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Abstract

Under large quasi-static loads, the incudo-malleolar joint (IMJ), connecting the malleus and the incus, is highly

mobile. It can be classified as a mechanical filter decoupling large quasi-static motions while transferring small

dynamic excitations. This is presumed to be due to the complex geometry of the joint inducing a spatial decoupling

between the malleus and incus under large quasi-static loads.

Spatial Laser Doppler Vibrometer (LDV) displacement measurements on isolated malleus-incus-complexes

(MICs) were performed. With the malleus firmly attached to a probe holder, the incus was excited by applying

quasi-static forces at different points. For each force application point the resulting displacement was measured

subsequently at different points on the incus. The location of the force application point and the LDV measurement

points were calculated in a post-processing step combining the position of the LDV points with geometric data of

the MIC. The rigid body motion of the incus was then calculated from the multiple displacement measurements for

each force application point. The contact regions of the articular surfaces for different load configurations were

calculated by applying the reconstructed motion to the geometry model of the MIC and calculate the minimal

distance of the articular surfaces.

The reconstructed motion has a complex spatial characteristic and varies for different force application points.

The motion changed with increasing load caused by the kinematic guidance of the articular surfaces of the joint.

The IMJ permits a relative large rotation around the anterior-posterior axis through the joint when a force is applied

at the lenticularis in lateral direction before impeding the motion. This is part of the decoupling of the malleus

motion from the incus motion in case of large quasi-static loads.

Keywords: Incudo-malleolar joint, Malleus-incus complex, Quasi-static load, Spatial displacement, Contact,

3D-Laser-Doppler-Vibrometry, Diarthrodial joint

1. Introduction

Beside the small acoustically induced vibrations, the

human middle ear has to handle large quasi-static pres-

sure variations. Those pressure variations are several

orders of magnitude larger than the acoustically in-

duced pressure levels and are caused by ambient pres-

sure changes as well as by every day activities like tak-

ing an elevator, flying or even changing the body pos-

ture, e.g. Hüttenbrink (1997); Dirckx (2007); Mirza

and Richardson (2005).

This raises the question, how can the middle ear

tolerate those massive static pressure variations while

maintaining its function in case of the sound trans-

fer? Hüttenbrink (1988) investigated the motion of

the ossicular chain while applying large quasi-static

pressures (± 4kPa) to the tympanic membrane. He

describes flexibility within the middle ear joints pro-

tecting the inner ear by decoupling the motion of the

∗Corresponding author: Sebastian Ihrle

Email address:

sebastian.ihrle@itm.uni-stuttgart.de (S. Ihrle)

malleus from the ossicular chain. He proposed that the

complex geometric structure of the Incudo-Malleolar-

Joint (IMJ) induces a change of the motion of the in-

cus decoupling it from the stapes. Other studies have

also reported a relative motion within the IMJ in case

of quasi-static loads, e.g. Cancura (1980); Schön and

Müller (1999).

The IMJ is known to be a true diarthrodial joint

with a complex saddle shaped form of the articular

faces, as described in Marquet (1981); Kirikae (1960);

Etholm and Belal Jr (1974); Harty (1964); Sim and

Puria (2007). Both the complex shape of the articu-

lar surface of the joint and the described spatial mo-

tion of the ossicles indicate the need of three dimen-

sional measurements of the relative joint motion for

understanding the biomechanics of the IMJ. Three di-

mensional investigations of the dynamic vibration of

the complete ossicular chain of the middle ear with

LDVs considering the geometric structure of the os-

sicles have been performed in the past, e.g. Decrae-

mer et al. (1994, 2014). To our knowledge the spatial

Preprint submitted to Hearing Research October 8, 2015
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motion of the malleus incus complex (MIC) in case

of quasi-static excitation has not been investigated by

spatial LDV displacement yet. Therefore we created

a measurement setup capable of capturing the spatial

displacement within the IMJ and correlate this motion

with the geometry of the joint surface, see Ihrle et al.

(2015)

The goal of this study was to investigate the mechan-

ical behavior of the IMJ in case of quasi-static loads.

To exclude the effects of other middle ear components

we performed measurements on isolated MICs. We

measured the spatial motion of the MIC with a 3D-

LDV and reconstructed the rigid body motion. In com-

bination with the geometry of the MIC obtained from

micro-CT scans the motion was correlated with the

structure of the articular surfaces of the joint.

2. Material and methods

2.1. Temporal bone preparation

Measurements were performed on five isolated MIC

harvested from fresh human temporal bones (TBs)

(41 - 70 years old). The temporal bones were har-

vested within 24 hours after death and preserved in

0.1 % thiomersal solution at 4 ◦C. The MIC was ex-

tracted by removing the tympanic membrane, the liga-

ments and the tensor tympani from the TB, and cutting

the incudo-stapedial joint. The isolated MICs were

checked under a microscope for damage of the joint.

One MIC was excluded during the first step of mea-

surement resulting in 4 TBs for the analysis presented

in this paper.

The malleus was fixed to a probe holder with hys-

toacryl glue. The malleus was orientated with the

axis from the umbo to the superior top of the malleus

head aligned parallel to the vertical edges of the probe

holder. The IMJ and the incus were able to move free

and visual access was facilitated by the form of the

probe holder. Foam material was placed on the block

and flushed with saline solution to keep the sample

moist during the measurements. Additionally, drops of

saline solution were applied with a syringe to the MICs

in-between the different measurements steps. Figure 1

shows the orientation of the four MICs attached to the

probe holder.

2.2. Measurement system

The measurement setup and procedure are described

briefly as they have been previously described in work

(Ihrle et al. (2015)) related to equivalent experiments

performed on artificial ossicles as a prior step to in-

vestigations on human TBs. This previous works in-

cludes descriptions of details about the measurement

setup and procedure as well as the performance of the

developed data- and post-processing methods has been

described in detail in this previous work.

Generally, spatial Laser Doppler Vibrometer (LDV)

displacement measurements were performed subse-

quently at several points on the incus surface with the

excitation retained unchanged. The incus was excited

by a stylus, while measuring the applied force and

the displacement of the stylus, as shown in Fig. 2.

By combining the LDV measurements from multiple

points, the rigid body motion of the incus was calcu-

lated. The following procedure was repeated for each

force application point: (1) A time-displacement pro-

file of the micropositioning stage is defined; (2) The

spatial displacement at different laser measurement

points on the specimen surface is measured, while

retaining both the time-displacement profile and the

force application point unchanged. Before starting the

measurement the specimen was preconditioned by ap-

plying a sinusoidal displacement profile.

2.2.1. Excitation of the malleus incus complex

In the experiments two kinds of signals were used: a

low-frequency sinusoidal excitation (0.05-0.1 Hz) and

a step displacement profile, both shown in Fig. 2. The

sinusoidal yields the nonlinear quasi-static stiffness-

values and the spatial motion of the ossicles in case of

a continuous motion of the ossicles. The step displace-

ment excitation with a holding time allows a character-

ization of the viscoelastic material. This was done by

analyzing the relaxation curves derived from the force-

time curve and by comparing the maximum and mini-

mum force level in each load step - Silver et al. (2001).

Figure 2: Schematic depiction of the excitation of the incus by a sty-

lus. The stylus is connected to a load cell and driven by an electronic

micro-positioning stage. Two kinds of excitation were used: a low

frequency sinusoidal and an incremental step displacements signal.

The spatial displacement of several points on the incus surface was

measured by a combination of three 1D-LDVs.

For the determination of the starting point the sty-

lus was moved forward in direction of the incus sur-

face until a change in the force signal was measured.

Then the stylus was moved slowly backwards until the

force levels drops back to zero. From this position the

MIC was preconditioned by applying several cycles of

the sinusoidal excitation profile. After a short waiting

time the procedure for the starting position determi-

nation was executed again, and after that the measure-

ment was started. At first the sinusoidal profile was ap-

plied followed by the stepwise indentation. The appli-

cation of sinusoidal and stepwise incremental displace-

ment profiles was also used by Aernouts et al. (2012)

to quantify the mechanical properties of the tympanic

membrane in the quasi-static regime.
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Figure 1: Orientation of the isolated malleus incus complexes (MICs) attached to the probe holder. The force application points are highlighted

in blue with the numbering being consistent for all TBs. The laser measurement point are located at the superior-lateral side of the short process

of incus and highlighted in green. The geometry is obtained from micro-CT scans after the measurements while the was MIC still connected

to the probe holder.

We applied two ranges of displacement. In case

of ZTB44/58 we applied small displacements (up to

150 µm) to focus on the ligaments and minimize the

joint contact. While for ZBT229/247 the displacement

range was increased (up to 400 µm) to induce joint

contact and induced guidance motion of the joint sur-

faces.

2.2.2. Displacement measurement

The displacements of the points on the incus sur-

face were measured by a combination of three linear

independent aligned 1D-LDV units. The spatial dis-

placement was calculated from the three LDV signals

by transforming the data from an oblique coordinate

system, spanned by the optical axes of the three LDVs

to a Cartesian coordinate system. This transforma-

tion, based on matrix multiplication, is calculated in

real time, allowing for intermediate availability of the

spatial components during the measurement. Details

about the performance and reliability of the system can

be found in Ihrle et al. (2015).

For each force application point, the spatial dis-

placement was measured at at least four non-collinear

measurement points on the incus surface. Due to

the complex shape of the surface of the incus, the

laser beams were refocused at each new measurement

point. Therefore, the mounting of the LDVs can be

translated in inferior-superior-direction with a manual

micrometer-driven translational stage. Each LDV-unit

was equipped with a camera aligned along the optical

axis of the laser beam. The position of the measure-

ment point was monitored visually via the cameras and

the location of the measurement point was quantified

by the electronic positioning system of the LDV-units.

Figure 3 shows the view of the video camera and the

corresponding position on the MIC.

To verify the rigid connection of the malleus with

the probe holder, the motion of the malleus was also

measured at a point on the superior surface. For all four

TBs there was no significant motion of the malleus,

while a force was applied to the incus.

Figure 3: Parts of the MIC captured by the integrated camera of the

LDV unit. The position of the LDV spot was checked visually with

the position being recorded by the positioning system of the LDV

unit. The coordinates of the measurement points were projected to a

geometry model of the MIC derived from micro-CT scans and com-

pared with the recorded video images.

In contrast to a 1D-LDV, the three LDV beams had

to be orientated oblique to the objects surface in or-

der to span a spatial measurement system, which min-

imized the amount of backscattered light. To improve

the LDV signal level the surface of the incus was cov-

ered with glass beads (ø ≈ 50 µm). The application of

glass beads for improving the signal level has been per-

formed by many research groups and is known to have

little effect on the mechanics of the middle ear even in

case of acoustic stimulation Voss et al. (2000).

Errors in the displacements signal caused by short

signal loss, e.g. when one laser beam switches be-

tween glass beads, were identified and removed us-

ing a wavelet decomposition based on Haar wavelets.

Details about discontinuity detection by wavelet de-

composition can be found e.g. in Strang and Nguyen

(1996). Figure 4 shows the 3 components of the spatial

motion of a point on the superior surface of the short

processus of incus of TB ZTB58.

2.3. Micro CT imaging and frame registration

After the spatial and force measurements, the MIC,

while still connected to the probe holder, was scanned

by a high-resolution micro-CT scanner (vivaCT 40,

SCANCO Medical AG) with the photon energy level

3
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Figure 4: An example for the spatial displacement obtained for a

LDV measurement point on ZTB58 by the 3D-LDV measurement

system. The stylus was displaced by applying a low frequency

(0.1 Hz) sinusoidal excitation signal. The varying load induces a

complex spatial motion with significant components in all three spa-

tial directions is monitored. At the first loading cycle, when the sty-

lus is moved back to zero position, it loses contact (at time marked

by 3) with the sample due to the high viscoelastic behavior of the

IMJ, which causes a residual non-zero minimal displacement, which

reaches a constant value in the subsequent loading cycles.

set to 55 keV, see Sim and Puria (2007). The probe

holder was highlighted with a metallic marker (Edding

780 Glanzlack, Wunstdorf, Germany) and additional

copper wires were glued to the probe holder to provide

more robust determination of its orientation. Both the

metal marker and the copper wires were clearly visible

in the CT-image due to their high x-ray attenuation.

To reconstruct the spatial motion of the MIC, surface

models of the incus, the malleus and the probe holder

were obtained from the CT data. The surface models

were imported to open source 3D software (Blender

2.72), where they were aligned with the probe holder

orientated according to the measurement system, de-

fined in Fig. 1 and exported in the STL data format for

further post-processing.

2.4. Reconstruction of the spatial motion

The position and orientation of a rigid body can be

described using the set of generalized coordinates

qI(t) =
[

ux(t) uy(t) uz(t) α(t) β(t) γ(t)
]T
. (1)

The spatial displacements uI
i
(t) measured by the 3D-

LDV at n ≥ 3 non-collinear points Pi are combined to

form the overdetermined system of equations
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The generalized coordinates qI(t) of the incus are

calculated by solving Eq. (2) with the method of mini-

mizing the least square error. The submatrix
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(3)

contains the coordinates aI
i

of the measurement point

Pi.

The positioning of the laser beams on the speci-

men was done my moving the specimen, with the LDV

beams pointing on a fixed point in space and the focus

adjusted at the beginning of the measurement. When

the incus was moving, the LDVs were still focused on

the same point in space, which means that the posi-

tion of the measurement points on the incus was chang-

ing. In case of small dynamic excitations, the effects

of these variations can be neglected, but for the inves-

tigated displacements they have to be taken into ac-

count. Therefore, the positions of the measurement

point were updated for each time step as follows: (1)

The orientation and location of the surface model of

the incus was updated based on the previous time step;

(2) The intersection between virtual laser beams fixed

in space and located at the initial measurement posi-

tions and the surface model were calculated using a

custom raytracing algorithm; (3) The coordinates of

the measurement points in Eq. (2) were updated and

the generalized coordinates of the current time step

were calculated by solving Eq. (2). The raytracer was

implemented in Matlab and based on the OPCODE

collision detection library by Terdiman (2001).

2.5. Determination of the contact area

The contact of the two articular surfaces of the IMJ

during the excitation could be identified with the po-

sition and orientation of the incus. At each time step,

with the updated position and orientation of the incus,

the distances between the two articular surfaces were

calculated along the surface area with the vtkDistance-

PolyDataFilter of the Visualization Toolkit (VTK), an

open source software library for 3D computations. For

the analysis of the complete dataset of an excitation

position, i.e. the updated geometry and distance val-

ues for every time-step, was imported into Paraview,

an open source post-processing software. In Paraview,

different characteristic values, e.g. min/max, standard-

deviation, etc. were calculated.

3. Results

3.1. Force-displacement curves

The force-displacement curves derived from the

load cell and the displacement of the stylus for the ex-

citation in lateral direction are shown in Fig. 6 for TBs

ZTB44/58 and in Fig. 5 for TBs ZTB229/247. The

force-displacement curves show a prominent hystere-

sis loop. The area enclosed by the load displacement

curves corresponds to the energy dissipated in a cycle.

When the load is applied at extremal positions (further

from the IMJ) of the incus, the motion is dominated by

rotational components and the relative enclosed area

increases.

4
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Figure 5: Summary of the force-displacement curves obtained for the excitation of the incus of TBs ZTB229/247 in lateral direction. The first

loop differs from the following loops due to the different loading configuration caused by loosening of the contact between the stylus and the

incus when the stylus is driven away from the incus. The displacement was chosen larger for these two TBs to induce contact between the joint

surfaces. Contrary to the prior TBs the loading path cannot be described by a linear approximation. The slope varies with the force application

location, with most prominent changes at the area near the articular surfaces. The force-displacement curves at force application point 1 of

ZTB247 show very small forces caused by slippage of the stylus and are neglected in the data processing.

The first hysteresis loop shows a significant differ-

ence to the following ones, caused by a different load-

ing path. Even in case of this very low frequency ex-

citation the incus has not returned to its initial posi-

tion at the end of the first loop. When the stylus is

moved again in the lateral direction, it touches the in-

cus surface at a moment when the incus is still in a still

deflected position, as evidenced by Fig. 4. The follow-

ing hysteresis loops are similar to each other indicating

that the motion of the IMJ has reached a steady state.

The loading paths of the TBs ZTB44/58 can be de-

scribed by a linear approximation, i.e. by a uniform

stiffness value for each force application point, re-

spectively. The displacement amplitudes were cho-

sen small, with the ligaments dominating the charac-

teristic of the joint. As the displacement amplitude

was increased, as in case of the TBs ZTB229/247, the

shape of the force-displacement curves became more

complex. The slope of the loading path varied with

the force application position, with most prominent

changes at the area near the articular surfaces.

3.2. Viscoelasticity - step excitation

To investigate the viscoelasticity of the IMJ step-

wise displacement profiles with a holding time were

applied. Figure 7 illustrates the time series of the dis-

placement of the stylus, the applied force and the three

dimensional motion of a point on the surface of the

incus, when a force was applied at point Nr. 3 of TB

ZTB247. The rise time of the displacement signal is 70

µs and the holding time is 12 s with a minimal increase

during the holding time, caused by the motion of the

incus. The force signal decreases with time which is

typical for viscoelastic materials. The decrease can be

approximated by two exponential functions, i.e. two

time constants, describing an initial rapid decay fol-

lowed by a slow decrease of the signal. The spatial

Figure 6: Summary of the force-displacement curves obtained for

the excitation of the incus of TBs ZTB44/58 in lateral direction. The

first loop differs from the following loops due to the different loading

configuration caused by loosening of the contact between the stylus

and the incus when the stylus is driven away from the incus. The

displacement was chosen small for these two TBs to prevent contact

between the joint surfaces. The loading paths of the TBs ZTB44/58

can be described accurately by a linear approximation, i.e. by a uni-

form stiffness value for each force application point, respectively.

5
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displacement obtained from the 3D-LDV shows com-

ponents in all three directions, the most prominent mo-

tion is in direction of the excitation. The motion in

inferior-superior direction changes as the displacement

is increased. When the incus is unloaded in the last

step, it slowly returns to its initial configuration, damp-

ened by the viscous component of the ligaments of the

joint capsule.

3.3. Connection between the force-displacement

curves and the joint geometry

Figure 8 shows the force-displacement curves de-

rived from the incremental (left) and the sinusoidal

(middle) displacement signal and the reconstructed

spatial motion of the incus (right) in case of a sinu-

soidal excitation of TB ZTB247 at application point 3.

In case of the incremental displacement signal two

different curves are shown. The upper curve shows the

force-displacement curve calculated from the force and

displacement values directly after the displacement in-

crement. The lower curve is derived from the force

and displacement value at the end of each incremen-

tal step indicating progressive behavior with a contin-

uous increase in slope. The upper curve shows a vari-

ation of the slope with the same characteristic as the

loading path of the corresponding sinusoidal curve. To

identify the source of these variations, their positions

are marked in both curves and compared with the re-

constructed motion at the equivalent time step. The

comparison indicates a connection between the change

of the slope and the change of the motion of the in-

cus. The connection between the change of the motion

and the change of the slope in the force-displacement

curve was found for several force application points

of ZTB229/247, whereas the intensity of the changes

in the spatial curve correspond to those in the force-

displacement curves.

3.4. Contact areas of the articular surfaces

To explain the source for the change in the spatial

motion of the incus, we determined the areas of contact

of the IMJ by calculating the distance of the articular

surfaces. Figure 9 and 10 illustrate the time series of

the articular distance and the corresponding motion of

the incus for the application point 3 and 5 of ZTB247,

respectively. The motion was amplified by a factor of

three for better visualization and it is drawn at different

time steps corresponding to the individual IMJ distance

maps on the left of Figs 9 and 10.

The distance of the articular surfaces in the unloaded

state varies in the range of 25 to 280 µm, with a nar-

row gap on the inferior lateral and inferior medial side

of the joint. Depending on the force application point,

different regions of the articular surfaces come into

close proximity or in contact.

In case of the application point five located near the

long process of the incus, the spatial motion is dom-

inated by a rotational component. As the load is in-

creased the ossicles come close in proximity in the su-

perior region of the articular faces. The rotational mo-

tion around the anterior-posterior axes is not impeded

by the articular surfaces, but it is slightly guided in the

superior direction as indicated by the trajectories.

4. Discussion

4.1. Measurement procedure

The goal of this study was to investigate the me-

chanical behavior of the IMJ in the case of quasi-

static loads. To exclude the effects of other middle ear

components, we performed measurements on isolated

MICs. , In the literature several investigations have

been performed on intact middle ear structures. In De-

craemer et al. (2008) and Buytaert et al. (2013) the spa-

tial motion of the ossicles in case of quasi-static pres-

sure application was derived from CT scans. These in-

vestigations help to investigate if there is a spatial mo-

tion within the ossicles and if the IMJ is flexible in case

of quasi-static excitation. However, from these mea-

surements it is difficult to derive a mechanical model of

the IMJ, describing the physical mechanism behind the

measured phenomena and identify the corresponding

model parameters. Another important factor is, that by

using CT-scan information for the reconstruction of the

motion, the loading path, i.e. the actual motion of the

ossicles cannot be captured.

In Dirckx et al. (2005) the continuous motion in-

cluding the viscoelastic effects is captured by measur-

ing the displacement using 1D-LDV. With these in-

vestigations the existence of velocity related damping

mechanism in case of quasi-static low frequency ex-

citation can be detected. Due to the lack of spatial

measurements of the motion the actual motion of the

ossicles and therefore the motion within the joints can-

not be determined. Therefore, it is possible to show

that damping effects are present but it is very difficult

to describe their cause.

The most detailed work on the quasi-static be-

havior of the middle ear ossicles was performed by

Hüttenbrink (1988) where the spatial displacement of

the ossicles was measured visually under a surgical mi-

croscope. Hüttenbrink (1988) proposed the importance

of the articular surface of the IMJ for the protection of

the inner ear since they induce a decoupling motion in

case of large quasi-static pressure variations.

By combining spatial displacement measurements,

the application of specific loads at different location,

and the reconstruction of the geometry of the IMJ we

can investigate the mechanical mechanism of the IMJ.

In our measurements the relative motion between the

articular surfaces is smaller than the values given by

Hüttenbrink (1988) when we compare the joint mo-

tion induced by the lateral-medial displacement val-

ues given for the umbo motion with the joint motion

caused by the largest motions of the lenticularis of the

incus. He described a mean umbo displacement of -

400 µm for a negative pressure of 4kPa in the ear chan-

6
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Figure 7: An example of the time series of the displacement and the force applied by the stylus at the force application point 3 of ZTB247,

driven by an incremental signal. The force signal decreases with time during the holding time which is typical for viscoelastic materials. The

plot on the right hand side shows the corresponding spatial displacement obtained from the 3D-LDV system. While all three components of

motion indicate displacements, the most prominent motion is in the direction of the excitation (red). The motion in inferior-superior direction

(blue) changes as the displacement is increased. When the incus is unloaded in the last step, it slowly returns to its initial configuration,

dampened by the viscous component of the ligaments of the joint capsule.

Figure 8: A comparison of the force-displacement curves of the incremental displacement excitation (left) with those in case of the low

frequency sinusoidal excitation (middle) for a force application at point 3 of ZTB247. The lower curve, in case of the incremental displacement

is derived from the force and displacement values at the end of each incremental step and has a progressive behavior with a continuously

increasing slope. The upper curve shows a variation of the slope with the similar characteristics as the loading path of the corresponding

sinusoidal curve. The plot on the right side shows the reconstructed spatial motion of the incus for the first excitation loop of the sinusoidal

excitation. The curves describe the generalized coordinates of the incus, i.e. the translation and rotational rigid body motion. To identify the

source of these variations, their positions are marked in both curves and compared with the reconstructed motion at the equivalent time step.

Figure 9: A visualization of the shortest distance of the joint surfaces at different time steps of the loading path, when a force is applied at

application point 3 of ZTB247. As the loading of the incus is increased the medial surface of the joint gets into contact impeding the motion

of the incus. On the right hand side the motion of the incus is visualized at the corresponding time steps. For better visualization the motion

was magnified by a factor of three. The trajectories of the motion of points on the superior surface of the incus, indicate a prominent change

of the direction of the motion during the loading path.

7
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Figure 10: Applying the same visualization as described in Fig. 9 with a force applied at application point 5 of ZTB247. The spatial motion

is dominated by a rotational motion around the anterior-posterior axis through the joint. This motion is not impeded by the articular surfaces,

but it is slightly guided in superior direction as visualized by the motion trajectories.

nel and a mean value of 200 µm for a positive ear canal

pressure of 4kPa.

The investigations were performed on isolated os-

sicles with the malleus being fixed. Additionally, the

middle ear ligaments and tendons as well a the tym-

panic membrane have been removed. By performing

measurements on the isolated ossicles the effects of

middle ear structures beside the IMJ on the motion of

the MIC can be excluded. Therefore, the question may

arise if the results are still relevant, since they where

deduced from a nonphysical configuration. The aim of

this paper is the investigation of the biomechanics of

the IM-joint. To understand the underlying mechan-

ical mechanism, the application of different loadings,

including unphysiologic configurations, is necessary to

identify the load dependent behavior of different com-

ponents of the IMJ, for example the articular surfaces

and the ligaments of the joint capsule. With the me-

chanical mechanism identified, the behavior of the IMJ

can be described for a broad range of different loading

configurations including physiological configurations

and unphysiological loading as occurring in middle ear

surgery. The motion of the MIC, with the malleus be-

ing fixed at the probe holder, differs from the physi-

ological motion in case of quasi-static pressure loads

of the tympanic membrane. With the middle ear lig-

aments being intact, the MIC would perform a rota-

tional motion around the anterior-posterior axis. How-

ever, the characteristic of the IM-joint is determined

by the relative motion within the joint. The applica-

tion of point loads on the incus, with the malleus being

fixed, caused relative motions within the joint which

were comparable to the motion described in the litera-

ture, e.g. Hüttenbrink (1988); Murakami et al. (1997).

To compare the motion with the values given in the

literature the motion of distinct points on the ossicles,

e.g. umbo and lenticularis, can be derived from the re-

constructed rigid body motion. Therefore even in un-

pysiological configurations of the middle ear, the rela-

tive motions within the IM-joint are in a physiological

range when applying the presented displacement pro-

files at defined points on the incus.

The performance of the measurement system and

the post-processing procedure have been checked in a

prior investigation on artificial ossicles, see Ihrle et al.

(2015). When performing measurements on irregular

geometrical structures, the determination of the rela-

tive orientation between the specimen and the mea-

surement system is crucial. This also applies to the

spatial location of the measaurement points. By con-

necting the ossicles to a well-defined probe holder, the

orientation can be identified very accurate. The ex-

act location of the measurement point is calculated by

raytracing, with the location of the point being up-

dated during the measurement. This procedure dras-

tically improves the quality of the reconstructed mo-

tion in case of large quasi-static motions. The com-

plexity of the measurement setup increases tremendous

when performing spatial 3D measurements instead of

1D measurements while the signal level and visual ac-

cess decrease due to the oblique orientation of the three

independent laser beams. Therefore, previous inves-

tigations on a reference model are inevitable for the

optimization of both, the measurement setup and the

post-processing procedure.

4.2. Viscoelastic properties of the IMJ

Incremental load steps were applied to the incus to

quantify the viscous and the elastic response of the

IMJ. Hereby, the elastic response is derived from the

force-displacement relation at the end of each load

step. While this method is often used to characterize

the mechanical properties of soft tissue, e.g. Silver

(2006), our data of the IMJ indicates qualitative dif-

ference in the shape of the derived curves, shown in

Fig. 8. Due to the viscous component of the liga-
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ments of the joint capsule, the relative motion of the

articular surfaces differs at the beginning and at end

of the load step, causing differences in the shapes of

the two force-displacement curves. The force induced

by the incremental elongation of the ligaments of the

joint capsule decreases causing an additional relative

motion along the articular surfaces. In case of the low-

frequency sinusoidal excitation the articular surface of

the incus is moved continuously along the counterpart

of the malleus resulting in a similar shape of the force-

displacement curve. This indicates that the relative

motion in the IMJ is strongly influenced by the time

history of the previous motion of the ossicles. This

is caused by a complex interaction between the visco-

elastic properties of the ligaments of the IMJ and the

motion guidance of the articular faces.

To estimate the influence of the ligaments on the

damping of the joint we calculated the distance be-

tween the ligaments attachment points on the rim of

the joint surface for the loaded and unloaded condi-

tion. The elongation of the ligaments is strongly cor-

related with the size of the hysteresis of the force-

displacement curve indicating that the ligaments are

the main source of dissipation. This is in agreement

with the report of very low friction coefficients in di-

arthrodial joints, e.g. in Mow et al. (1990).

4.3. The IMJ as a mechanical filter

The IMJ can be classified as a mechanical fil-

ter which decouples large quasi-static variations, e.g.

caused by ambient pressure variations, and conducts

small dynamic vibrations induced by acoustical exci-

tation. The cause behind this filter is the mechanics

of the connection of the malleus and the incus by a di-

arthrodial joint encapsuled by a highly viscoelastic lig-

aments. Before analyzing the function of the IMJ for

the case of quasi-static excitation we will review some

of the important structures of diarthrodial joints.

4.3.1. Diathroidal joints

The IMJ is a diarthrodial joint with a saddle shaped

articular surface covered with synovial fluid encap-

suled by fibrous joint capsule, e.g. Marquet (1981);

Etholm and Belal Jr (1974) and Harty (1964).

In Mow and Huiskes (2005) diarthrodial joints are

generally described as a combination of synovial fluid,

articular cartilage and supporting bone that provide a

smooth, nearly frictionless bearing system of the mam-

malian body. The ligaments provide stability to main-

tain the proper position of the bones. Generally di-

arthrodial joints are assumed to function at very low

operating speeds permitting a large relative motion be-

tween opposite bones.

Those characteristics of diarthrodial joints meet ex-

actly the requirements of the ossicular chain in case

of large quasi-static variations. They permit the large

motion at very low operating speeds, e.g. in case of

pressure variations. The transfer of the small dynamic

vibrations is done by the highly viscoelastic ligaments

transferring those vibrations from the malleus to the

incus.

The spatial motion between the malleus and incus

in case of large quasi-static excitations is mainly deter-

mined by the saddle shaped surface of the joint. In the

unloaded state the distance between the articular sur-

faces for all four TBs was within the range of 25 to

280 µm which is comparable to recent investigations

of De Greef et al. (2015).

Dirckx et al. (2005) proposed that friction effects are

important in the quasi-static regime, but viscoelastic-

ity may be the remaining factor at acoustic frequen-

cies. The importance of friction was motivated by the

increase of hysteresis with decreasing variation rates.

Although friction may contribute to the hysteresis, it is

more likely, that the different loading path has a larger

effect. The friction in between diarthrodial joints is

generally very low, with the synovial fluid reducing the

friction by lubrication of the joint surfaces and provid-

ing nutrition of the articular cartilage, Nigg and Herzog

(1999); Mow et al. (1990).

4.3.2. The function of the IMJ in case of quasi-static

excitations

The saddle shaped articular surfaces of the IMJ

cause a decoupling motion between the malleus and

incus for large quasi-static loads. This change in

the motion was present at all force application points

of ZTB229/247 and was correlated with variation in

the force-displacement curves caused by contact of

the joint surfaces. The relative rotation around the

anterior-posterior axis through the joint caused only

small contact of joint surfaces, with a guidance mo-

tion in inferior superior direction. The IMJ permits a

relative large rotational motion before impeding such a

motion, resulting in a decoupling between the malleus

and incus at quasi-static loading conditions. This is

in agreement with the investigations of Hüttenbrink

(1988), which concerned quasi-static pressure loading

of the tympanic membrane. He describes a rotational

motion of the malleus with the umbo moving in lateral-

medial direction and a very small motion of the lenticu-

laris which is orientated in superior-inferior direction.

He also described a guidance motion of the incus in

this direction caused by the articular surfaces and stabi-

lized by the fish-tailed posterior ligament of the incus.

Although we investigated isolated MICs, the inferior-

superior guidance motion caused by the contact of the

superior part of the joint surfaces was also visible in

our experiments. This is due to the physiological na-

ture of the relative motion around the anterior-posterior

axis between the malleus and incus.

The characteristic of the mechanical filter depends

on the relative motion within the joint. Therefore, even

with the malleus fixed, a physiological relative motion

can be induced by applying a force at the incus.

A force, applied at the long process of incus caused

a relative motion within the joint which was mainly de-

termined by the rotational motion around the anterior-
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posterior axis. This motion is in good agreement with

the motion described in physiological configurations.

Hence, it is not surprising, that the superior-inferior

guidance motion of the joint is present in our inves-

tigations and in the motions in case of physiological

pressure loads described by Hüttenbrink (1988).

A force, applied at the short processus of incus

caused a rotation around the superior inferior axis with

large contact area of the joint surface. Although this

motion is not described in literature, due to its non-

physiologic nature, it could be relevant in case of re-

constructed middle ear, when a preload is applied at

the ossicular chain. Additionally, the force and dis-

placement values are within the ranges given by Laux-

mann et al. (2012) for the application of different kinds

of stapes prosthesis. The manipulations performed by

the surgeon are comparable to the application of point

loads at different locations of the incus. Hence, the

presented results are also relevant for clinical applica-

tions and will improve the numerical investigation of

surgical manipulation by computational models.

Based on his anatomic investigations Marquet

(1981) deduced that the full joint activity includes a

flexion of 500 µm of the long process of incus on the

handle of the malleus. This is in agreement with our

finding of a relatively large rotational motion of the in-

cus around the anterior-posterior axis, before inducing

a contact of the articular surfaces that impedes the mo-

tion. Marquet (1981) also described that the malleal

Figure 11: Visualization of the standard deviation of the spatial norm

of the displacement at the maximum force level of ZTB247. Regions

with a low value are highlighted in dark gray/blue, larger values are

colored in red. The short and long processus of incus show large

values, since their motion is very different for a force applied near

the short processus and the lenticulars, see Fig. 9 and 10. The ball

socket region of the incus shows a low deviation of the indicating a

comparable motion in this region for all force application points.

ball is the true center of rotation of the joint. Figure 11

shows the standard deviation of the magnitude of the

maximal displacement for ZTB247 for the five force

application points. The region with small deviation co-

incidences with the ball socket region supporting a ro-

tational motion around this region for different force

application points.

For small motion of the incus, as investigated in case

of ZTB44/58, the influence of the joint surface on the

relative motion was small, with a linear relationship

between the applied force and displacement. This is

agreement with the investigations of Schön and Müller

(1999) where small forces were applied at the long pro-

cessus of incus, while keeping the malleus and tym-

panic membrane fixed, analogous to our measurement

setup.

4.3.3. Consequences for the sound transfer

The studies of Nakajima et al. (2005) and Willi et al.

(2002) found that in the case of acoustic excitation, the

IMJ is mobile. In our recent study Gerig et al. (2015)

we investigated the influence of a fixation of the IMJ on

the sound transfer by measuring the stapes motion and

found an increase in the middle ear transfer function

above 2 kHz.

The investigations of the dynamic transfer of the

IMJ show, that the IMJ balances flexibility necessary

for handling quasi-static loads against a sound transfer

function under acoustical excitation.

4.3.4. Consequences for the modeling of the IMJ

Mathematical modeling of the IMJ behavior under

quasi-static excitation requires adequate modeling of

the mechanics of the diarthrodial joint. Therefore, the

geometry of the articular surfaces, the ligaments, as

well as their viscoelastic properties has to be included

in the model. We will include a detailed mathematical

model of the IMJ in our existing elastic multibody sys-

tem of the human middle ear presented in Ihrle et al.

(2012). The contact of the articular surfaces will be

implemented using a penalty based contact formula-

tion utilizing the geometric information obtained from

the micro-CT scans. The ligaments of the joint cap-

sule will be modeled by distributing standard-linear-

solid elements along the joint capsule, with the posi-

tion and orientation being derived from the micro-CT

scans. The ligaments of the joint capsule are preloaded

to maintain the proper position of the ossicles. There-

fore load dependent stiffness parameters will be used

for the standard-linear-solid elements. The parameter

values will be obtained by minimizing the spatial dis-

tance as well as the resulting force between the simula-

tion and the measurement and will be presented in the

future.

5. Conclusion

Measurements on isolated MICs were performed by

applying quasi-static loads at different locations of the

incus with the malleus rigidly connected to a probe

holder. The spatial motion of the incus was recon-

structed by performing spatial displacement measure-

ments with a 3D-LDV on several points on the incus

surface. The geometry of the MICs was derived from

micro-CT scans performed after the measurement. The

contact regions of the articular surfaces for different

load configurations were quantified by applying the re-

constructed motion to the geometry model of the MIC

and calculating the minimal distance of the articular

surfaces.
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The reconstructed motion showed a change in the

motion direction caused by the contact between the

articular surfaces of the IMJ. The force-displacement

curves showed a variation of the slope correlated with

the guidance motion of the joint surfaces. The IMJ

permits a relative large rotation around the anterior-

posterior axis through the joint, when a force is applied

at the lenticularis in lateral direction, before impeding

the motion. This is part of the decoupling mechanism

of the malleus motion from the incus motion, under

large quasi-static loads. The IMJ can be classified as

a mechanical filter which decouples large quasi-static

variations, e.g. caused by ambient pressure variations,

while transferring small dynamic vibrations induced

by acoustical excitation. The mechanical mechanism

behind this filter is related to the connection of the

malleus and the incus by a diarthrodial joint encap-

suled by a highly viscoelastic ligaments.

In future work we will extend our simulation model

of the human middle ear, presented in Ihrle et al.

(2012) by a detailed mathematical model of the IMJ

including the geometry and the contact of the articular

surfaces.
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Research highlights - “Biomechanics of the Incudo-Malleolar-Joint – Experimental Investigations for 

quasi-static loads” 

 

Spatial displacements of isolated Malleus-Incus-Complex (MIC) for quasi-static loads were measured. 

•  Excitation at several points of the incus with a stylus connected to a load cell. 

•  Measurement Signals: Force and displacement applied by the stylus and spatial 

displacement. 

•  Reconstruction of the MIC geometry from micro-CT scans and of the spatial motion from 3D-

Laser-Doppler-Vibrometry measurements. 

•  The relative motion within the joint changes as the load is increased. 

•  The change is caused by contact of the articular surfaces as shown by proximity calculations. 

•  The IMJ is a mechanical filter decoupling large quasi-static-loads while transferring dynamic 

sound events. This is realized by a diathroidal joint encapsuled by highly viscoelastic 

ligaments. 


