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In this work, three-dimensional finite-element models of the normal and surgically repaired cat
middle ear were developed. The normal middle-ear model was formed by adding explicit
representations for the footplate and cochlear load to an existing model of the cat eardrum. The
footplate was modeled as a thin plate with a thickened rim. The cochlear load was represented by
springs attached along the footplate’s periphery. The model is valid for frequencies below 1 kHz and
for physiological sound levels. Eardrum and manubrium displacements, and out-of-plane
displacements of the footplate’s center, were found to compare well with experimental results. The
normal model was modified to simulate the effects of two types of middle-ear surgery, both of
which are used to repair a discontinuous ossicular chain. Bulging of the footplate was found to occur
when a prosthesis made direct contact with the footplate. The location of the prosthesis along the
manubrium did not affect the motion of the footplate as long as the joints were all rigid. When the
joints were flexible, the largest displacements occurred when the prosthesis was positioned near the
upper end of the manubrium. @996 Acoustical Society of America.

PACS numbers: 43.64.Bt, 43.64.1HRAS]

INTRODUCTION human middle earThe Fisch Il Spandrel prosthesis is simi-
lar to the MFA) One objection to their model is that the

Discontinuity of the middle-ear ossicular chain results in . N )
conductive hearing loss. The most common type of ossicul frootplate has been represented by a single point, implying
| athat it moves in a piston-like manner. It is possible, however,

discontinuity is caused by loss of the incudal long processf the footplate to tilt in th icall od middl
the second most common type is caused by loss of both th rthe Toolplate 1o it in the surgically repaired middie ear
epending on the placement of the prosthesis, and tilting of

incudal long process and the stapes superstru¢fwstin, he f I ﬁ | displ £ th
1971). When the incudal long process alone is missing, ghe footp f"‘te may affect vo ume disp gc_ements_ of the co-
chlear fluids and hence hearing sensitivitylaming and

rosthesige.g., ossicular bone graftan be fitted between
b se.g gra Heeenstra, 1986

the manubrium of the malleus and the head of the stapes; t )
resuling structure is called a malleus-stapes assembly ©Other methods have also been used to model the surgi-

(MSA). When both the incudal long process and the stape§@!ly repaired middle ear. Wadst al. (1990 used analytical
superstructure are missing, a prosthesis can be fitted betwelfhniques to model an artificial auditory ossicle. Their
the manubrium and the stapedial footplate; this structure i§'0del assumes a flat, circular eardrum; presumably, this was
called a malleus-footplate assemiMFA). The MSA and  done to make the analyses tractable. However, the results of
the MFA do not result in the complete elimination of hearingFunnell and Laszlo (1978 indicate that the three-
loss (e.g., Vartiainen and Nuutinen, 1992A quantitative dimensional shape of the eardrum is very important to its
understanding of the mechanics of the normal and surgicalljunction. Peakeet al. (1992 developed a lumped-parameter

repaired middle ear should elucidate some of the reasons fépodel of type IV tympanoplasty, a surgical procedure used
this failure and would aid in the design of middle-ear pros_to shield the round window from acoustic stimulation when

theses. the eardrum, malleus and incus are missing. This technique
A few models of the normal and surgically repaired is not in any way similar to the MSA or the MFA.
middle ear have been developed. Wadal. (1992 devel- This paper presents a finite-element model of the normal

oped a finite-element model of the human middle ear. Al-cat middle ear which has been developed by adding explicit
though finite-element models of the cat eardrum have beefepresentations of the footplate and cochlear load to an ex-
developedFunnel and Laszlo, 1978; Funnell, 1983; Funnellisting model of the cat eardrurtiFunnell et al, 1987. The

et al, 1987, 1992 no models of the entire cat middle ear model was then modified to investigate the effects of middle-
exist. Finite-element models of the surgically repairedear surgery. The models simulate the behaviour of the nor-
middle ear have also been reported. Lesgeaal. (1991 de- mal and surgically repaired middle ear in response to uni-
veloped a two-dimensional model of the MSA in humans.form pressures of low enough frequencies that inertial and
Their model is oversimplified since the eardrum and middledamping effects may be ignored. This corresponds to fre-
ear are three dimensional and do not possess the type gfiencies below about 1 kHz. The models are restricted to
symmetry required to permit a two-dimensional representasound pressures low enough that the responses of the middle-
tion. Williams and Lessef1992 have developed a three- ear structures and of the prosthesis are linear.

dimensional model of the Fisch Il Spandrel prosthesis in the  Section | describes the models and the mechanical prop-
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FIG. 2. Three orthogonal views of the MFA model showing location and
orientation of the footplate(a) View along antero-posterior directioi)
Medial view along an axis perpendicular to the tympanic rifg. View
along infero-superior direction. The posteri@®) end of the footplate is

) ) indicated by a dot.
FIG. 1. Geometry of the normal middle-ear and MSA modeds View of

middle-ear model showing medial aspect of the eardrum. The footplate
mesh and the cochlear load are not shown for clatty.Footplate model
showing in-plane springs. The out-of-plane springs are not shown but wouldpeing so thick as to be effectively rigid. Five elements rep-

be perpendicular to the plane of the paper. Xhey’ axes are shown along resenting the neck and head of the malleus couple the manu-
with the originO. These axes will be referred to in Sec.(it) Top portion

of MSA model showing prosthesis. The posteriBy end of the footplate is brium to the ossicular aX|S_ of rotation as shown in F'gi)-:l-
indicated by a dot. Four elements, representing the long process of the incus,

connect the axis of rotation to the tops of the stapedial crura.
erties that we have assumed. Section Il presents results deach crus is modeled with two plate elements. The shapes of
scribing the behavior of the models and the effects of variathe elements representing the malleus, incus, and stapedial

tions of several parameters and of prosthesis location. ~ Crura are not important since they are thick enough to be
effectively rigid and since the frequencies considered here
| EINITE-ELEMENT MODELS are low enough that there are no inertial effects.
The incudomallear joint appears to be effectively rigid
A. Normal middle-ear model for physiological sound-pressure levels and for frequencies

Figure ¥a) shows the normal middle-ear model which below 3000 Hz(Guinan and Peake, 1967; Vlaming, 1987
includes the eardrum, the ossicles and the cochlear load. TH#d is modeled here as being rigid. The incudostapedial joint
eardrum model is equivalent to previous modéfsinnell, —appears to be effectively rigid in the medio-lateral direction
1983; Funnellet al, 1987. The eardrum is modeled as a for physiological sound-pressure levéfSuinan and Peake,
linearly elastic thin shell, the material of which is assumed tol967; Vlaming, 198, but in experiments involving contrac-
be homogeneous and isotropic. The material properties of tHéons of the stapedius muscle the joint does permit displace-
eardrum are based on a review of the literatiffennell and ments of the stapes in the antero-posterior direction relative
Laszlo, 1982 The part of the model corresponding to the to the incus(Pang and Peake, 198&Bince the forces devel-
pars tensa has a Young's modulus, or stiffness, xfld®  oped in the stapedius were not measured in those experi-
dyn cm 2, an overall thickness of 4gm and a Poisson’s ments, it is not clear whether the joint would be flexible in
ratio of 0.3. The pars flaccida is modeled as having ahis direction for physiological sound-pressure levels for
Young's modulus of X10° dyn cm 2, a thickness of 4gm  which the present model is valid. For simplicity, therefore,
and a Poisson’s ratio of 0.3. The portion of the annular ligathe joint is modelled here as being rigid in all directions.
ment separating the pars tensa from the pars flaccida has a The mesh for the footplate, shown in Figlb}, has a
Young’s modulus and a Poisson’s ratio identical to those ofiominal resolution of 15 elements/diametéFhe diameter
the pars tensa but a thickness of 30. The mesh of tri- of the footplate is smaller than that of the eardrum, so the
angular elements representing the eardrum has a “nominallements of the footplate mesh are smaller than those of the
resolution” (Funnell, 1983 of 15 elements/diameter. The eardrum mesh.The shape and size of the footplate were
overall three-dimensional curvature of the eardrum is exobtained from a micrograptGuinan and Peake, 1967, Fig.
pressed by a “normalized radius of curvature” of 1(Fun-  11). The location and orientation of the footplate were deter-
nell, 1983. mined from a computer reconstruction of the cat middle ear

The ossicles are modeled as homogeneous, isotropi&unnell, 1989; Funnekt al, 1992 and are shown in Fig. 2.
bone having a Young's modulus o0 dyncm?and a  The thickness of the rim of the footplate has been taken to be
Poisson’s ratio of 0.8Funnellet al, 1992. With the excep- 200 um; that of the central portion has been taken to be 20
tion of the stapedial footplate, the ossicles are modeled agm (Guinan and Peake, 1967, Fig.)11
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The load due to the ligaments of the ossicular chain is  Not represented in the models are the effects of the
represented by an effective angular stiffness df dghcm  middle-ear cavities; this is equivalent to an experimental
about a fixed axis of rotation. This value was obtained bysituation in which the middle-ear cavities and septum are
subtracting the value for the angular stiffness of the cochle@pen. The tensor tympani and the stapedius muscle are also
(18x10° dyn cm) given by Funnell and LaszIt1978 from  not modeled, approximately simulating the relaxed state of
the total angular stiffness about the axis in their modefthe middle-ear muscles in temporal bone preparations and in
(28x10° dyn cm; the resultant stiffness represents contribu-2n€sthetized animals.
tions due to the posterior incudal ligament and the anterioy 11is model as well as those of the MSA and MFA were

mallear process. The cochlear load in the present model fg_nplemented using SAP 1V, a structural finite-element analy-

represented in a different manner as discussed below. Tﬁésatﬂ:gtrzrln Ig;;omputmg the response of linear systems

ossicular axis of rotation is assumed to be fixed, an assump-
tion that appears to be acceptable for low frequencies
(Guinan and Peake, 1967; Decraengtral, 1991). As in

: o e B. MSA model
earlier models, the axis is taken to lie in the plane of the ) o _
tympanic ring. All degrees of freedom on the axis are con-  |tis assumed that the existing middle-ear structures be-
strained to be zero except for rotation about it. ing modeled have not been damaged by middle-ear disease

The cochlear load acting upon the footplate is stiffness©r PY the surgical procedure. Thus the MSA model, as shown

dominated for frequencies below 300 Heynch et al, in Fig. 1(c), is identical to the normal middle.-ear modgl ex-
1982. The stiffness is mainly due to the annular Iigamentcept that the four plate elements corresponding to the incudal

and is represented in our model by springs distributed arounlébenn%'frciﬁissrggh;%gi?: Ibe ye?ers;]'gglﬁsb:gg ilaeg?)re]:tc;euzf-
the periphery of the footplate. These springs constrain bot 9 P § 9 q

the out-of-plane and in-plane displacements of the footplate e prosthesis is considered to be rigi?'hereas the plate
u P n-p 'SP PlalCiements representing the incus in the normal model connect

The springs _constraining the footplate’s out-of-plane m(_3ti0r_1[he stapes to the mallear head, the brick in the MSA model
are perpendicular to the plane of the footplate; one spring ig,nnects the stapes to the manubrium of the malleus. In the
attached to each of the evenly spaced nodes around the R&rsent model, an eight-node brick element with three trans-
riphery of the footplate. Lynclet al. (1982 have given a |ational degrees of freedom at each node has been used. The
value of 0.36<107° ¢ dyn™* for the acoustic compliance Young’s modulus and Poisson’s ratio of the prosthesis are
of the stapediocochlear complex which, for a footplate ofthe same as those of the other bones in this model; since the
area 1.26 mr is equivalent to a mechanical stiffness of prosthesis is effectively rigid, it could equally well model
4.4x10° dyncm ' divided evenly among the uniformly rigid synthetic materials such as ceramic. The prosthesis is
spaced springs around the outside of the footplate. connected between a quadrilateral region on the manubrium

The in-plane stiffness of the annular ligament is repre-and the tops of the crura; the quadrilateral region on the
sented by a second set of springs, perpendicular to the rim @hanubrium is defined by the manubrial mesh. The prosthesis
the footplate but in its plane; once again, one such spring itss connected to the uppermost quadrilateral region of the
attached to each of the external nodes of the footplate. Agnhanubrial mesh except in those simulations intended to in-
suming that the mechanically important part of the annulavestigate variations of prosthesis positigsee Sec. Il E
ligament is contained in the annular space surrounding th¥/hen the brick element is used to model the prosthesis, the
footplate, and assuming that the material of the ligament i$0ints between the prosthesis and bones are assumed to be
unstressed, isotropic, homogeneous and uniformly distribinflexible. In some simulations, a truss element is used for
uted, Lynchet al. (1982 estimated the Young’s modulus of the prosthesis in order to model “pin” jointsee Sec. Il E
the annular ligament to be 1@yn cni 2 As noted by them, 1hiS russ element has a Young’s modulus and cross-
this value is low compared to that of other ligaments; how-S€ctional area high enough to make it effectively rigid.
ever, as not enough data are available on the properties of théf In the MSA model, it is necessary to use o thm—shell_
ligament, the above value has been adopted in calculating theeements to bndge the gap betwe.en the tops of the crura in
) . . . rder to constrain the normal rotational degree of freedom of
in-plane stiffness of the annular ligament in the presen . .

. : ._the thin-shell elements representing the crura. The normal

model. A portion of the annular ligament between two adja-

. .._rotational degree of freedom for the thin-shell element is not
cent external nodes can be considered to be a slab of un'forﬂ]efined and must be constrainé@atheet al, 1974. These

rectangular cross-sectional area with its stiffness given bYast elements were not required in the normal middle-ear

ki=Etli/w, whereE is the Young’s modulus of the annular ,qe| since the thin-shell elements representing the incudal
ligament,|; is the distance between adjacent nodes, &and long process provide the required constraints.

(200 um) andw(20 um) are the thickness and width, respec-  Angther modification in some of the simulatiorisee
tively. The dimensions of the annular ligament are assumegec. || B and G involving the MSA and the MFA was the

to be constant around its perimet@uinan and Peake, 1967, removal of the axis of rotation and of the five elements rep-
Fig. 11). The stiffness of each segment of the annular ligatesenting the neck and head of the malleus in order to simu-
ment was computed and divided equally between the springate the effects of surgery: the neck and head of the malleus
at the two nodes. Note that shearing due to in-plane rotatioare sometimes removed during surgery, thus destroying the
of the footplate is ignored. axis of rotation.
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C. MFA model To investigate the effect of mesh resolution on deforma-

As shown in Fig. 2, the MFA model differs from the tion of the footplate, the footplate was fully clamped around

MSA model in that(1) the crura are removed, ard) the its periphery to eliminate rigid-body motion. Concentrated

prosthesis makes direct contact with the footplate. The mel—Oads of 1 dyn were applied to the four corners of the square

dial end of the prosthesis is attached to a square region &t the center of the footplate, which serves as the attachment

area 0.04 miat the center of the footplate mesh site for the prosthesis. The resolution of the footplate mesh
' ' was varied from 6 to 20 elements/diameter. For resolutions

of 12 elements/diameter and greater, the maximum displace-
D. Range of validity ment varied less than 3%. Thus a resolution of 15 elements/

The normal cat middle ear has been shown to be Iinea?jlameter for the footplate mesh is again adequate.

for sound pressure levels up to at least 130 dB SPL for fre- In"o:dert to t(iwst tr':/leFKffectds |°f qlﬁshtresolutlpnlon the
guencies below 1500 HgGuinan and Peake, 1967t is overall structure, two MOCEIS without an ossicular axis

reasonable to assume that the reconstructed middle ear al\lg/c?re generated. In the first model, both the eardrum and

behaves linearly for these sound levels. The acoustic stim ootplate had resolutions of 15 elements/diameter. In the sec-
' ond model, both had resolutions of 20 elements/diameter.

lus in the present models is represented by a uniformly dis: h : d displ lculated usi he fi
tributed pressure of 100 dB SPL applied to the lateral surfacg e maximum drum displacement calculated using the first

s 0 .
of the eardrum. A linear model is thus sufficient for the model was W'_th'n 2.6% Of the value compu_tec_i usw:)g.the
sound-pressure level used in this study. second model; the umbo displacement was within 0.8%; and

The range of displacements for which the models arefootplate displacements were within 0.2%. This confirms that

valid is primarily governed by a constraint common to thin- 2 model V_V'th ear(_jrum and footplate resolutions of 15
plate and thin-shell elements: The displacements must b%Iements/d|ameter Is adequate.
small compared with the thickness of the structure in order to
permit the assumption that in-plane and out-of-plane dist|. RESULTS
placements are not coupled. A check on the validity of theA Results for the normal middle-ear model
model is provided by ascertaining that displacements are @
small fraction of the thickness. The largest eardrum displace- Displacement patterns calculated for the eardrum in the
ments are less than 2% of its thickness, and the largest foohormal middle-ear model are qualitatively similar to the low-
plate displacements are less than 1% of its thickness. frequency patterns observed experimentally by Khanna
The upper frequency for which the models are valid is(1970 and to the patterns determined using a previous model
limited by the omission of damping and inertial effects. Ex- (Funnellet al,, 1987. The maximal drum displacement oc-
clusion of these effects in the models makes their behaviocurs in the posterior region of the pars tensa. It has a mag-
independent of frequency. For the stapediocochlear systemitude of 484 nm for a low-frequency pure-tone input of 100
alone, damping and inertia have some effects even at fredB SPL. Tonndorf and Khanné 971 reported a maximal
quencies as low as 300 Hiynch et al, 1982. However, drum displacement of 1500 nm at 600 Hz and 111 dB SPL;
the behavior of the intact cat middle ear appears to be aphis is equivalent to 420 nm at 100 dB SPL. The maximal
proximately constant up to about 1 k@uinan and Peake, drum displacement calculated using the present model is
1967); therefore, it is permissible to compare displacementd5% higher than what they found. The present value is, how-
calculated using the normal middle-ear model with experi-ever, 27% lower than that calculated by Funnetlial.
mental data up to 1 kHz. Presumably, damping and inertia{1987, primarily because of the different way in which the
effects introduced by the prosthesis in the MSA and MFAossicular and cochlear loads were modeled by them. Note
are also negligible up to 1 kHz. that, as specified by Funnet al. (1992, the ossicular stiff-
ness in the previous models was 14 kdyn @ather than the
28 kdyn cm as given in Funne(ll983 and Funnellet al.
(1987, due to an error in the implementation of the models
The resolutions of the eardrum and footplate meshes ar@ those papejsin the present model, the effective rotational
specified in terms of a “nominal resolution” which is used stiffness about the fixed axis due to the ossicular and co-
by the automatic mesh generator as a target for the numbehlear loads is 65.5 kdyn cri.e., about four times larger
of elements across the diameter of the eardrum or footplatéhan in the previous modelsThe displacement decrease of
respectively. The effects of these mesh resolutions on di27% is thus consistent with the observation in Funnell and
placements were tested separately. Laszlo (1978 that an increase in rotational stiffness by a
The resolution of the eardrum meS&hithout an ossicu- factor of 2 results in a decrease in the maximal eardrum
lar axis was varied from 6 to 20 elements/diameter. Thedisplacement of 11%.
load due to the prosthesis and cochlea present in the MFA The umbo displacement calculated using the present
and MSA models was represented by two springs attached tmodel is 161 nm. Tonndorf and Khanqe71) reported the
the upper end of the manubrium. For mesh resolutions of 12atio of peak drum displacement to umbo displacement to be
elements/diameter and greater, variations in the maximur@.2; this corresponds to an umbo displacement of 191 nm.
drum displacement and umbo displacement were found to b&he model predicts a value that is 16% lower than what they
less than 4%. Thus a resolution of 15 elements/diameter fdiound. Funnelkt al. (1987 computed an umbo displacement
the eardrum is adequate. of 245 nm using their model. The value calculated using the

E. Adequacy of mesh resolution
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The difference in displacement amplitude between the
anterior and posterior ends indicates that the footplate tilts.
80 The amount of antero-posterior tilting relative to the dis-
placement of the center can be characterized byatitero-
5 posterior tilt ratio Ajp=(Wa—Wp)/We. The antero-
posterior tilt ratio is 0.18 for this model, indicating that the
difference between the displacements of the two ends is 18%
FIG. 3. Iso-amplitude contours for out-of-plane component of footplate dis-25 I_a_rge as_ th_e d_ISplacement of the C_enter of t_he footplate; a
placement calculated for a pure-tone input of 100 dB SPL ugighe  POSitive ratio indicates that the anterior end displaces more
normal middle-ear model an@) the MFA model with an intact ossicular than the posterior end. Tilting of the footplate also results in
axis. All displacements are in nanometres. The antedor central (), (jfferences in the displacements of the inferior and superior
inferior (1), posterior(P), and superio(S) points are indicated in pafs). edged| ands, respectively, in Fig. @)]. An infero-superior
tilt ratio may be calculated a&,5= (w,—wg)/W¢ , Wherew,

present model is 34% lower than that calculated by them; a “d_Ws are the out—of—plane components.of d|splacer_nent of
e inferior and superior edges, respectively. The displace-

expected, the difference in the representation of the ossiculé . : e
P P nent of the superior edge is 78 nm and that of the inferior

and cochlear loads has an even stronger effect on umbo digqd is 108 . inf ior tilt ratio of 0.33
placement than on eardrum displacement. edge I1s M, giving an iniero-superior fit ratio ot 4.3o.

The ratio of maximal eardrum displacement to umbo The in-plane component of footplate motion can be de-

H ! ! . ’ !
displacement is one quantitative measure for comparing th(éomposed intox” andy” components; the” andy” axes are

spatial pattern of the model with experiment. The value comattached to the to the footplate as shown in Fih).1Dis-

puted using the present model is 3.0, which is 36% highePIacement patterns .for the andy cgmpo_nents consist_ of )
than that given by Tonndorf and Khan(971. The present evenly spaced horizontal and vertical lines, respectively;

result is 11% higher than the value computed by Funnel ence, it can be conclyded that the in-plane motio_n of _the

et al. (1987 ootplate is that of a rigid body. In order to quantify this
Itis convenient to describe the three-dimensional rnotiOnconclusion, a rigid-body translation and rotation were fitted

of the footplate by decomposing this motion into compo-to the finite-element results as described below; nodal dis-

nents within the plane of the footplate and a component norﬁ:acements cgrretshp:)hndlngd t?th'Sl r|g|d-b(zdy rlno'flotndwere
mal to its plane. The description of footplate motion in terms €n compared wi € nodal displacements caiculated using

of these components has some physiological significance: thtge finite-element software. The finite-element results in gen-

normal (out-of-plane component of footplate motion causes eral will include displacements due to both deformation and

displacement of the cochlear fluid, whereas in-plane compor—'g'd'bOdy F“O“O”- - . .
To estimate the rigid-body translation and rotation, a

nents are not effective in displacing this fluid. . - :
Figure 3a) shows contours for the out-of-plane compo- point was arbitrarily chosen about which the angle of rota-
jon was to be estimated. The poi@t shown in Fig. 1 was

nent of footplate displacement. The displacements are 10 : . . .
nm for the anterior enfpoint A in Fig. 3a)], 93 nm for the ~ *1O€": The displacement of this point, calculated using the

center(point C), and 85 nm for the posterior er{goint P, finite-element software, gives an estimate for the rigid-body

The displacement of the central point was used by VIaming]CralnSIatlon of the footplate Wh'Ch' in this case, hasxin
and Feenstr41986 to compare the mechanics of the foot- _OT“pO”e”t of (_38 nm and g component of .89 nm. The
plate in various cadaver preparations. If the footplate is per['g'd'bOdy rotation can then be estimated using the formula
fectly rigid, then the out-of-plane component of displace-a%_(ui_u,i)/(yi _,yj)%_(vi_vj)/(xi_xi?’ whereu; and
ment of this point, when multiplied by the area of the Ui are thex’ andy’ components, respectively, of displace-

footplate, gives the volume displacement of the cochlear qu-m,ent of OOdG on the footplate, .andi andy.i are thex” and
coordinates of nodg respectively. In this case, the angle

ids; on the other hand, if the footplate deforms or bulges a¥

the center, then this product will overestimate the volumeOf rotation was found to be 9,0rad in the counterclockwise

displacement of the cochlear fluids. Any bulging of the foot__direction.(The PO‘T“ labeledD in _Fig. 1 was chosen_as node
and the node directly above it was chosen as rjode

plate that might occur at its center can be quantified using thk . .
In order to compare the magnitudes of displacements

bulge ratio B=[w,— 3(Ws+Wp)]/W,., Wherew,, wc, and ) _ >
wp are the out-of-plane components of displacement at thgaused by Qeformauon with those caused by rigid-body mo-
ion, the ratioD/R was computed, where

anterior, central, and posterior points of the footplate, respect—
tively. If the footplate is rigid, then the displacement of the n
central point will be equal to the average of the displace- D= - E VUl —up)?+ (v —v))?

ments of the anterior and posterior points and the bulge ratio =1

will be zero; this is more or less the case for the preseng,q

model since the bulge ratio has the very small value of 0.011.

The bulge ratio should be exactly zero in this model since no 1 — —

forces are applied to the center of the footplate; however, itis R~ .21 V) (v)7,

slightly nonzero since the “central” point defined by the

finite-element mesh is not exactly halfway between the antewhereu andv again represent components of displacement
rior and posterior ends. in thex’ andy’ directions, respectively, anulis the number

(b)
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of nodes in the footplate model. Unprimed quantities repre-l. With ossicular axis

sent nodal displacements calculated using the finite-element Displacement patterns and amplitudes for the eardrum

software, and primed quantities represent nodal displacesng for the footplate calculated using the MSA model with
ments calculated using the estimated rigid-body translation, intact ossicular axis are all within 2% of those calculated
and rotation; the summations are over all of the nodes of thg,; the normal middle-ear model. This similarity is to be

footplate. The quantityD represents the average displace-expected since the ossicular chain in the normal model acts
ment amplitude due to deformation, wher&asepresents the 54 5 single rigid body that is, in effect, equivalent to the

average displacement amplitude due to rigid-body mOtiO”manubrium-prosthesis-stapes system in the MSA model.
For the footplate in the normal middle-ear model, the ratio
D/R was found to be 3:8107%, indicating that the average

displacement due to deformation is more than three orders o
magnitude smaller than that due to rigid-body motion; it is ~ The maximum eardrum displacement calculated using

thus reasonable to approximate the in-plane motion of théhe MSA model without the fixed ossicular axis is 644 nm
footplate as that of a rigid body. which is approximately 30% larger than that calculated with

It should be noted that the maximum in-plane displacethe axis. Freeing the ossicular axis of rotation removes the

ment amplitude of the footplate is 116 nm. This value isconstraints it places on the eardrum, thus permitting larger
much smaller than the width of the annular ligam¢p® eardrum displacements. The umbo displacement is 327 nm,

um), thus justifying the assumption that the ligament be-Or about twice as large as that with the ossicular axis. The
haves linearly. displacement contours indicate that the manubrium rotates
The only detailed measurements of footplate motion in@bout an instantaneous axis having a very different position
cats with which these results can be compared are those @nd orientation than the original fixed axis of rotation.
Guinan and Peak@ 967. These authors found that, to a first ~ The out-of-plane component of displacement amplitude
approximation, the footplate moves in a piston-like mannerat the centre of the footplate is 127 nm, approximately 36%
Figure 14 of their paper indicates that the magnitude of footlarger than that calculated with the axis. The larger footplate
plate displacement per unit sound pressure at the eardrum gésplacement indicates better coupling of sound pressure to
approximately 3.&10 7 cm®dyn !, giving a stapes dis- the cochlea. The anterior end of the footplate has a larger
placement of 85 nm for a pressure of 100 dB §P&., 28.28  displacement amplitude than the posterior end, giving an
dyn cm ) applied to the eardrum; this is only 8% lower than antero-posterior tilt ratio of 0.55, approximately three times
the out-of-plane displacement at the center of the footplat@s large as that for the previous models. The inferior edge
calculated using the present model. As in the model, Guinahas a slightly larger displacement amplitude than the supe-
and Peake did not detect bulging of the footplate. rior edge; the infero-superior tilt ratio is 0.073, about 22% as
The results of Guinan and Peake indicate that tilting andarge as that for the previous models. The footplate in this
in-plane motion of the footplate, if any, are small comparedmodel does not bulge significantly, having a bulge ratio of
with the out-of-plane motion. The model, however, predictsl.5<107>.
tilting and in-plane motion with magnitudes similar to the ~ Once again, the in-plane motion of the footplate can be
out-of-plane of motion. Wadat al. (1992 have also re- described by a rigid-body motion. The’ component of
ported large in-plane displacements of the footplate in theifranslation is 63 nm, similar to that calculated for the previ-
middle-ear model. They suggested that one reason for thigus models; the/" component of translation has changed
type of motion may be that the incudostapedial joint in theirsign, to—87 nm. The angle of rotation is0.15urad, i.e., in
model was assumed to be rigid. Similarly, in the presenthe clockwise direction.
model the malleus and incus act as a single rigid body and
the incudostapedial joint is also rigid. Therefore, rotation of3. Experimental data
the malleus and incus about the ossicular axis forces the
stapes to rotate about the same axis, necessarily resulting tjﬁ'a

titing and in-pla_ne, as well as oqt-o_f-plane, motion_ of thesurements have, however, been made in human cadaver
footplate. A flexible incudostapedial joint may permit rota- middle earqViaming and Feenstra, 1988n comparing the

tion of the incus and malleus about the ossicular axis Withou}nechanics of the reconstructed ca,t and human middle ears, it
forcing the stapes to necessarily rotate about the same axfg necessary to keep in mind the anatomical differences bé—

More work ne_ed_s to be dgne o estimate the stlffnes_s of th"taween these two species. In addition, it is necessary to keep
incudostapedial joint and its effects on footplate motion. in mind that there are differences in surgical techniques.

Vlaming and Feenstra did not give a detailed description of
their technique. For instance, no mention was made of what
was done with the ossicular remnants. It is reasonable to
assume, however, that a conservative approach was used in
which the remnants, and hence the ossicular axis, were left

Recall that for the MSA a prosthesis is placed betweerintact. The results of the MSA model with an intact ossicular
the manubrium and the stapedial head. The ossicular axaxis can therefore be compared with their results. For fre-
may or may not be intact, and results are reported here fayuencies below 2 kHz, they found that displacements of the
both cases. footplate’s center were up to 10—-20 dB lowge., smaller

Without ossicular axis

No measurements of footplate displacements have been
de in cats with surgically repaired middle ears. Such mea-

B. Results for MSA model
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by a factor of 3—1Dthan those for the ear before surgery. translation is 16% smaller than with an axis, having a value
The present modeling results give a displacement of the foolef 57 nm. As in the MSA model without an axis, the
plate’s centre which is virtually identical to that calculated component is negative, with a value 661 nm. Also as in
for the normal case. In addition to the factors mentionedhat case, the angle of rotation is clockwise, having a value
above, the discrepancy between experimental results araf —8.1 urad.
modelling results may well be due to the rigidity of the .
manubrium-prosthesis-stapes system in the model. 3. Experimental data

Vlaming and Feenstrgl986 did not perform any ex-
C. Results for MFA model periments with the MFA, but they did use the TORBtal

ossicular replacement prosthgsisvhich is similar to the

: In the MFA model, the prosthesis contgcts the fOOt!:’I‘EV[E“I\IIFA. They found that, for frequencies below 2 kHz, dis-
directly, rather than contacting the stapedial head as in thelacements of the foo,tplate’s center were similar to, what

MSA model. Results are again reported for models both wit hev had measured pre-operatively. consistent with present
and without an ossicular axis. y pre-op Y P
modeling results.

1. With ossicular axis

The contour patterns for eardrum displacements ar@) parameter variations
qualitatively similar to the previous ones. The maximum ) ) - .
drum displacement is 490 nm which is 1% larger than the Previous modeling results indicate that for frequencies

value calculated for the normal middle-ear model. The disP€low 1 kHz the mechanical behavior of the normal cat ear-

placement of the umbo is 164 nm which is approximatelydrum is primarily d_etermined by its stiffness and thic!<ness,
2% larger than that calculated using the normal model. ~ curvature and conical shape, and the degree of anisotropy
(Funnell and Laszlo, 1978 Eardrum boundary conditions,

Contours for the out-of-plane component of footplate " ™ , , ; ) ) 4
displacement amplitude are shown in Figh3 The displace- Poisson’s ratio, ossicular loading, and air loading were found

ment amplitude at the centre of the footplate is 94 nm, 6{0_ be less _im_portant. It is expect_e_d_that the present models
value which is 1% larger than that calculated using the norWill show similar degrees of sensitivity to these eardrum pa-
mal middle-ear model. The antero-posterior tilt ratio is 0.10,/&Meters. In this section, the effects of varying several foot-
which is half as large as that for the normal case. The inferoPl@te and annular-igament parameters are presented. For
superior tilt ratio is 0.29, which is 12% smaller than for the SImPplicity and brevity, the effects of parameter variations on
normal middle-ear model. The bulge ratio is 0.055 or fiveloOtPlate displacements are presented only for the MFA

times larger than for the normal case. This increase in th@Odel with no o_sspular axis. Since the prosthegs was as-
bulge ratio is to be expected since the prosthesis directl?umed 'to be rigid, it was not necessary to vary its material
loads the footplate. Notice that the contours in Figh)ho  Properties.
longer cqnsist of straight lines since the foptplgte bulges.. 1. Variation of Young’s modulus

The in-plane motion of the footplate in this model is

very similar to that of the footplate in the normal middle-ear 5
model. Thex’ andy’ components of translation and the 100 to 500 Mdyn cm<. For values greater than our standard

_2 .
angle of rotation are all within 3% of that for the normal Value of 200 Mdyn cm*, displacements of the footplate re-
model: theD/R ratio is again less than I8. main approximately constant. When the Young’s modulus is
’ decreased to half of the standard value, displacements of
points on the rim remain approximately the same but the

) i bulge ratio increases by 75%.
Once again, the contours for eardrum displacements are "o in-plane motion of the footplate does not change

similar to those computed for the previous models; howeversignificantly as the Young's modulus is varied. Thecom-

as in the MSA, displacement amplitudes are larger when thg . ant of translation decreases by only 5% when the
axis is removed. The maximum drum displacement is 72 oung’s modulus is reduced to 100 Mdyn cfnthe magni-
nm, approximately 50% larger than for the MFA model with  qe of they’ component decreases by even I€&%). As

an intact axis of rotation. The displacement of the umbo i}, Young’s modulus is increased to 500 Mdyn &rthex’

329 nm, which is about twice as large as the value computedymnonent of translation increases by 2.5%, and the magni-

with an intact axis. _ , tude of they’ component increases by only 0.5%. The angle
The out-of-plane component of displacement is 122 nmy¢ 1 otation does not vary at all.

at the center of the footplate, about 30% larger than with an
axis. The antero-posterior tilt ratio is 0.32, or about three . ) )
times larger than for the model with an axis. The infero-2- Varnation of Poisson’s ratio
superior tilt ratio is 0.15, approximately half as large as for ~ Varying the Poisson’s ratio from 0.0 to 0.5 has little
the MFA model with an axis. These changes are similar teeffect on footplate displacement. The out-of-plane displace-
those due to removing the axis from the MSA model. Thement of the central point does not change at all when the
bulge ratio has a value of 0.064 which is 20% larger than folPoisson’s ratio is reduced to zero, and it decreases by only
the model with an axis. 0.8% when the Poisson’s ratio is increased to 0.5.

The in-plane behavior can again be described by a rigid- The x’ component of translation does not change when
body motion(D/R ratio is 6.6<10 %). Thex’ component of the Poisson’s ratio is reduced to zero, and it increases by

The Young’s modulus of the footplate was varied from

2. Absent ossicular axis
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FIG. 4. Variation of out-of-plane annular-ligament stiffness. Effects(@nout-of-plane component of displacement affl X’ andy’ components of
translation. The out-of-plane components of displacement for the anterior, central and posterior points of the footplate are plotted. The input is a pure tone of
100 dB SPL.

only 0.4% when the Poisson’s ratio is increased to 0.5. Thand in-plane stiffnesses separately and then simultaneously;
y' component of translation and the angle of rotation do nott is reasonable to vary the out-of-plane and in-plane stiff-

change as the Poisson’s ratio is varied. nesses separately since the annular ligament may be aniso-
tropic. These stiffnesses were reduced to one-quarter and
3. Variation of footplate thickness one-half of their standard values, and they were also in-

The thickness of the central portion of the footplate wascreased to twice and four times their standard values.
varied from 10 to 50um. For thicknesses greater than our ~ @. Variation of out-of-plane stiffnessFigure 4a) shows
standard value of 2Qum, out-of-plane footplate displace- the out-of-plane component of displacement for the anterior,
ments remain approximately constant. However, for a 10posterior, and central points of the footplate as a function of
um-thick footplate the displacements of the anterior and posthe out-of-plane stiffness of the annular ligament. Increasing
terior ends become approximately equal, indicating thathe stiffness above the standard value results in a decrease in
tilting about the infero-superior axis is negligible, while dis- the displacement amplitudes, whereas decreasing it below
placements of the inferior and superior ends are unchangethe standard value results in an increase in the displacement

A 20-um-thick footplate bulges only a little, and in- amplitudes. Decreasing the out-of-plane stiffness by a factor
creases in the thickness above this value reduce the amouwoit 4 increases the out-of-plane footplate displacement by a
of bulging to practically zero. Decreasing the thickness befactor of about 2.6, but increases the maximal eardrum dis-
low 20 um, however, makes the footplate much less rigidplacement by only 22%.
and more prone to bulging. Changes in the thickness of the As can be seen from Fig(l), the in-plane motion of the
footplate have a more pronounced effect on its rigidity tharfootplate is also affected by variations in the out-of-plane
do changes in its Young’s modulus alone. For example, cutstiffness of the annular ligament. As the stiffness is de-
ting the thickness in half from 20 to 1@m increases the creased below the normal value, the magnitudes of both the
bulge ratio by a factor of 4, whereas cutting the Young'sx’ andy’ components of translation decrease. If the stiffness
modulus in half increases it by only a factor of 1.75. This isis decreased far enough, thécomponent changes sign and
to be expected since the bending stiffness of a simple plate iss magnitude increases. Presumably, when the out-of-plane
proportional to the cube of its thickness, whereas it is onlystiffness is decreased, it is easier for the footplate to respond
directly proportional to its Young's modulus. to the force exerted by the prosthesis by moving into and out

Just as for the out-of-plane component of displacemenfef the cochlea than by moving sideways. Conversely, when
increasing the thickness of the footplate above/20 has  the out-of-plane stiffness is increased, the magnitudes of the
little effect on its in-plane displacements. When the thicknesswo components of in-plane translation also increase since it
is decreased from 20 to 1@m, thex’ component of trans-  js now easier for the footplate to move in its own plane than
lation decreases by 28%; the magnitude ofgheomponent  to move out of its plane. The magnitude of the angle of
increases by only 5%; and the angle of rotation increases bitation changes by-25% or +50% when the stiffness is
13%. TheD/R ratio increases by a factor of 3 but s still only jhcreased or decreased by a factor of 4.

described by a rigid-body motion. how the in-plane motion of the footplate depends on the
o ) ) in-plane stiffness of the annular ligament. As expected, the
4. Variation of annular-ligament stiffness magnitudes of thex’ andy’ components of translation de-

As described above, the effects of the annular ligamentrease as the in-plane stiffness is increased above the stan-
on the displacements of the footplate are represented by outlard value. The magnitude of the component of transla-
of-plane and in-plane springs attached along the periphery dfon increases when the in-plane stiffness is decreased below
the footplate. The effects of varying the stiffness of the anthe standard value; thé component of translation does not
nular ligament were investigated by varying the out-of-planechange much. The magnitude of the angle of rotation be-
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FIG. 5. Variation of in-plane annular-ligament stiffness. Effectd@rout-of-plane component of displacement dbgx’ andy’ components of translation.
The input is a pure tone of 100 dB SPL.

comes 43% smaller when the stiffness is increased by a facreased by a factor of 4 and 2.5 times larger when the stiff-
tor of 4 and 2.2 times larger when the stiffness is reduced byess is reduced by a factor of 4.
a factor of 4 below its standard value.
As shown in Fig. §a), increasing the in-plane stiffness : .
of the annular ligament has some effect on the out—of—plang' Effects of prosthesis location
component of footplate displacement. The displacement at It is possible to position the prosthesis at various points
the center of the footplate increases by 13% when the inalong the manubrium in the MFA and MSA. In the simula-
plane stiffness is increased by a factor of 4 and decreases Iigpns presented above, the prosthesis was positioned near the
10% when the in-plane stiffness is reduced to one-quarter afpper end of the manubriurti.e., farthest away from the
its value. As the in-plane stiffness is increased, there is ambo. In this section, the effects of positioning the prosthe-
slightly greater tendency for the footplate to move into andsis closer to the umbo are explored. Moving the prosthesis
out of the cochlea than to move sideways. closer to the umbo does not significantly alter the mechanical
¢. Simultaneous variation of in-plane and out-of-planebehavior of the system, both with and without an ossicular
stiffnesses. Figure §a) shows the out-of-plane component axis. As an example of the changes, consider the MFA
of footplate displacement as a function of annular ligamentnodel with no ossicular axis: Moving the prosthesis down to
stiffness; both the in-plane and out-of-plane stiffnesses arthe umbo results in a decrease of only 0.8% in the out-of-
varied simultaneously. These curves are very similar to thosplane component of displacement of the center of the foot-
obtained when the out-of-plane stiffness was varied by itselplate[shown by the diamond symbols in Figiay]. The in-
[cf. Fig. 4a)], suggesting, as one might expect, that the outplane displacements do not change significantly eitherxthe
of-plane component of displacement is primarily controlledcomponent of translation decreases by 0.9%,ytheompo-
by the out-of-plane stiffness. nent by 0.7%; and the angle of rotation decreases by 2.5%.
As shown in Fig. &), thex’ component of translation This lack of change is expected since the manubrium
varies in a manner similar to that seen when the out-of-planand prosthesis in the model effectively act as a single rigid
stiffness was varied alone. On the other handytheompo-  body, and this is consistent with the observations of
nent varies in a manner similar to that seen when the in-plan€onndorf and Pasta¢iLl986. They measured hearing sensi-
component was varied by itself. The magnitude of the angleivity in anesthetized cats over a frequency range of 10 Hz to
of rotation becomes 75% smaller when the stiffness is inid5 kHz after surgically repairing the ossicular chain with a
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FIG. 6. Variation of totalboth in-plane and out-of-plap@nnular-ligament stiffness. Effects ¢a out-of-plane component of displacement dhgx’ and
y’ components of translation. The input is a pure tone of 100 dB SPL.
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FIG. 7. Effects of positioning the prosthesis at various locations along the manubrium in the MFA model without an ossiculay éxis.of-plane
component of footplate displacement at its centre versus the distance along the manubrium from the)uthikomponent of translatiorfc) y' component

of translation, andd) angle of rotation. The diamond# ) represent data for rigid joint& brick element was used for the prosthgsighile the circled ®)
represent data for pin joints truss element was used@’he unfilled symbols indicate the normal location of the prosthesis at the upper end of the manubrium.
The input is a pure tone of 100 dB SPL.

prosthesis running from the manubrium to the footpla®, ratio varies by less than 5% about a mean value of 0.0045
an MFA). The prosthesis was positioned at various pointswhich is 30% less than with rigid joints.
along the manubrium. They reported that the position of the  The in-plane motion of the footplate also depends on
prosthesis along the manubrium did not affect hearing sensprosthesis position when pin joints are assunmsee Fig.
tivity “... as long as the connection between the malleus and’(b) and (c)]. The x’ component of translation is approxi-
the rod[prosthesi$ was made inflexible.” No results were mately equal to that for rigid joints when the prosthesis is
reported for flexible joints. located near the umbo. It first increases when the prothesis is
To quantitatively investigate the effects of flexible moved away from the umbo, but then decreases when the
joints, consider an extreme case where pin joints are agprosthesis reaches the upper half of the manubrium. The
sumed, but the prosthesis is still rigid. Pin joints are definednagnitude of they’ component increases as the prosthesis is
as being flexible in that they cannot resist bending momentsnoved away from the umbo. It is smaller than that with rigid
but they are capable of transmitting tensile forces. In thgoints when the prosthesis is located on the bottom half of the
SAP |V finite-element program, a rigid prosthesis with pin manubrium, but becomes larger when the prosthesis is lo-
joints can be modeled using a rigid truss element. The circlesated on the top half. The angle of rotation is positive., in
in Fig. 7(a) show the out-of-plane displacements at the centethe counterclockwise directiprmand increases as the prosthe-
of the footplate for the MFA model without an ossicular axis sis is moved away from the umbo, only decreasing slightly
as the truss element is positioned at various locations alongear the top of the manubrium, compared with a constant and
the manubrium. Clearly, the position of the prosthesis is imnegative angle of rotation for rigid joints.
portant if the joints are flexible. The out-of-plane displace-
ments of the f_ootp_lat_e,_ for both the m_odel with rigid joints Il CONCLUSIONS
and the one with pin joints, are approximately equal near the
top of the manubriunti.e., away from the umbo however, A finite-element model of the normal cat middle ear was
whereas the displacements with rigid joints remain constandeveloped by adding explicit representations of the footplate
as the prosthesis is positioned closer to the umbo, those withnd cochlear load to an existing model of the cat eardrum.
pin joints decrease. The antero-posterior and the inferoThe model was then modified to simulate the effects of
superior tilt ratios remain constant as the prosthesis is posimiddle-ear surgery. Two surgical techniques were modeled,
tioned at various locations along the manubrium for boththe malleus-stapes assembljMSA) and the malleus-
kinds of joints, but are 38% higher and 4.6 times higher footplate assemblgMFA). The models are valid for frequen-
respectively, with pin joints than with rigid joints. The bulge cies below 1 kHz and for physiological sound levels.
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The inclusion of explicit models of the footplate and not be suitable to apply a prosthesis directly to the centre of
cochlear load in our eardrum model resulted in calculatedhe footplate as in the MFA. In such cases, it may be neces-
displacement amplitudes which are closer to experimentadary to design a prosthesis that symmetrically loads the
data for the eardrum in the normal case. In our previoughicker rim of the footplate, resulting in reduced bulging of
models, the in-plane stiffness of the annular ligament and théhe footplate as in the normal middle ear.
orientation of the footplate had been ignored in computingan  The position of the prosthesis along the manubrium in
equivalent cochlear load acting on the eardr@annell and both the MFA and the MSA models, with or without an
Laszlo, 1978, thus resulting in larger eardrum and umbo ossicular axis, does not affect the mechanical behavior of the
displacements than found using the present model. footplate as long as the bones, prosthesis, and joints are all

The out-of-plane(or norma) component of displace- rigid. When the joints were made completely flexible, how-
ment at the center of the footplate in the normal middle-eaever, the out-of-plane displacements of the footplate changed
model was found to be similar to that determined experimendramatically: The displacements were reduced as the pros-
tally. The component of footplate displacement normal to itsthesis was positioned further down the manubrium. This sug-
plane constitutes the mechanical input to the cochlea and, f@ests that with rigid joints, which may be obtained by using
a rigid footplate, the displacement of the center is directlyglue to secure the prosthesis to the bones, a surgeon could
proportional to the volume displacement of the cochleaosition the prosthesis anywhere along the manubrium while
fluid. still obtaining maximal volume displacement of the cochlear

In addition to moving in a direction normal to its plane, fluid. With flexible joints, however, careful positioning of the
the footplate in the normal model was found to tilt and moveprosthesis along the manubrium would be required to obtain
in its plane. Since the malleus, incus, and stapedial crura agmilar results.
effectively rigid in the model, and since the incudomallear
and incudostapedial joints are assumed to be rigid, rotation
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