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Abstract
This research combines understanding of both thehargécal and anatomical aspects of the auditoriglesswith
rapid prototyping to create an enlarged functionatlel of the middle ear. Previous models have shaittrer the
anatomical aspects of the ear or the vibratiorsoahd transmission through the ear, but never dftthe same
time. For this project, a VRML file of the middl@dinner ear, created from a magnetic resonancestiopy
image file, was obtained and processed to be cabipatith rapid prototyping technology. Rapid priyjoing
techniques were then used to fabricate the borfesaftachment of the ossicles to each other, thiewswdingbone
structure and the two membranes were formed afteidation and based upon literature. The modelshww the
ossicles are used as levers to transmit the sobnations. The model tympanic membrane can befsthto a
speaker or driven by a mechanical wave generata fabration demonstration. With the use thesetekal
devices, the ossicular model can be vibrated etquéncy corresponding to a generated pitch. &sting
product can be used as a teaching tool for mediadents or patients with hearing loss to help thetter
understand the vibrational relationships of theabss.
Keywords: ossicles, middle ear, teaching tool, meahical model, anatomical model, vibration transmis®n,
rapid prototyping

1. Introduction

A tool is needed for teaching the complex mechasicound transmission through the ear to medicalents or
patients with hearing loss. Sound vibrations pes® fthe ear drum through the tiny bones in the eidar, called
the ossicles, to the inner ear in a complex systelbony and soft structures. Previous attemptsaateting the ear
have shown either the anatomical aspects of tHeoe#ine mechanical vibrations of sound transmisghoough the
ear? but never both at the same time. This researath iaged prototyping to determine the possibility of
manufacturing a model that would explore both cttaréstics of the ear. It combined an understandirgpth the
mechanical and anatomical aspects of the ossidgtassalid free form fabrication to create an entddunctional
model of the middle ear.

1.1. sound transmission through the ear

Sound waves are mechanical waves of air molecnle®tion. When an object creates a sound, tha aushed
into regions of compression (areas more dense imalecules) and rarefaction (less dense areaskseltvaves are
caught by the outside cartilage of the ear, cahedauricle, shown in figure 1. The sound wavegdréhrough the
auditory canal, also called the ear canal, anthhitympanic membrane (ear drum) causing it toatérThese
vibrations are passed to the bones in the middl2 ea



The three ossicles, the malleus, incus, and stapesniniscule bones in the middle ear. They att\aers
to intensify and focus the sound waves hittingtyimpanic membrane as they transmit the mechanibedtions of
sound to the inner e&iThe ossicles are attached by ligaments to eaar atid the surrounding temporal béra.
addition, there are two muscles that slightly coirtine vibrations in the middle ear when the soisro loud®
These are discussed in conjunction with the madséction 2.2.

The footplate of the stapes is connected to thesfiea ovalis (oval window) of the cochlea in thednear.
The cochlea is the spiral shaped structure fillgt two different fluids in three compartments. Thed transfers
the vibrations to the basilar membrane inside tehiea. Tiny hairs lining the basilar membraneezhtereocilia
send the information of sound to the nervous system
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Figure 1 Overview of the r

1.2. previous models

Models of the ear are found on the internet faddgily, but they only focus on either the anatohcanechanical
aspect of the ear, never both at the same timergad plastic models show the anatomy of the eaoéen have
removable piecésvhich do not allow vibration. Computer models haaeen made using finite element analysis to
study the vibrations in the efrbut because each part of the middle ear chagpiesented by abstracted
geometrical figures these models do not show tlgoamcal form of the ear. A model which would shibeth the
anatomical and vibrational aspects of sound trassiomn through the middle ear would therefore béuliss a
teaching tool.

1.3. rapid prototyping

Solid free form fabrication, also called rapid mtyping, is a method of creating a model quicklg amexpensively.
Rapid prototyping machines build models by usingdditive process, building layer by layer from tadtom up.
The two machines used in the fabrication of the eh@gkre the Selective Laser Sintering SinterstaZi®@Oplus by
3D Systems and the Z Corp 3D Printer Spectrum 28§18 Corporation.

The model ossicles for this research were rapitbpyped on the Selective Laser Sintering (SLS) rirech
at the Milwaukee School of Engineering (MSOE) Rapidtotyping Center (RPC). The SLS was chosen Iseciau
creates objects with superior strength and hardsmedshus would allow the prototyped ossicles andfer the
vibrations through the model. The SLS machine psegder which is rolled across the part bed in alldanger as
shown in figure 2. A laser is then directed by argetry data file to sinter, or bond together, tiygel of powder in
the desired regions. After this layer is added péwe bed is moved down a fraction of an inch, npoeder is
rolled across, and the process is repeated uptitiire model is creatétThe parts are then cured and, in the case
of the model ossicles, a hole was drilled and legélled to allow the powder to be removed andlibees to be
made hollow. Because the SLS uses a powder insfemtiquid like other rapid prototyping machinesmplex
geometries are possible to make accurately witheatling supports built with the parfThe possibility of



producing complex geometries is especially usefubhatomical models. The lack of supports alsmadt the
bones to be hollowed out easily.
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Figure 2 Diagram of SLS machitie

An enlarged cochlea was rapid prototyped on ti@ogp 3D Printer. The Z Corp works on the same
additive principle as the SLS machine, only instefd laser, inkjet heads are used to spray biaddradhere the
layers togethel The cochlea was made completely solid becausehiveigs of little consequence since it was not
used to show vibrations and the Z Corp materialdaker than the SLS material. The Z Corp was chbeeause it
served the purpose of the model and it was fasigtess expensive than other machines.

2. Methodology

2.1. the computer model

A three dimensional computer model was obtaineddmwehloaded from Dr. Robert Funnell at the Auditory
Mechanics Laboratory at McGill University This model was created from a Magnetic Resonariceostopy
(MRM) scan which had been performed at the Dukevéhsity Center for In Vivo Microscopy for Drs. M.Mnd
O.W. Henson at the University of North Carolina ha@el Hill*°

The model was downloaded and viewed in VRML (VittRaality Modeling Language) format. This file
was imported into Magics RP computer software bydvialise where each bone was enlarged 18 times for
visibility and so that a micro-accelerometer cooédused on the footplate of the stapes if desired.ossicles were
hollowed to a one quarter inch wall thickness s the bones were as light as possible but coilldspport screw
eyes for the ligaments. When the model was impadrtedMagics tiny triangular faces were createdohitgave the
bones an unrealistic look. The bones were therefiore@othed in the MSOE RPC using Freeform v8.1.twsoé
and the Phantom Desktop Haptic Device from SensAbthnologies. The cochlea was also enlarged 1stim
correspond to the ossicles and smoothed in the \RBGGeoMagics v.8.

2.2. the model

After preparation and modification the model waadeto be prototyped and assembled. The ossicles aveated
on the SLS machine and are shown in Figure 3. Asrged cochlea was rapid prototyped on the Z-C@rgP8inter
and used as a size comparison to the ossiclerohatyped cochlea is shown in Figure 4. The dinmerssand
mass of the prototypes are shown in Table 1. Gmymass for the ossicles was considered relevace she
cochlea is simply an anatomical representationdm@s not show vibrations.



Figure 3 View of prototyped ossicles in comparigma penny/

Figure 4 The prototyped cochféa

Table 1 dimensions and mass of the prototypedlessamd cochlea

Prototypes Dimensions (in) Mass (0z)
Malleus 50x2.7x2.1 1.8
Incus 4.0x2.0x3.0 1.9
Stapes 1.3x2.6x2.0 0.4
Cochlea 6.8 x9.5x10.3 -

The bones were attached to a foam board modeltéondime the placement of the ligaments and muscles
before the final plastic casing was made. The oragid insertion of each ligament to each othertaride temporal
bone was decided from literature, current work atl University and from experimentation.

A plastic casing was next created to house thelessiigaments and muscles. It included a platfanti
support for the mechanical oscillator and a placeaid the cochlea. Acrylic pieces for the caseewmit in the
MSOE machine shop and on the 2050 LaserGravereSobement and superglue bonded the clear piegethtr.
Screw eyes attached the ligaments to the ossinkethe ligaments attached to the acrylic tempooakbvia wire



glued into holes drilled in the plastic. The fimabdel is shown in Figure 5. The final assembly dyeshows the
ligaments between the ossicles and temporal bbhaenterossicular joints, and the muscles attathdlde ossicles.
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Figure 5 The final model of the middle ear with tmehlea and mechanical oscilldfor
2.2.1. suspensory ligaments

There are three ligaments in the ear that attazlvskicles to the surrounding temporal bone. Tithese are on
the malleus. The first is the superior mallearrigat which connects the head of the malleus teetpmen
tympani?® or roof of the middle ear cavify.The other is the anterior mallear ligament whitthches the neck of
the malleus to the petrotympanic fissdren the anterior wall outside the tympanic membFafide incus has only
one ligament called the posterior incudal ligam@&his ligament has two bundles that attach thedrshort process
to the fossa incudis of the mastéfdyr posterior walf® The suspensory ligaments were modeled by eithper pi
cleaners or rubber bands. In this model the superadlear ligament seemed to be most importartiécstipport
system, and the anterior mallear ligament seemée teast important to the system. Most likely thas due to the
shape of the model casing and the fact that tlaerlents could be more important for different ora¢ions of the
head, while the model operates in a stationarytiposi

2.2.2. interossicular joints

In addition to the suspensory ligaments, therdigaenents that create joints which directly trartstiné
vibrations of sound. The tympanic membrane is belthe temporal bone via an annular ligament. Tiizee
manubrium of the malleus is connected to the tyrgparembrane by a ligament which is commonly catreel TM-
malleus ligament. It is most strongly attachechatumbo of the tympanic membraffdn the VRML file from
McGill University and this physical model the malteis attached only at this spot for simplicity eTdssicular
chain consists of mostly synovial joints, but thisran extra point of flexibility on the end of threus at the stapes.
This is a small, flexible bone called the bony plslivhich connects the incus to its lenticular g@land then to the



head of the stape®.The bony pedicle of the incudostapedial joint wasleled with a pipe cleaner. The membranes
at the incudomallear joint are most strongly atéatcht the supero-medial and latero-inferior sestiarhere the
incudomallear ligaments join the two bor@sSilicone adhesive was used in these two sectimssrtulate the
incudomallear joint ligament and tissue.

2.2.3. muscles

In addition to the ligaments, there are also tweahes that contribute to and control the systewiloftions. These
muscles inhibit sound transmission during dangdydosd sound$® The tensor tympani muscle attaches the neck
of the malleus to the anterior wall. The stapediusscle is the smallest muscle in the bd@it attaches the head of
the stapes to a bony sulcus in the posterior Wallhese two muscles were modeled with rubber battdshed to

the malleus and stapes via screw eyes. The ridavets were put through holes in the acrylic ancked®ver pegs
so that the bands can be tightened or looseneddkirg to different pegs to simulate the flexinglaalaxing of

the muscles during loud or soft sounds.

2.3. the mechanical oscillation set up

The middle ear model was made to oscillate by ugingechanical wave driver setup obtained throughiMBOE
Department of Physics. The computer software Daidi® 1.9.6r4 by Pasco was connected to a Pasen&zxi
Workshop 750 Interface and a Pasco Power Amplifi€l-6552A, as shown in figure & This setup generated and
amplified a wave signal which was sent to two reees. A speaker was used to create a pitch ahfhe frequency
to enhance learning with an auditory experience Viibual learning aid came from a Pasco MechaNitzale

Driver (SF-9324) used to simulate the sound waittisdnthe model tympanic membrane. The best visual
demonstration came at about 5 Hz, but it was plestiboscillate the system into the audible freqyemnge up to
about 50 Hz.

Figure 6 Electronic set-up for mechanical wave elr@pparatus
3. Conclusion

This research has successfully created a modbeahtddle ear that shows the mechanical vibratidrsound
transmission with an accurate representation obtmes, ligaments, and muscles. This model isugnipcause it
encompasses both the mechanical and anatomicatasge¢he middle ear.

Rapid prototyping is useful for creating anatomitaldels because the additive process allows complex
geometries such as bones to be easily createdd Regbtyping has been used for this purpose puslycat MSOE
and it proved to be useful for this model as welvas also useful for this model because it alldwe bones to be
created from the VRML file made from the MRM withlg minor adjustments on the computer. The prooéss



assembly and modeling of the ligaments also allofeedome trial and error. For production, the ptgpes could
be created using a mold.

Difficulties arose in this research which mandatedisions that could be improved upon by further
research. For example, it was determined for #8garch and model that a clear acrylic box woulthedest to
display the ossicles. Due to difficulty in bendiagyylic, the box was created with more joints tbhaginally
desired, which disrupted the field of vision arouhd ossicles. Also, the temporal bone has a margkex shape
than a rectangular prism, which presented morédiffes when interpreting the placement of thepsunsory
ligaments and muscles on the walls. Another obstifelt arose was modeling the complexity of theptgmic
membrane and the oval window. The ear drum haascedly complex vibrations in response to sounds Hlso
conically shaped and placed at an angle to the@ydianal®® These details proved to be beyond the scope f thi
model, which was determined to be used primarifyeftucational purposes.

4. Further Work

Further research is needed to create a more aedurattional model of the ear which could then bedu
to perform experiments on the vibrations of souadgmission. Other areas of interest include tfexctf of rapid
prototyping a more realistic temporal bone fromtheo MRM and attempting to make a more accurateainofithe
tympanic membrane and oval window. It is necestautilize devices such as an accelerometer toyshei
vibrations through the ear. In addition, a modethef fluid and membrane-filled cochlea to work wiitle model of
the middle ear should be made and analyzed.
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