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Abstract 
This research combines understanding of both the mechanical and anatomical aspects of the auditory ossicles with 
rapid prototyping to create an enlarged functional model of the middle ear. Previous models have shown either the 
anatomical aspects of the ear or the vibrations of sound transmission through the ear, but never both at the same 
time. For this project, a VRML file of the middle and inner ear, created from a magnetic resonance microscopy 
image file, was obtained and processed to be compatible with rapid prototyping technology. Rapid prototyping 
techniques were then used to fabricate the bones. The attachment of the ossicles to each other, the surrounding bone 
structure and the two membranes were formed after fabrication and based upon literature. The model shows how the 
ossicles are used as levers to transmit the sound vibrations. The model tympanic membrane can be attached to a 
speaker or driven by a mechanical wave generator for a vibration demonstration.  With the use these electrical 
devices, the ossicular model can be vibrated at a frequency corresponding to a generated pitch.  The resulting 
product can be used as a teaching tool for medical students or patients with hearing loss to help them better 
understand the vibrational relationships of the ossicles. 
Keywords: ossicles, middle ear, teaching tool, mechanical model, anatomical model, vibration transmission, 
rapid prototyping 
 
1. Introduction 
 
A tool is needed for teaching the complex mechanics of sound transmission through the ear to medical students or 
patients with hearing loss. Sound vibrations pass from the ear drum through the tiny bones in the middle ear, called 
the ossicles, to the inner ear in a complex system of bony and soft structures. Previous attempts at modeling the ear 
have shown either the anatomical aspects of the ear1 or the mechanical vibrations of sound transmission through the 
ear,2 but never both at the same time. This research used rapid prototyping to determine the possibility of 
manufacturing a model that would explore both characteristics of the ear. It combined an understanding of both the 
mechanical and anatomical aspects of the ossicles with solid free form fabrication to create an enlarged functional 
model of the middle ear.  

 
1.1. sound transmission through the ear 
 
Sound waves are mechanical waves of air molecules in motion. When an object creates a sound, the air is pushed 
into regions of compression (areas more dense in air molecules) and rarefaction (less dense areas). These waves are 
caught by the outside cartilage of the ear, called the auricle, shown in figure 1. The sound waves travel through the 
auditory canal, also called the ear canal, and hit the tympanic membrane (ear drum) causing it to vibrate. These 
vibrations are passed to the bones in the middle ear.3  
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The three ossicles, the malleus, incus, and stapes, are miniscule bones in the middle ear. They act as levers 
to intensify and focus the sound waves hitting the tympanic membrane as they transmit the mechanical vibrations of 
sound to the inner ear.4 The ossicles are attached by ligaments to each other and the surrounding temporal bone.5 In 
addition, there are two muscles that slightly control the vibrations in the middle ear when the sound is too loud.6 
These are discussed in conjunction with the model in section 2.2. 

The footplate of the stapes is connected to the fenestra ovalis (oval window) of the cochlea in the inner ear. 
The cochlea is the spiral shaped structure filled with two different fluids in three compartments. The fluid transfers 
the vibrations to the basilar membrane inside the cochlea. Tiny hairs lining the basilar membrane called stereocilia 
send the information of sound to the nervous system.7  

 
 

Figure 1 Overview of the ear8 
 
1.2. previous models 
 
Models of the ear are found on the internet fairly easily, but they only focus on either the anatomical or mechanical 
aspect of the ear, never both at the same time. Enlarged plastic models show the anatomy of the ear and often have 
removable pieces9 which do not allow vibration. Computer models have been made using finite element analysis to 
study the vibrations in the ear,10 but because each part of the middle ear chain is represented by abstracted 
geometrical figures these models do not show the anatomical form of the ear. A model which would show both the 
anatomical and vibrational aspects of sound transmission through the middle ear would therefore be useful as a 
teaching tool. 
 
1.3. rapid prototyping  
 
Solid free form fabrication, also called rapid prototyping, is a method of creating a model quickly and inexpensively. 
Rapid prototyping machines build models by using an additive process, building layer by layer from the bottom up. 
The two machines used in the fabrication of the model were the Selective Laser Sintering Sinterstation 2500plus by 
3D Systems and the Z Corp 3D Printer Spectrum Z510 by Z Corporation.  

The model ossicles for this research were rapid prototyped on the Selective Laser Sintering (SLS) machine 
at the Milwaukee School of Engineering (MSOE) Rapid Prototyping Center (RPC). The SLS was chosen because it 
creates objects with superior strength and hardness and thus would allow the prototyped ossicles to transfer the 
vibrations through the model. The SLS machine uses powder which is rolled across the part bed in a small layer as 
shown in figure 2. A laser is then directed by a geometry data file to sinter, or bond together, the layer of powder in 
the desired regions. After this layer is added, the part bed is moved down a fraction of an inch, more powder is 
rolled across, and the process is repeated until the entire model is created.11 The parts are then cured and, in the case 
of the model ossicles, a hole was drilled and later refilled to allow the powder to be removed and the bones to be 
made hollow. Because the SLS uses a powder instead of a liquid like other rapid prototyping machines, complex 
geometries are possible to make accurately without needing supports built with the part.12 The possibility of 
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producing complex geometries is especially useful for anatomical models. The lack of supports also allowed the 
bones to be hollowed out easily. 

 

  
 

Figure 2 Diagram of SLS machine13 
 
 An enlarged cochlea was rapid prototyped on the Z Corp 3D Printer. The Z Corp works on the same 
additive principle as the SLS machine, only instead of a laser, inkjet heads are used to spray binder and adhere the 
layers together.14 The cochlea was made completely solid because weight was of little consequence since it was not 
used to show vibrations and the Z Corp material is weaker than the SLS material. The Z Corp was chosen because it 
served the purpose of the model and it was faster and less expensive than other machines. 

 
2. Methodology 
 
2.1. the computer model 
 
A three dimensional computer model was obtained and downloaded from Dr. Robert Funnell at the Auditory 
Mechanics Laboratory at McGill University.15 This model was created from a Magnetic Resonance Microscopy 
(MRM) scan which had been performed at the Duke University Center for In Vivo Microscopy for Drs. M.M. and 
O.W. Henson at the University of North Carolina – Chapel Hill.16 

The model was downloaded and viewed in VRML (Virtual Reality Modeling Language) format. This file 
was imported into Magics RP computer software by Materialise where each bone was enlarged 18 times for 
visibility and so that a micro-accelerometer could be used on the footplate of the stapes if desired. The ossicles were 
hollowed to a one quarter inch wall thickness so that the bones were as light as possible but could still support screw 
eyes for the ligaments. When the model was imported into Magics tiny triangular faces were created which gave the 
bones an unrealistic look. The bones were therefore smoothed in the MSOE RPC using Freeform v8.1.1 software 
and the Phantom Desktop Haptic Device from SensAble Technologies. The cochlea was also enlarged 18 times to 
correspond to the ossicles and smoothed in the RPC with GeoMagics v.8.   
 
2.2. the model 
 
After preparation and modification the model was ready to be prototyped and assembled. The ossicles were created 
on the SLS machine and are shown in Figure 3. An enlarged cochlea was rapid prototyped on the Z-Corp 3D-Printer 
and used as a size comparison to the ossicles. The prototyped cochlea is shown in Figure 4. The dimensions and 
mass of the prototypes are shown in Table 1. Only the mass for the ossicles was considered relevant since the 
cochlea is simply an anatomical representation and does not show vibrations. 
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Figure 3 View of prototyped ossicles in comparison to a penny17 
 

 
 

Figure 4 The prototyped cochlea18 
 

Table 1 dimensions and mass of the prototyped ossicles and cochlea 
Prototypes Dimensions (in) Mass (oz) 
Malleus 5.0 x 2.7 x 2.1 1.8 
Incus 4.0 x 2.0 x 3.0 1.9 
Stapes 1.3 x 2.6 x 2.0 0.4 

Cochlea 6.8 x 9.5 x 10.3 -- 
 
 

The bones were attached to a foam board model to determine the placement of the ligaments and muscles 
before the final plastic casing was made. The origin and insertion of each ligament to each other and to the temporal 
bone was decided from literature, current work at McGill University and from experimentation. 

A plastic casing was next created to house the ossicles, ligaments and muscles. It included a platform and 
support for the mechanical oscillator and a place to hold the cochlea. Acrylic pieces for the case were cut in the 
MSOE machine shop and on the 2050 LaserGraver. Solvent cement and superglue bonded the clear pieces together. 
Screw eyes attached the ligaments to the ossicles and the ligaments attached to the acrylic temporal bone via wire 

Malleus 

Incus 

Stapes 
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glued into holes drilled in the plastic. The final model is shown in Figure 5. The final assembly clearly shows the 
ligaments between the ossicles and temporal bone, the interossicular joints, and the muscles attached to the ossicles. 
 

 
 

Figure 5 The final model of the middle ear with the cochlea and mechanical oscillator19 
 
2.2.1. suspensory ligaments 
 
There are three ligaments in the ear that attach the ossicles to the surrounding temporal bone.  Two of these are on 
the malleus. The first is the superior mallear ligament which connects the head of the malleus to the tegmen 
tympani,20 or roof of the middle ear cavity.21 The other is the anterior mallear ligament which attaches the neck of 
the malleus to the petrotympanic fissure22 on the anterior wall outside the tympanic membrane.23 The incus has only 
one ligament called the posterior incudal ligament. This ligament has two bundles that attach the incus short process 
to the fossa incudis of the mastoid,24 or posterior wall.25 The suspensory ligaments were modeled by either pipe 
cleaners or rubber bands. In this model the superior mallear ligament seemed to be most important to the support 
system, and the anterior mallear ligament seemed to be least important to the system. Most likely this was due to the 
shape of the model casing and the fact that the ligaments could be more important for different orientations of the 
head, while the model operates in a stationary position. 
 
2.2.2. interossicular joints 
 

In addition to the suspensory ligaments, there are ligaments that create joints which directly transmit the 
vibrations of sound. The tympanic membrane is held to the temporal bone via an annular ligament. The entire 
manubrium of the malleus is connected to the tympanic membrane by a ligament which is commonly called the TM-
malleus ligament. It is most strongly attached at the umbo of the tympanic membrane. 26 In the VRML file from 
McGill University and this physical model the malleus is attached only at this spot for simplicity. The ossicular 
chain consists of mostly synovial joints, but there is an extra point of flexibility on the end of the incus at the stapes. 
This is a small, flexible bone called the bony pedicle which connects the incus to its lenticular plate and then to the 
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head of the stapes. 27 The bony pedicle of the incudostapedial joint was modeled with a pipe cleaner. The membranes 
at the incudomallear joint are most strongly attached at the supero-medial and latero-inferior sections, where the 
incudomallear ligaments join the two bones. 28 Silicone adhesive was used in these two sections to simulate the 
incudomallear joint ligament and tissue.  
 
2.2.3. muscles 
 
In addition to the ligaments, there are also two muscles that contribute to and control the system of vibrations. These 
muscles inhibit sound transmission during dangerously loud sounds.29 The tensor tympani muscle attaches the neck 
of the malleus to the anterior wall. The stapedius muscle is the smallest muscle in the body. 30 It attaches the head of 
the stapes to a bony sulcus in the posterior wall. 31 These two muscles were modeled with rubber bands attached to 
the malleus and stapes via screw eyes.  The rubber bands were put through holes in the acrylic and hooked over pegs 
so that the bands can be tightened or loosened by hooking to different pegs to simulate the flexing and relaxing of 
the muscles during loud or soft sounds. 
 
2.3. the mechanical oscillation set up 
 
The middle ear model was made to oscillate by using a mechanical wave driver setup obtained through the MSOE 
Department of Physics. The computer software Data Studio 1.9.6r4 by Pasco was connected to a Pasco Science 
Workshop 750 Interface and a Pasco Power Amplifier II CI-6552A, as shown in figure 6. 32 This setup generated and 
amplified a wave signal which was sent to two receivers. A speaker was used to create a pitch at the input frequency 
to enhance learning with an auditory experience. The visual learning aid came from a Pasco Mechanical Wave 
Driver (SF-9324) used to simulate the sound waves hitting the model tympanic membrane. The best visual 
demonstration came at about 5 Hz, but it was possible to oscillate the system into the audible frequency range up to 
about 50 Hz. 

 
 

 
 

Figure 6 Electronic set-up for mechanical wave driver apparatus 
 

3. Conclusion 
 
This research has successfully created a model of the middle ear that shows the mechanical vibrations of sound 
transmission with an accurate representation of the bones, ligaments, and muscles.  This model is unique because it 
encompasses both the mechanical and anatomical aspects of the middle ear. 

Rapid prototyping is useful for creating anatomical models because the additive process allows complex 
geometries such as bones to be easily created. Rapid prototyping has been used for this purpose previously at MSOE 
and it proved to be useful for this model as well. It was also useful for this model because it allowed the bones to be 
created from the VRML file made from the MRM with only minor adjustments on the computer. The process of 
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assembly and modeling of the ligaments also allowed for some trial and error. For production, the prototypes could 
be created using a mold.  
 Difficulties arose in this research which mandated decisions that could be improved upon by further 
research. For example, it was determined for this research and model that a clear acrylic box would be the best to 
display the ossicles.  Due to difficulty in bending acrylic, the box was created with more joints than originally 
desired, which disrupted the field of vision around the ossicles. Also, the temporal bone has a more complex shape 
than a rectangular prism, which presented more difficulties when interpreting the placement of the suspensory 
ligaments and muscles on the walls. Another obstacle that arose was modeling the complexity of the tympanic 
membrane and the oval window.  The ear drum has especially complex vibrations in response to sound. It is also 
conically shaped and placed at an angle to the auditory canal. 33 These details proved to be beyond the scope of this 
model, which was determined to be used primarily for educational purposes. 

 
4. Further Work 

 
Further research is needed to create a more accurate functional model of the ear which could then be used 

to perform experiments on the vibrations of sound transmission. Other areas of interest include the effects of rapid 
prototyping a more realistic temporal bone from another MRM and attempting to make a more accurate model of the 
tympanic membrane and oval window. It is necessary to utilize devices such as an accelerometer to study the 
vibrations through the ear. In addition, a model of the fluid and membrane-filled cochlea to work with the model of 
the middle ear should be made and analyzed.  
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