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A 3-D Force and Moment Motor for Small-Scale
Biomechanics Experiments

Jae Hoon Sim and Sunil Puria

Abstract—The inability to identify 3-D force and moment com-
ponents for actuators and sensors is a major limiting factor in the
study of 3-D force interactions with small-scale biological struc-
tures. While recent advances have been made in the measurement
of stimulating forces using load cells and atomic-force microscopy
in experimental preparations of biological structures such as mam-
malian temporal bones, these techniques have mostly been limited
to one or two dimensions. In this paper, a method is described
for stimulating biological structures using a small magnet (2 mg

� ��) and a nearby current-conducting coil (46 gauge, 50
turns), that allows the 3-D Lorentz forces and moments acting on
the magnet to be calculated. To make these calculations possible,
the dimensions and placements of the magnet and coil are accu-
rately determined (within 10 � for in vitro preparations) using
high-resolution micro-CT imaging. This noncontact force motor
method has been used to study the mechanics of the malleus-incus
complex in the mammalian middle ear in addition to basilar mem-
brane mechanics and fluid flow inside the cochlea, and it can also
be applied to the study of other biomechanical structures.

Index Terms—Cochlea, coil, electromagnetic, force, magnet,
micro-computed tomography (micro-CT), middle ear, moment.

I. INTRODUCTION

T
HE STUDY of the interactions between three-dimen-
sional (3-D) forces and small-scale biological structures

has been limited by the techniques available for measuring
in situ excitation forces. Such excitation forces are typically
measured in only one dimension using load cells, though there
have also been efforts to measure them in two dimensions
using atomic force microscopy techniques [1]. Piezoelectric
micro-actuators represent another technique for exciting bio-
logical structures with calculated or calibrated forces [2]–[4],
but for such actuators the 3-D force and moment components
are nearly impossible to measure. As the dimensions of a given
biological structure of interest become smaller, the measure-
ment of excitation forces becomes increasingly difficult, and
even estimations of the forces can suffer from relatively large
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Fig. 1. Middle-ear structures of a human ear. The three middle-ear bones (the
malleus, incus, and stapes) form an ossilcular linkage between the ear drum and
the cochlea, suspended by ligaments and tendons in the middle-ear cavity.

errors due to inaccuracies in determining the dimensions and
positions of the actuator and structures under study. In this
paper, a method is described for exciting biological structures
using a small magnet and a current-conducting coil, for which
the 3-D Lorentz forces and moments are calculated after
extracting accurate measurements of the shapes and relative
positions of the magnet and coil from micro-CT images. In
addition to its capability of predicting 3-D force and moment
components, this method provides a safer way to stimulate
delicate biological structures, since only the small magnet is
attached to the biological structure and the stimulating forces
are transferred without any contact with the coil apparatus. The
3-D force and moment components with this method can be
adjusted by changing the relative positions and orientations of
the magnet and coil.

In this study, stimulation with a magnet-coil drive system is
applied to two experimental setups of the human middle ear,
in which the tympanic membrane (TM) has been removed. The
middle-ear in mammals is distinguished from the middle ears of
other vertebrates by the presence of three distinct bones forming
the linkage between the ear drum and the cochlea [5], [6]. These
bones (the malleus, incus, and stapes) are suspended by liga-
ments and tendons in the middle-ear cavity, and are believed to
help endow mammals with their unique capacity for high-fre-
quency hearing [5], [7], [8]. Fig. 1 shows the middle-ear struc-
tures of a human ear. In the experimental setup of Ear 1, which
aims to characterize the dynamics of the isolated malleus-incus
complex, the malleus is stimulated by the magnet-coil drive
system. In the experimental setup of Ear 2, which is designed to
characterize the incudo-malleal joint (IMJ) between the malleus
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Fig. 2. The magnet and coil force motor, as used in a middle-ear experiment.
The stapes and the TM were removed in order to isolate the malleus-incus com-
plex. A 2.0 mg�� �� magnet (1.13� 0.03 Tesla) was attached to the umbo
for Ear 1 (left), while it was attached to the tip of the long crus of the incus for
Ear 2 (right). The coil (consisting of 50 turns of 46 gauge wire), was mounted
around the bony annulus of the TM (not shown) using dental cement.

and the incus, the incus is stimulated by the magnet-coil drive
system (Fig. 2).

With the middle-ear structures stimulated by electromag-
netic force between the magnet and the coil, 3-D motions of the
malleus and the incus in both experimental setups are measured
using a Laser Doppler Vibrometer (LDV) [9], [10]. The applied
electromagnetic force is calculated using the dimensions and
relative positions of the magnet and the coil, as determined
from micro-CT images, and the work rate exerted by the
electromagnetic force is calculated to represent the interaction
between the stimulation and the structure.

II. METHODS

A. Temporal Bone Preparation

Two human cadaver temporal bone preparations were used
for this study. In both preparations, the stapes and the TM were
removed so that the dynamics of the malleus-incus complex
could be observed in isolation. The entire medial parts of the
temporal bones were also removed to allow access by the laser
beam from the LDV system.

In the experimental setup of Ear 1, a 2.0-mg
magnet (1.13 0.03 Tesla) of a thin frustrum shape was
attached to the umbo (the lateral side of the tip of the long
process of the malleus), and the coil bundle (50 turns of 46
gauge wire) was mounted around the bony annulus of the TM
using dental cement.

In the experimental setup of Ear 2, the malleus was fixed to
the peripheral middle-ear cavity bone using dental cement, and
ligaments attached to the incus were removed so that the incus
was suspended only by the IMJ. The same magnet was attached
to the tip of the long process of the incus (on the lateral side,
opposite the Lenticular process that connects to the head of the
stapes). The same coil bundle was also mounted around the bony
annulus of the TM. The magnet and the coil bundle in Ear 1 and
Ear 2 were oriented relative to the malleus-incus complex in the
manner shown in Fig. 2.

Five retro-reflective beads of 50 micron diameter were at-
tached to the malleus (Ear 1) or the incus (Ear 2) as targets for
the laser beam from the LDV system. The beads were glued on
the medial side of the malleus or incus, and were held in posi-
tion during the micro-CT scan and velocity measurements.

B. Micro-CT Imaging

The Lorenz force exerted on a magnet by a current-carrying
coil depends on the shape and dimensions of the magnet and
coil, along with their relative positions and orientations. All of
these pieces of information can be extracted from high-reso-
lution micro-CT scans. In this study, the vivaCT 40 micro-CT
scanner (SCANCO Medical AG) was used. In performing scans
with metallic materials such as the coil and magnet, the energy
level of the photons in the X-ray beam must be selected such
that the images are clear and metal artifacts are minimized [11],
[12]. The metal artifacts were minimized by setting the photon
energy level to 70 keV, which is the maximum value allowed by
the vivaCT 40 micro-CT scanner.

The resulting grayscale values of the magnet and coil were
above 980 for the scanner and scan conditions of this study, in
which the maximum value of 1000 corresponds to an X-ray at-
tenuation value of 8 [13], [14]. These values were easily
distinguishable from bone, which typically has values below
550. The 3-D volumes of the magnet and coil were reconstructed
from stacks of micro-CT slice images, as shown in Fig. 3(a).
The 3-D geometry of the coil was then approximated as a torus
with a rectangular cross section, as shown in Fig. 3(b), and the
magnet was approximated as a frustum (i.e. a cone with the top
cut off parallel to the base), as shown in Fig. 3(c). These sim-
plified shapes closely approximate the actual geometries of the
coil and magnet.

The , , and axes form the coordinate frame for the coil,
in which the coil rests on the plane and the axis passes
through the center of the coil [Fig. 3(b)]. The , , and axes,
in turn, form the coordinate frame for the magnet, in which an
untilted magnet would rest on the plane (parallel to the
plane), and the axis passes through the central axis of the un-
tilted magnet [Fig. 3(c)]. The relative positions of the magnet
and coil are described by the vector , which extends from the
origin of the coil coordinate frame ( , , and )
to the origin of the magnet coordinate frame ( , ,
and ). The origin of the magnet coordinate frame has co-
ordinates of , , and in the coil
coordinate frame. The orientation of the magnet is described in
terms of the tilt angle , by which the untilted magnet is rotated
about the axis, as well as the tilt angle , by which the -tilted
magnet is subsequently rotated about the axis [Fig. 3(d)].

C. Force and Moment Calculations

To describe the magnetic field produced by a permanent
magnet, the magnet can be represented as a solenoid that
produces approximately the same magnetic field [15], [16].
The magnetization vector of the permanent magnet, , can be
described in terms of the magnetic field vector, , the magnetic
field intensity vector, , and the magnetic permeability of free
space :

(1)

The magnetization vector, along with the unit normal vector
to the magnet surface, , can then be used to calculate an equiv-
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Fig. 3. Depictions of the magnet and coil force motor. (a) 3-D volume reconstruction of the coil and magnet based on micro-CT images, (b) approximation of the
coil (yellow) as a torus with rectangular cross-section (blue) in the coil coordinate frame, with the magnet also shown, (c) approximation of the magnet (red) as a
frustum (blue) in the magnet coordinate frame, (d) representation of the magnet orientation in terms of tilt angles � and �, and (e) representation of the coil and
equivalent solenoid geometries as used for the calculations of the magnetic field, forces, and moments.

alent surface magnetization current density per unit height of
the permanent magnet, :

(2)

This, along with the height of the permanent magnet, , can
then be used to find the current in the equivalent solenoid, ,
with turns:

(3)

The volume magnetization current density was neglected
under the assumption that the magnetization is uniform
throughout the volume of the magnet.

Next, the Biot–Savart law was used to compute the magnetic
field, as produced by the coil, at each point in space within the
turns of the equivalent solenoid [Fig. 3(e)]. The vector indi-
cates the position vector of a coil element, which is denoted by
the row and column of the particular wire being pointed
to, as well as by the angle of this point around the coil, from the
origin of the coil frame ( , , ). The tip of this
vector points to a vector , of infinitesimal length, that points
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in the direction of current flow within the wire at that point. Sim-
ilarly, within the equivalent solenoid, the vector indicates
the position vector of a solenoid element from the origin of the
magnet frame ( , , ), within a specific “wire”

running around the outer surface of the solenoid, at an angle
around the “wire.” The vector of an infinitesimal length ,

in turn, points in the direction of current flow within the “wire”
at that point. The vector , which points from to , can
then be defined as

(4)

The magnetic field, as produced by the coil, within the point
of the equivalent solenoid, , can then be calcu-

lated by integrating the Biot–Savart equation across all coil el-
ements, with a coil current :

(5)

Finally, the resultant forces, , and moments, , acting upon
the origin of the magnet frame can be calculated from the Lorenz
magnetic force equation, which is an alternative expression of
Ampere’s law of force:

(6)
and

(7)
For the actual numerical integrations, the angles and were

divided into 100 discrete steps, was set to 50 and was set
to 50 (in the coil), and (in the equivalent solenoid) was also
set to 50.

D. Force Measurement in One Dimension

In order to test the accuracy of the force and moment calcula-
tions, the force produced by a coil and magnet motor was both
calculated and measured in one dimension using a load cell (En-

tran ELG-V 0.2 N-/RS), as shown in Fig. 4. A plastic bar was
used as a lever to transfer the force generated by the coil and
magnet to the load cell, and a small weight (about 2.2 g) was
placed on the bar in order to provide an initial bias force, ,
which was necessary to maintain contact between the plastic
bar and the load cell. An excitation frequency of 200 Hz was
used for these measurements, since the load cell and measure-
ment system were designed for harmonic excitations. At this
frequency, the bar dynamics were found to boost the measured
force by a factor of 1.1 over the static drive case, so this factor
was used to normalize the resulting force measurements.

The coil and magnet were composed of the same materials
as those used in the middle-ear experiments (i.e., 46 gauge wire
and magnet). In consideration for the minimum force
necessary to obtain reliable measurements from the load cell
(1% of the maximum allowable force of 0.2 N), and due to

Fig. 4. Force measurement using a load cell in one dimension. The diameter
of the wooden core ��� was 6.0 mm, the height of the coil bundle �� � was
5.0 mm, the number of coil turns was 50, and the half-length of the plastic bar
was 40 mm. The plastic bar was used as a lever to transfer the forces generated by
the coil and magnet to the load cell ����, and the magnitudes of the measured
forces were divided by 1.1 to compensate for the effects of bar dynamics at
200 Hz.

limitations on how accurately the gap between the coil and the
magnet could be specified ( in Fig. 4), a larger magnet size
was chosen. The frustum-shaped magnet had a height of 1.5 mm
and a diameter ranging from 1.0 to 1.5 mm, and with its stronger
magnetic field, it was able to improve the signal to noise ratio of
the load cell measurements by increasing the generated forces.
The gap between the coil and the magnet was varied between 2
and 9 mm (determined with an accuracy of around 0.2 mm),
and for each gap size the force was measured using five different
coil currents, ranging in magnitude from 50 to 250 mA, to test
for linearity and repeatability.

E. Work Rate Exerted by Electromagnetic Force

With the middle-ear structures stimulated by the magnet-coil
drive system, the magnitude and phase of the velocity at each
target were measured using an OFV 302 LDV system (Polytec)
over a frequency range of 0.1–10 kHz. The middle-ear structures
were attached to two stacked goniometers, used for changing the
incident angle and direction of the laser beam. The goniometer
set enabled two orthogonal rotations, with an angular range of

15 about one axis, and 20 about the other axis. Velocities
at each target were measured from nine different angular posi-
tions of the laser beam, to allow calculation of the 3-D velocity
components at each target. Once the 3-D motion components
at more than three noncolinear points on the rigid body were
defined, the 3-D motion components of the rigid body, con-
sisting of three translations and three rotations, could be cal-
culated from the kinematics of rigid body motion. Fig. 5 shows
the magnitudes (left) and phases (right) of the three translational
velocities at the tip of the long process of the incus (a) and the
three rotational velocities of the incus (b), in the middle-ear ex-
perimental setup of Ear 2. See [9] and [10] for detailed proce-
dures for calculation of the 3-D motion components. With the
force and moment components and the 3-D motion components
of the middle-ear structures, the work rate, , due to the 3-D
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Fig. 5. Measured magnitudes (left) and phases (right) of rigid body motion components with the incus stimulated by the magnet-coil drive system (Ear 2). (a) Three
translational velocities at the tip of the long process of the incus, and (b) three rotational velocities of the incus.

force and moment components, is given by the following inte-
gral (over one cycle):

(8)

where and indicate vectors of the translational and rotational
velocities at the point upon which the force and moment are
acting. Only the real parts of the velocities, force, and moment
were used for the work rate calculation. The work rate should
be positive, since the force and moment are both applied to a
passive middle-ear structure.

III. RESULTS

A. Verification of Force Calculations in One Dimension

The force measurements for each gap were normalized by the
coil current, and are plotted in Fig. 6 as circles, while the corre-
sponding calculated values are represented by a sold line. The
general agreement among the normalized force measurements
causes the overlapping circles to largely appear as a single circle
for each gap. The combined noise and artifact levels (plotted as

Fig. 6. Comparison of measured forces (circles) and the corresponding cal-
culated forces (solid line) in one dimension. The force measurements at each
gap were performed using five different current magnitudes (50–250 mA), at
200 Hz. Each measurement was normalized by the corresponding current mag-
nitude, and at each gap these normalized measurements overlap one another
almost completely. The combined noise and artifacts (squares) were measured
with a current of 250 mA.
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TABLE I
PARAMETERS DESCRIBING THE GEOMETRY OF THE MAGNET AND COIL DRIVE SYSTEM, AS WELL AS CALCULATED FORCES AND

MOMENTS ON THE CENTER OF THE MAGNET BASE

squares) were measured without the magnet in place. The nor-
malized values of the combined noise and artifact were almost
constant along the range of currents used in this experiment,
and the measurements made with a coil current of 250 mA are
plotted in the figure. The measured forces lie well above the
noise and artifact levels for all reported gaps.

Most of the error in this measurement can be attributed to
the lack of precision in determining the positions of the coil
and magnet, as well as to the simplifying assumptions that
were made in the calculation procedure. In the context of the
middle-ear experimental setup, the relative positions of the coil
and magnet were precisely determined from micro-CT images,
while in this measurement they were found by referring to a
precision scale printed on the wooden core. In modeling the
permanent magnet as an equivalent solenoid, the magnetic
field intensity vector [ in (1)] was neglected around the
bottom and upper surfaces of the magnet. Errors due to these
assumptions become smaller when the magnet is sufficiently
tall relative to the diameters of the upper and bottom surfaces.
The magnetization vector was also assumed to be homogeneous
throughout the whole magnet volume. Differences between the
actual coil shape and its simplified torus representation can
be another error source. Even given these sources of potential

error, the measured forces, with an average error of 13%, are in
reasonably close agreement with the calculated values.

B. 3-D Forces and Moments in the Middle-Ear Experiments

Table I contains the in situ dimensions and orientations of the
magnet and coil drive system, as obtained from the micro-CT
scans of the middle-ear preparations. It also contains the mag-
nitudes of the calculated resultant force and moment compo-
nents (per unit current magnitude) acting upon the center of the
bottom surface of the magnet, which is defined as the origin of
the magnet frame. See the Methods section for a description of
the magnet frame (with its , , and axes) and coil frame (with
its , , and axes). The magnitude of the force component in
the direction, , is larger for Ear 1 (162 µN/A) than for Ear 2
(49 µN/A) since the magnet is located closer to the coil for Ear 1

than for Ear 2 . These force
magnitudes would correspond to sound pressure levels (SPL)
on the TM of around 80 dB SPL for Ear 1 and 70 dB SPL for
Ear 2, given a coil current magnitude of 0.1 A and a TM area
of 70 . The magnitude of the force component in the di-
rection, , as well as the magnitude of the moment component
in the direction, , are also larger for Ear 1 due to the closer
proximity of the magnet to the ring of the coil in that case.
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Fig. 7. Work rate exerted by the electromagnetic force. In Ear 1, the work rate
was calculated before (solid) and after (dash) the incus ligament was removed.
In Ear 2 (dash-dot), the malleus was immobilized using dental cement, and the
incus was supported only by the IMJ.

C. Work Rate in the Middle-Ear Experiments

Fig. 7 shows the work rates due to the electromagnetic forces
in Ears 1 and 2. As expected, the work rates throughout a cycle
showed positive values, for all measured frequencies. The peaks
in the work rate curves correspond to resonances of ossicular
motions.

In Ear 1, to see the effects of the incus ligament on the vi-
bration of the malleus-incus complex, the 3-D motions of the
malleus were measured before and after the incus ligament was
removed. Before the incus ligament was removed, the first reso-
nance of the malleus motion occurred around 600 Hz. After the
incus ligament was removed, the first resonance was shifted to
a lower frequency, around 250 Hz, and the work rate below 400
Hz was increased due to the greater compliance of the structure.
From these results, it is presumed that the incus ligament plays
a significant role in the MIC motions at low frequencies.

The work rate in Ear 2, where the incus was supported only
by the IMJ, showed two clear resonances around 4 and 8.5 kHz,
and relatively small work rates below 3 kHz. These results in-
dicate that the relative motion at the IMJ is expected to play a
significant role at frequencies above 3 kHz. It was believed for
some time that there was no relative motion at the IMJ, and it
was recently reported that this joint is deformable at middle fre-
quencies and high frequencies above 3 kHz [17].

D. Control of Force and Moment Components

The forces and moments acting on the magnet (and thus
driving the system being studied) can be specified in advance
to some degree through the choice of the magnet and coil
dimensions and their in situ relative positions, as well as by
varying the drive current.

Fig. 8(a) shows how the -component of the calculated force
, acting on the untilted magnet, varies as a function of the

magnet position with respect to the coil, and , with
set to zero. The magnitude of approaches its maximum when
the magnet is directly above the center of the ring of the coil

, and as the magnet gets closer to the coil
(i.e., as decreases). The force component in the direction
( , not shown) varies with and (with set to zero)
in the same manner that varies with and , due to

symmetry. Fig. 8(b) shows, for the same setup, the positional
dependence of the force component in the direction . In
this case, also increases in magnitude as decreases, but
it passes through zero when the magnet is directly above the
ring of the coil. reaches its largest positive magnitude when
the magnet is positioned directly above the inner radius of the
coil , and its largest negative value when it is
positioned directly above the outer radius of the coil

. Fig. 8(c) shows, also for the same setup, how the moment
component in the direction depends on and .
Similarly to , the magnitude of becomes larger both as

decreases and as approaches the point directly above
the ring of the coil. The dependence of the moment component
along the direction ( , not shown) on and is the same
as the dependence of on and , due to symmetry. The
moment component in the direction has a relatively small
magnitude when the magnet is untilted.

Fig. 8(d) shows how and are affected when the magnet
is tilted about the axis by an angle , for the case of

, , and . is zero when is
zero, since , but increases to its maximum
value when reaches 90 . Conversely, has its maximum
value when is zero, and decreases to zero when reaches
90 . When the angle is 90 , (not shown) also reaches its
maximum value for the given magnet position.

IV. DISCUSSION

The accuracy of the force and the moment calculations is lim-
ited in part by the accuracy with which one can measure the di-
mensions, relative positions, and orientations of the magnet and
coil. The micro-CT imaging modality presently allows in situ

measurements of the dimensions and orientations of the magnet
and coil with resolutions on the order of 10 , but this degree
of accuracy requires that the entire specimen be able to fit inside
the 38.5-mm diameter scan space. Current in vivo CT imaging
techniques appropriate for larger structures are limited to res-
olutions on the order of 125 [18]. As the distance between
the coil and the magnet becomes smaller, the proportion of error
in the position measurements becomes more significant. For ex-
ample, if the distance between a coil element and a magnet el-
ement were 5 mm, which is close to the case for Ear 1, then an
error of one pixel in determining the positions from the scans
would cause an error of 5%–8% in the resulting magnetic field
calculation with a 125 scan resolution, but only 0.4%–0.6%
with a 10.5 scan resolution (see (5)). If the initial distance
between the two elements were 2 mm, however, then a single
pixel error in measuring the distance would cause an error in the
resulting magnetic field calculation of 14%–21% with a 125
resolution, but only 1.1%–1.6% with a 10.5 resolution. As
the resolution of in vivo imaging becomes higher, the accuracy
and convenience of the noncontact force calculation methods
proposed here will improve.

Other sources of error include simplifications that were made
in the calculations, and nonuniformity in the magnetization
of the magnet (see Section II). The shape of the actual coil
bundle was not exactly the same as the simplified shape used
in the calculations, and by modeling the permanent magnet as
an equivalent solenoid, the magnetic field intensity factor was
neglected around the bottom and upper surfaces of the magnet.
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Fig. 8. Calculated forces and moments acting on the magnet as functions of the magnet position and tilt angle. (a) Two depictions of the force component in the
� direction �� �, as a function of the � and � offsets of the magnet, (b) two depictions of the force component in the � direction �� �, as a function of the �
and � offsets of the magnet, (c) moment component in the � direction �� �, as a function of the � and � offsets of the magnet, and (d) the effects of tilting the
magnet about the � axis on � and � , as a function of tilt angle �. Magnet tilt angles were set to zero for (a), (b), and (c), and for (d) the tilt angle about the �
axis �	� was set to zero. The magnet offsets for (d) were fixed at � � � ��, 
 � � ��, and � � � ��.

The magnet was also assumed to have a uniform magnetization
per unit volume, though the datasheet from the manufacturer
indicates that the magnetization can vary within a 3% range
throughout the magnet volume. However, even with such
errors, this method of calculating forces and moments still

provides a useful way of realistically estimating the directions
and magnitudes of the 3-D drive forces and moments.

The force components in the xy plane are maximized when
the untilted magnet is located directly above the ring of the coil,
while the magnitude of the force component in the z direction
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Fig. 9. An application of the magnet and coil drive system to the excitation
of the basilar membrane and fluid spaces within the cochlea. The magnitude of
the force can be specified by choosing the distance between the magnet and the
ferrite core, the number of turns in the coil, and the amount of current flowing
in the coil. The force acting on the magnet is used to generate an apical pressure
�� � wave and a basal pressure �� � wave. The basal pressure wave
would then travel through the middle ear, and could be measured in the ear canal
as an otoacoustic emission.

passes through zero in this position. Additional flexibility in
specifying the forces and moments acting on the magnet could
conceivably be achieved using an array of coil bundles and in-
dependently controlling the magnitude and phase of the current
in each of the coils.

In this study, the magnet-coil force motor was used to stimu-
late the isolated structures in the mammalian middle ear, which
was done in the context of a study that aimed to characterize the
dynamics of the entire middle ear. The calculated work rates
showed characteristics of the isolated middle-ear structures.
Such measurements using calculated and controlled stimulation
can also be used to find mechanical properties of the middle-ear
supporting structures.

Another application of this force motor method is for the
study of how otoacoustic emissions travel outward from the
cochlea to the stapes and ear canal. A small magnet ( 0.1 mg)
would be placed on the basilar membrane inside the cochlea,
and a coil wrapped around a ferromagnetic core would then
be used to drive the magnet (Fig. 9). The force acting on the
basilar membrane due to the interaction between the magnet and
the coil would then generate pressure waves in the fluid of the
cochlea that would produce stapes footplate motion (measurable
using Laser Doppler Vibrometry), as well as pressure in the ear
canal (measurable using a probe tube microphone) [19].
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