Introduction

The project Animation of Human Mandibular Motion is part of an on-going research project begun in 1997.  This project deals with fabricating, and testing the performance of dental restorations using ceramic material.  Many student teams have participated in this interesting dental research, during the past two years.  Several of these teams have worked on creating a prototype device, the mouth motion simulator, in order to evaluate the wear performance and durability of dental restorations.  Other teams have created Pro/Engineer drawings of the human mandible and of a molar. 

Our team consists of four students and our task is to create a computer animation that simulates human mandibular motion.  This is very necessary so as to be able to retrieve accurate results when using the mouth motion simulator.  Our team has used the animation function provided by the Pro/Engineer design system and 3D Studio to create this simulation. We have gathered numerous sources of information on jaw movement.  These resources will enable us to complete our part of this extensive project.  However, it is important to understand the other parts of this project to see how ours fits into the whole.

Project Background

Dental research in the area of tooth wear has created a significant demand for an accurate method of modeling human jaw motion. One popular method currently used is computer modeling.  It is considered to be a fairly accurate method of simulating the complex motion of the jaw.  However the human jaw, with its known physical geometry and measurable movements can be more accurately modeled using concrete apparatuses rather than virtual simulations.
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Four teams have worked on creating the main part of the mouth motion project.  This part is the Mouth Motion Simulator, or MMS. (Figure 1)  The MMS is a combined 

mechanical and electrical apparatus.  Its purpose is to allow those in the dental health community to test the different materials available for such applications as artificial teeth, dental fillings, and crowns.  The testing of these materials could lead to improvements in the quality of these dental applications.  Specifically, this machine will hold a set of teeth that will be moved in a way that simulates actual human jaw movement.  A GUI (Graphical User Interface) is used to control the aspects of the machine's motion.  The controlling program will also record measurements of the loads applied to the teeth.

An important part of the mouth motion project, which aided in the development of the animation, was completed by a team during the Fall semester of 1997.  This team created a solid model of the jaw in Pro/Engineer.  Due to initial difficulties in the creation of the model, the team employed a rather inventive approach.  A plastic jaw model was encased in an epoxy cube.  This cube was then milled on a CNC machine that removed 2mm from the cube on each pass.  After each pass, a digital camera attached to the CNC machine head was used to collect data points of the cross section.  Once the entire model had been mapped this way, the data points were imported into Pro/Engineer to complete the solid model.

Another student project that has applications for this one is currently underway.  Team 5 is working on the visualization of stress patterns developed in tooth contact.  Performing a finite element analysis on a tooth will help in understanding the physical events occurring during the use of the Mouth Motion Simulator.

Research Background

Free Movements of the Mandible
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The basic movements of the mandible or lower jaw can be described as translational and rotational motion.  The free movements of the mandible consist of opening and closing, protrusion and retrusion, and lateral shift.  The maximum extremes of the various combinations of these free movements are referred to as the border movements of the mandible (Figure 2).  These border movements cannot be accomplished without a conscious or guided effort. 
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Even though both translational and rotational movements are present during the opening and closing movements of the mandible, they are not evenly combined throughout the opening and closing movements of the mandible.  Opening begins mostly with a rotational movement.  This rotational path is 

depicted in Figure 3.  Then the rotational and translational movements combine 
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smoothly to finish the opening movement.  At this point, the closing movement initiates with mainly a translational backward movement.  Closing is brought about through smooth translational and rotational movements until the mandible is in the rest position.  Then the upper and lower teeth make contact through mainly a rotational movement.  During this movement, the jaw reaches a maximum displacement around 50mm.
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The forward and backward movements of the mandible are predominately translational.  Starting from the rest position, the mandible can be pulled forward approximately 8 to 11 mm, with the lower teeth remaining at a distance from the upper teeth.  This movement is called protrusion.  The opposite of the forward movement, referred to as retrusion, is also

predominately translational.  Starting from the 

rest position, the mandible can be pushed backward approximately 1 to 2 mm. 
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The lateral shift of the mandible results when the hinge portion of the jaw, known as the condyle, for one side is pulled forward, downward, and along a part of the upper jaw called the articular eminence.  The condyle on the opposite side of the jaw, often called the resting condyle, has very limited movement.  This movement is primarily a rotation of the mandible around a nearly vertical axis.  This axis is located immediately behind the resting condyle.  The lateral shift also results in a slight translation of the two condyles toward the resting side.  The lateral pole of the condyle can only move backward about 1 to 2 mm until it is blocked by the temporomandibular joint. (Figure 4)
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Masticatory Movements of the Mandible
Even though there exists a generalized movement pattern of the mandible while chewing, chewing movements vary between individuals.  The chewing movements of the jaw consist of a cutting movement, referred to as incision, and a crushing and grinding movement, referred to as mastication.  Incision is achieved primarily through the use of the incisors and canines.  The crushing and grinding of food is achieved primarily through the use of the premolars and molars.  Jaw movements during incision have not had as much study as movements of mastication, therefore they are not well understood and will not be discussed here.

Mastication consists of an opening, a closing, and a power stroke.  The combination of the opening, closing, and power strokes is called a chewing cycle.  A chewing sequence encompasses all of the chewing cycles required to crush and grind a single piece of food to a point that it can be swallowed.  The chewing cycle starts with the opening of the mouth.  As the lower jaw opens, it slightly shifts laterally to the nonchewing side and then back slightly to the chewing side.  This completes the opening stroke.  Then the lower jaw is moved upward, forward, and away from the midline of the normal position of the lower jaw.  This upward movement of the lower jaw is referred to as the closing stroke.  After the completion of the closing stroke, the power stroke is then initiated.  The power stroke is the actual crushing-grinding of the food by the upper and lower molars and premolars.  During the power stroke, the incisors trace a path well within the border movements.  At the completion of the power stroke, the lower jaw is then back in the position from which the opening stroke had begun.  The chewing cycle then repeats until the chewing sequence is completed.  When the power stroke ends prior to the upper and lower teeth making contact, the stroke is referred to as puncture-crushing.  When the power stroke ends with the upper and lower teeth making contact, the stroke is referred to as tooth-tooth contact.

Now that we have a basic understanding of the motion of the jaw, we can begin to develop the animation on the computer.  For our project we have used two different programs to simulate this motion.  They are Pro/Mechanica and 3D Studio Max.  The following is a brief explanation of the use of each of these software packages along with a comparison of their application to this project.

Animation using Pro/Mechanica
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One method that we employed for creating an animation to simulate chewing motion was the use of Pro/Engineer and the Pro/Mechanica application.  This required only a few simple steps in order to produce a decent motion.
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The first thing that needed to be done was to create all of the parts required in the animation.  For our project, the jaw and tooth parts were 

created in previous semesters.  The only part that 

we needed to make was a block to act as the ground for the motion.  Once all the parts had been created, the components were assembled.  The assembly, which we constructed, consists of the jaw, the ground block, and two teeth. (Figure 5)

Before beginning the actual animation, one more step was required.  This involved creating datum points.  These points eventually were used to define the joint placement.  The first datum point was created in the jaw part drawing.  It was positioned at the approximate location where the movement occurs.  Along with this datum point, an assembly datum point was created.  It was positioned at a point on the assembly that coincided with the datum point on the jaw.  This datum point will act as the ground point for the motion.

With the assembly complete, we began to create the motion in Pro/Mechanica.  We began by modeling the motion of the jaw.  Our first task was to assign material properties to the parts.  Since there were no material properties for bone, we selected AL2014.  This was done only so that there would be a material assigned to the parts and it in no way mimics the actual material of the jaw and teeth.

Once the material was assigned to the parts, we needed to create the bodies for the motion.  Our design has only two bodies.  The first is the ground body that remains stationary throughout the animation and acts as the base for the other moving parts.  The ground body that we defined consisted of the block and the upper tooth.  The other body that we created consisted of the jaw and the lower tooth.

With the bodies defined, we were then able to begin creating connections.  Our motion model contained only a single connection.  This connection was a bearing joint.  The bearing joint allowed us to define three rotational motions as well as one translational.  As was mentioned before, chewing motion can be described with three degrees of freedom, two rotations and one translation, and therefore, the bearing joint was a good decision for the connection joint.

Motion cannot occur without something to drive it and thus our next step was to define drivers.  The motion that we created contained three drivers, one for each degree of freedom.  The drivers in Pro/Mechanica can be defined several different ways.  They can be defined for acceleration, velocity or position and as a ramp driver, cosine driver, or table driver.  Since we wanted our motion to oscillate according to its position, we used position cosine drivers for all three driver definitions.

The first driver was defined as rotation about the X-axis according to the jaw coordinate system.  The amplitude was 0.1, the period was 2.5 and the offset was -0.1.  This driver created the opening and closing motion of the jaw.  The second driver defined the rotation about the Z-axis.  Its amplitude was 0.02, period of 2.5, and an offset value of -0.02.  The third and final driver was defined as the translational motion along the Y-axis.  This driver's amplitude was set at 0.02 with a period of 2.5 and the offset was -0.02.

At this point, the motion model (Figure 6, top of next page) was sufficiently defined to be able to run an analysis.  The analysis was run using the standard motion analysis of Pro/Mechanica.  Once completed the animation results could then be viewed.  The final 
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step in the creation of our chewing motion simulation was to produce an MPEG video using the Pro/Flythrough application.

Animation using 3D Studio Max
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3D Studio, made by Autodesk Inc, was introduced into the PC platform in response to the animation software available on other platforms, especially the Macintosh.  

At the time there were not many ani-

mation software programs for the PC platform.  The lack of competition and having a name like Autodesk, makers of the popular AutoCAD, behind the program made it a popular tool for animators using PCs.  And only a couple of years ago Autodesk released 3D Studio Max, which is there windows version of 3D Studio. 

Our first attempt at animating the human jaw was done using 3D Studio Max Version 2.5.  This software was attained on loan by a member of our group through a company outside of the University.  The University of Maryland does have licensed copies of 3D Studio, but not in the Mechanical Engineering department.  We decided that we should start with a simple animation before attempting to animate the jaw.  We started with two boxes opening and closing.  We did this step to make sure that the software can properly handle our animation, and that we have the knowledge and no-how to perform the animation. 

In 3D Studio we placed two boxes, one on top of each other in the 3D space.  Every object in 3D Studio has a pivot point, on creating an object the pivot point is in the center of the object.  To make the lower box act like a human jaw we moved the pivot point of 
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the lower box to the back and center of the box.  3D Studio and most animation software break the animation into frames.  These frames are the same kind of frames used in the

cinema.  Our first animation of two boxes used a total of 100 frames.  At frame zero, Figure 7 on the previous page, the two boxes would be touching each other, simulating a closed mouth.  At frame fifty, in Figure 8, the two boxes would be at a maximum hinged angle, simulating an open mouth.  Finally at one hundred frames, Figure 9, the boxes would again be closed.  These one hundred frames would simulate one cycle of the jaw opening and closing.  This was accomplished by setting the frame number to fifty and turning on the animate tool.  When the animate tool is set to on any changes made to this frame will be linearly animated from the starting position at frame zero to the changes made at frame fifty.  At frame fifty the lower jaw is rotated 45 degrees around the altered pivot point.  In addition to the hinged motion of the lower box a horizontal displacement was added to simulate a chewing motion.  And finally at frame one hundred with the animate tool set to on once again, the lower jaw is returned to its original position as seen in frame zero.  In addition, a
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small sphere is added to simulate a piece of food entering the mouth.  With these adjustments made to frame 50 and frame 100, the figures can now be animated.  The completed animation shows the two boxes opening then closing, while the sphere enters in-between the two boxes.

Once we had a completed animation we could work on incorporating the 3D jaw into the animation.  The jaw and tooth files from Pro/Engineer were imported using the VRML file 
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format.  First the teeth needed to 

be copied and placed around the 

jaw.  For our animation we used two teeth on both the lower and upper jaw.  Although there is no upper jaw, the two teeth will represent the upper jaw.  After placing the teeth into the lower jaw we took[image: image21.png]


 the combined object and put it in place of the lower box from the previous animation.  And also replaced the upper box with the two upper teeth.  Figure 10 shows the completed placement of the jaw and teeth into the animation.  This figure also shows the layout of 3D Studio.   The screen is separated into four screens: front view, right view, top view, and camera view.  These views can be altered as seen in Figure 11 on the next page.  In this view the screen has been adjusted to display the track view.  The track view shows the time line of the animation and uses tick marks to indicate changes in the object.  The new animation now has a total of 500 frames.  The added frames were due to a chewing motion added in the animation.  The sphere used in the previous animation was replaced with an object that closely represents a piece of bubble gum. This object is squashed in unison with the jaw closing on the gum to simulate deformation due to the teeth.  At frame 400 a special effect was used to “explode” the gum.  This was to demonstrate some of the special features that 3D Studio offers.  (The figures at the end of the text show a sample sequence of the finished animation.)
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Comparison of Applications 
Through our use of these two applications, we have found that each has benefits depending on what the user is looking for.  3D Studio is excellent for creating animation that is intended for use in presentations.  When the motion has been created, it can easily be converted into an avi file that can be played on any PC equipped with a movie player.  Another thing that 3D Studio is good for is what can be called "quick and dirty" animation.  The user can simply click and drag objects to create the animation.  It doesn't require a great deal of time or understanding to have a simple, yet effective animation.  It is rather simple to create animation and anyone can do it.  While the animation can be created quickly, it still lacks the sophistication of other animation programs.

Pro/Mechanica software is better suited for analytical animation.  Once the movement has been defined, Pro/Mechanica can generate an analysis of factors such as acceleration, velocity, or displacement of specified objects.  One other benefit of using Pro/Mechanica is that parts created in Pro/Engineer can be used for the animation.  All that is need is to form an assembly of the parts and then the motion can be created.  Unfortunately, the movement of the parts is not as easy to define as in 3D Studio.  All motion is defined by line or cosine equations or by a table of information.  This can make it difficult to accurately create the motion.

In the end, it makes more sense to use Pro/Mechanica to create the animation for the mandibular motion.  Analysis similar to that mentioned above may be necessary for the mouth motion project.  Also it is possible that this motion will be more compatible with the software being used for the control of the Mouth Motion Simulator.

Conclusion
As a team, we have successfully completed a preliminary animation of human mandibular motion.  We have shown that there are many options for the creation of this animation that are available to students and professionals alike.  Despite our progress, however, there are still a few issues that should be addressed in the future.  One problem that we encountered during the use of Pro/Mechanica was difficulty in positioning the connection point in the assembly.  It is hard to tell exactly where this connection should be placed and certain dimensions of the jaw part are not known.  A focus on finding a single point around the jaw would improve the animation greatly.

Another area that should be addressed is the definition of the drivers.  For our preliminary animation, we used the cosine function of position to define all the drivers.  This is probably not the best choice, but time did not permit us to attempt any other driver definitions.  It is our opinion that using a table to define the drivers would also significantly improve the motion.

In the end, we feel that we have learned many things from this project.  It is our hope that other groups in the future may continue our work so as to develop an animation better suited to the overall project.
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Figure 1: Mouth Motion Simulator





Figure 2: Border Movements





Figure 3: Rotational Path





Figure 4: Lateral Shift
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Figure 10: 3D Studio Window





Figure 5: 3D Studio Track View
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Figure 7: Start Position





Figure 8: Fully Open Position





Figure 9: Closed Position





Figure 5: Jaw Assembly





Figure 6: Pro/Mechanica Motion Model





Figure 11: 3D Studio Tracking View
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