC principal frame
for ears 2 and 4 (79- and 82-). The vector normal to
the lateral contact plane deviates the most for ear 1,
while the vector normal to the medial contact plane
deviates the most for ear 3.

Incudomalleal joint

Figure 13 shows a thickness map of the IMJ for ear 1.
The maximum thickness appears on the medial side
and is aligned along the anterior–posterior direction
at this facet, which is also the case for the other ear
samples.

The IMJ morphometry consisting of the average
thicknesses, contact areas to the bones, and volume
of the IMJ for the four ear samples are shown in
Table 8.

The maximum thickness of the IMJ has a range
from 0.27 to 0.39 mm. Ear 3, which has distinctly
heavier ossicles than the other samples (Table 1), has

TABLE 4

Suspensory attachment orientations, in unit-directional vectors, of the malleus in the malleus principal frame (top)
and in the MIC principal frame (bottom)

Suspensory attachments Tensor tympani tendon Anterior ligament Lateral ligament Superior attachment

In the malleus principal frame
Ear 1 (

_
0.68, 0.32, 0.66) (

_
0.86,

_
0.09,

_
0.50) (

_
0.58,

_
0.16,

_
0.80) (0.75, 0.41,

_
0.52)

Ear 2 (
_
0.39, 0.14, 0.91) (

_
0.99, 0.14,

_
0.06) (

_
0.87,

_
0.20,

_
0.46) (0.27, 0.89,

_
0.38)

Ear 3 (
_
0.62, 0.58, 0.53) (

_
0.91,

_
0.35,

_
0.20) (0.92,

_
0.19,

_
0.35) (0.13, 0.53, 0.84)

Ear 4 (
_
0.51, 0.13, 0.85) (

_
0.65, 0.33,

_
0.69) (0.97,

_
0.18,

_
0.14) (0.32, 0.95, 0.07)

Meana (
_
0.57, 0.30, 0.76) (

_
0.92, 0.01,

_
0.39) (0.23,

_
0.38,

_
0.90) (0.47, 0.88, 0.00)

Average angle deviationb (degree) 7.6 11.1 30.6 19.4
In the MIC principal frame
Ear 1 (

_
0.56, 0.01, 0.82) (

_
0.87,

_
0.36,

_
0.32) (

_
0.67,

_
0.30,

_
0.68) (0.42, 0.68,

_
0.60)

Ear 2 (
_
0.42,

_
0.08, 0.90) (

_
0.99,

_
0.09,

_
0.08) (

_
0.79,

_
0.33,

_
0.52) (0.06, 0.97,

_
0.24)

Ear 3 (
_
0.78, 0.06, 0.62) (

_
0.55,

_
0.81,

_
0.21) (0.82, 0.41,

_
0.41) (

_
0.12, 0.43, 0.90)

Ear 4 (
_
0.12,

_
0.04, 0.99) (

_
0.94,

_
0.03,

_
0.33) (0.81, 0.25,

_
0.53) (

_
0.11, 0.99, 0.04)

Meana (
_
0.49,

_
0.01, 0.87) (

_
0.90,

_
0.35,

_
0.25) (0.08, 0.01,

_
1.00) (0.08, 1.00, 0.03)

Average angle deviationb (degree) 8.5 11.0 28.8 20.2

aMean unit-directional vector is calculated from the sum of the unit-directional vectors of four samples.
bStandard error of the mean of angles from the mean vector.

TABLE 5

Incus ligament dimensions

Ear 1 Ear 2 Ear 3 Ear 4 Mean SEM

Average thickness of the medial part (mm) 0.46 0.41 0.31 0.33 0.38 0.03
Average thickness of the lateral part (mm) 0.62 0.68 0.40 0.66 0.59 0.06
Contact on the medial side of incus Width (wM) (mm) 1.13 1.16 1.20 1.15 1.16 0.01

Area (mm2) 0.44 0.51 0.35 0.74 0.51 0.08
Contact on the lateral side of incus Width (wL) (mm) 0.59 0.90 1.08 0.79 0.84 0.10

Area (mm2) 0.25 0.68 0.62 0.75 0.57 0.11
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the largest maximum thickness (0.39 mm), and the
ear 4, which has the smallest ossicular mass among
four samples, has the smallest maximum thickness
(0.27 mm). The minimum thickness is close to zero
and it appears between the lateral side and the center
of the joint, and near the inferior side. The contact
area on the incus side was larger than the contact area
on the malleus side for all four ear samples, but the
amount of the difference varies for each ear samples.
Ear 4 shows little difference (0.05 mm2) between the
two areas, but ears 1 (0.49 mm2), 2 (0.53 mm2), and 3
(0.89 mm2) show relatively large differences. The
SEM is about 10% of the mean value for both areas.
Variations in the joint volume are large, and the SEM
is more than 20% of the mean value. Ear 3, which has
the largest bone mass, maximum thickness, and
largest contact areas, has the largest IMJ volume

(1.93 mm3), which is more than twice as large as
the volume of ear 1, which has the smallest volume
(0.90 mm3) among the four ear samples.

DISCUSSION

Tensor tympani tendon

The tensor tympani tendon has the most consistent
dimensions, attachment position, and orientation of
the soft-tissue structures examined in this study. In the
work by Beer et al. (1996), where dimensions of the
suspensory attachments were measured using a micro-
scope, the diameter and the length of the tensor
tympani tendon were found to be 1.0 and 3.9 mm,
whereas in the current study, we obtained 0.7–0.9 mm
(diameter on the malleus surface – diameter on the

TABLE 6

Attachment locations of the incus ligament: position vector

Lateral contact Medial contact

In the incus principal frame (mm)
Ear 1 (2.9, 0.6,

_
0.4) (2.5, 0.4, 0.4)

Ear 2 (2.5, 0.7,
_
0.3) (2.4, 0.2, 0.3)

Ear 3 (2.6, 1.1, 0.0) (2.5, 0.1, 0.1)
Ear 4 (2.0, 1.8

_
0.3) (2.2, 1.5, 0.3)

Mean (2.5, 1.1,
_
0.3) (2.4, 0.6, 0.3)

SEM (0.19, 0.27, 0.09) (0.07, 0.32, 0.06)
Distance from the origin (mean T SEM) 2.8T0.08 2.5T0.05
In the MIC principal frame (mm)
Ear 1 (3.7, 0.9,

_
0.8) (3.5, 0.8,

_
0.1)

Ear 2 (3.3, 1.1,
_
0.9) (3.3, 0.8,

_
0.5)

Ear 3 (3.2, 2.3,
_
0.5) (3.2, 1.4,

_
0.1)

Ear 4 (3.2, 1.9,
_
0.7) (3.4, 1.7,

_
0.1)

Mean (3.4, 1.6,
_
0.7) (3.4, 1.2,

_
0.2)

SEM (0.12, 0.33, 0.09) (0.06, 0.23, 0.10)
Distance from the origin (mean T SEM) 3.8T0.08 3.6T0.08

TABLE 7

Orientation of the incus ligament: unit-directional vectors normal to two contact areas

Normal to lateral contact (nL) Normal to medial contact (nM)

In the incus principal frame
Ear 1 (0.70, 0.35,

_
0.62) (0.25,

_
0.45, 0.86)

Ear 2 (0.41, 0.38,
_
0.83) (0.30,

_
0.49, 0.82)

Ear 3 (0.31, 0.57,
_
0.76) (0.46,

_
0.86, 0.20)

Ear 4 (0.04, 0.23,
_
0.97) (0.34,

_
0.26, 0.90)

Meana (0.38, 0.40,
_
0.83) (0.36,

_
0.55, 0.75)

Angle deviation from the mean vectorb (degrees) 8.7 11.0
In the MIC principal frame
Ear 1 (0.60, 0.15,

_
0.79) (0.38,

_
0.20, 0.90)

Ear 2 (0.18, 0.07,
_
0.98) (0.52,

_
0.16, 0.84)

Ear 3 (0.14, 0.35,
_
0.92) (0.64,

_
0.66, 0.39)

Ear 4 (0.06,
_
0.11,

_
0.99) (0.33, 0.00, 0.95)

Meana (0.26, 0.12,
_
0.96) (0.50,

_
0.27, 0.83)

Angle deviation from the mean vectorb (degrees) 7.8 9.8

aMean unit-directional vector is calculated from the sum of four unit-directional vectors.
bStandard error of the mean of angles from the mean vector.

SIM AND PURIA: Soft Tissue Morphometry of the MIC from Micro-CT Imaging 17



middle-ear cavity bone) and 2.2 mm as the equivalent
diameter and the length of the tensor tympani
tendon. The large difference in the measured lengths
may be because of differences in the portion of the
tensor tympani tendon that was measured. We mea-
sured the length of the portion that lies outside the
bony regions, and Beer et al. did not clearly describe
which portion they used for their measurement. The
attachment location of the tensor tympani tendon to
the malleus is superior–inferior to the center of mass
and is aligned on the XZ plane of the MIC principal
frame. Considering its position and orientation, it is
expected that the tensor tympani tendon exerts forces
that counter the hinge-like rotation of the MIC about
the anterior–posterior direction, which is considered
the primary motion of the MIC at low frequencies.

Anterior ligament of the malleus

The present dimensional measurements of the
anterior ligament of the malleus (0.8–0.11 mm in
diameter and 2.1 mm in length) differ somewhat
from the corresponding values of Beer et al. (0.7
mm in diameter and 2.8 mm in length). The

attachment position of the anterior ligament exhib-
its less variation with respect to the MIC principal
frame than with respect to the malleus principal
frame, and is aligned approximately along the axis
in the anterior–posterior direction with respect to
both principal frames. The relatively large cross-
section areas of the anterior ligament can be a
source of torsion and bending stiffness about the
axis in the anterior–posterior direction as well as
longitudinal stiffness along the same direction. The
fact that this ligament covers the anterior process of
the malleus enhances its role as a source of torsion
and bending stiffness.

Lateral ligament of the malleus

Dimensions of the lateral ligament are similar for all
ear samples with the exception of ear 2. While
dimensions of the lateral ligament were not reported
by Beer et al., it is likely that the posterior ligament of
the malleus in that study is the same as the lateral
ligament in the present work, considering our obser-
vation that the lateral ligament extends to the
posterior direction for some ear samples. Assuming
that the present lateral ligament is equivalent to the
posterior ligament in Beer et al., the lengths show
relatively small differences (2.0 mm in the present
study and 2.8 mm in Beer et al.), while the cor-
responding equivalent diameters shows nearly a factor
of two difference (0.5–0.6 mm in the present study vs
1.0 mm in Beer et al.). As described in the BResults^
section, this ligament has a rectangular-shaped cross-
section for some ear samples. Therefore, the equiv-
alent diameter for some ear samples may not be
accurately measurable by light microscopic methods
because the apparent width of the ligament varies
with the viewing direction. The lateral ligament
shows the largest variation in its attachment position
and orientation (Fig. 12). The angle between the
lateral ligaments of ears 2 and 4 is as large as 138-
within the malleus principal frame.

Superior attachment of the malleus

Ear 2 also shows the biggest difference in the length of
the superior attachment of the malleus. Between the

FIG. 13. Thickness map of the saddle-shaped incudomalleal joint
(ear 1). Each subplot is a clockwise rotation of 60- steps. The
thickness is calculated by the distance transformation (DT) method,
which fits spheres into the volume. The color map shows that the
thickness varies from about 0.05 mm (dark green) to 0.275 mm (red).
Superior is up while inferior is down.

TABLE 8

Incudomalleal joint morphometry in terms of thickness, contact-to-bone area, and volume

Ear 1 Ear 2 Ear 3 Ear 4 Mean SEM

Maximum thickness (mm) 0.28 0.35 0.39 0.27 0.32 0.029
Minimum thickness (mm) 0.05 0.05 0.05 0.03 0.04 0.005
Contact area onto the malleus (mm2) 4.95 5.28 7.42 5.70 5.84 0.55
Contact area onto the incus (mm2) 5.44 5.81 8.31 5.75 6.33 0.67
Volume (mm3) 0.90 1.31 1.93 1.13 1.24 0.28
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present study and Beer et al., the lengths of the
superior attachment of the malleus are consistent (1.3
and 1.4 mm, respectively), but the diameters show
large differences between the two studies (0.2–0.3 mm
for the present study vs 0.7 mm for Beer et al.). The
superior attachment is anchored to the superior part
of the malleus and is aligned along the Y-axis
(inferior–superior direction) of the MIC principal
frame. Therefore, this attachment may provide
stiffness for translational motions in the inferior–
superior direction. However, its thin diameter sug-
gests that its stiffness value is relatively small.

Incus ligament

The incus ligament exhibits large variations in dimen-
sions and incus surface attachment position. Previous
work (Wolff et al. 1957, from microscopic photos of
horizontal cuts) has reported 0.29 and 0.5 mm as the
thicknesses of the medial and lateral parts, respective-
ly, with our values (0.38 and 0.59 mm) only slightly
larger. The work by Wolff et al. also reported 0.8 and
0.53 mm as the widths of the medial and lateral parts
of the incus ligament, respectively, which is smaller
than our values (1.16 and 0.84 mm). However, the
values by Wolff et al. were measured on a horizontally
projected plane at a specific location such that the
actual values for the width and maximum thickness
should be larger than their reported values.

The incus ligament is oriented more consistently
than the suspensory attachments of the malleus. It is
known that the anterior ligament of the malleus and
the incus ligament are attachments to the outermiddle-
ear cavity wall, oriented along the anterior–posterior
rotational axis of the MIC (Fig. 12), which at low
frequencies is the primary axis for the rotation of the
MIC (Wever and Lawrence 1954; Békésy 1960). This
rotational axis does not coincide with the principal
axis of the MIC along the anterior–posterior direction,
which passes through the center of mass of the MIC.

A notch in the short process of the incus was
observed in three out of the four temporal bone
samples (Fig. 4, right panel). The presence of this
notch was previously reported (Arensburg and Nathan
1971; Unur et al. 2002), and may prove to be of some
functional importance because it enhances the con-
nection between the lateral and the medial parts of
the incus ligament. However, its mechanical effects on
incus vibration have not yet been investigated. An
alternative nonmechanical function is that the notch
is one of the access routes for incus vascularization.

Incudomalleal joint

Dimensions of the IMJ vary with ear samples and are
approximately proportional to the ossicular mass

(Fig. 14). This suggests that the motion at the IMJ
varies with ear samples because the ossicular mass
varies across ear samples (Table 1).

Wolff et al. (1957) reported 0.02 and 0.36 mm as
the minimum and maximum joint thicknesses, which
are similar to the present values of 0.04 and 0.32 mm.
For all four ear samples, thicknesses on the lateral
and medial sides are larger than on the superior and
lateral sides (Fig. 13). Rotational motions about the
axes along the anterior–posterior and the lateral–
medial directions cause compression and elongation
to the thinner part of the IMJ on the superior and
inferior sides, while rotational motions about the
axis along the inferior–superior direction cause
compression and elongation to the thicker part of
the IMJ on the medial and lateral sides. In the
thinner part of the IMJ more force is required to
compress and elongate a smaller depth of fluid, so
the IMJ more easily allows rotation about the axis
along the inferior–superior direction than rotations
around the other two axes. Rotational motions
about the axes along the anterior–posterior and
superior–inferior directions reported by Willi et al.
(2002) are consistent with expectations based on the
anatomy of the IMJ in that the rotational motion
about the axis along the superior–inferior direction
is larger than the rotational motion about the axis
oriented along the anterior–posterior direction
below 1 kHz. In addition, the translational motion
in the inferior–superior direction will be easier than

FIG. 14. Relationship between MIC mass and incudomalleal joint
(IMJ) dimensions. These are A the maximum thickness, B area on the
malleus and incus interfaces, and C the IMJ volume.
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other translational motions because the translation-
al motion in this direction is mainly opposed by
shear friction between the joint fluid and the bone
surfaces and shear deformation of the fibrous
structure on the joint boundary, while other trans-
lational motions are more opposed by normal
pressure forces and elongation of the fibrous
structure on the joint boundary.

Isolating the MIC

In developing an understanding and ultimately a
biomechanical model of the human middle ear,
portions of the middle ear were removed in a
stepwise manner to decouple their functions from
those of other surrounding components to better
reveal their individual roles. This methodology has
been used in the past by Wever and Lawrence (1954),
Tonndorf and Pastaci (1986), Puria and Allen
(1998), and others. The underlying assumption in
such approaches is that the biomechanical properties
of the reduced system are not altered from its
operation in situ in the normal condition.

In the normal middles ear, it is assumed that
preloads in suspensory structures are present and those
preloads are balanced with eardrum and stapes pre-
loads. The pulling forces of the eardrum along the
medial-to-lateral direction will cause rotation and
translation of the MIC about an axis along the
anterior–posterior direction, resulting in pretension
in the tensor tympani tendon and twisting in the
anterior ligament and the incus ligament. Such pre-
tensions will affect the positions of the bones, causing
the suspensory attachments to have different orienta-
tions and size relative to the middle-ear bones. These
effects have yet to be investigated and will likely alter
the baseline morphometry presented in this study. In
models of the normal ear, the effects of preload in
suspensory attachments on middle-ear mechanics can
and should be taken into account.

CONCLUSION

Dimensions and positions of the soft tissue structures
in the human MIC were examined and found to vary
significantly across ear samples. These large variations
prevent a single middle-ear model from being appli-
cable to all ears, so biomechanical models of the MIC
should be based on the specific anatomical features of
individual ears. Micro-CT imaging is a modality that
provides nondestructive and relatively fast morphom-
etry of individual ear samples and allows calculation of
principle frames used for reference.

Through observations of the positions and orien-
tations of the suspensory attachments to the MIC

(Fig. 12), it is expected that the primary rotation of
the MIC about the axis along the anterior–posterior
direction, the classical hinging motion, is mainly
because of the tensor tympani tendon, the anterior
ligament of the malleus, and the incus ligament.
Those suspensory attachments are presumed to be
predeformed for force balance with preload by the
eardrum. The superior attachment of the malleus will
provide a source of stiffness to translational motion
of the MIC along the inferior–superior direction,
together with the anterior ligament of the malleus
and the incus ligament. Other translational and
rotational motions of the MIC are also constrained
by combinations of the suspensory attachments. The
mechanics of these attachments are likely to be most
important at low and middle frequencies. At high
frequencies, rotational inertia is lowest through the
inferior–superior axis of the malleus in animals such
as human and cat, where the incus–malleus joint is
mobile. The rotational motion of the malleus is
transferred through the saddle-shaped flexible syno-
vial joint to the incus through an angle change
forming a biological gear (Puria et al. 2007b).
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