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Abstract
The aim of this masters project was to design and develop a prototype of robotic
chewing device. This project was required for use in food evaluation as it can provide
standardised chewing. The chewing device was required to follow chewing trajectories
of a human and apply the same forces that humans apply during chewing . This was
achieved by the use of a robotic system that incorporated a mechanical linkage,
supporting software and electronics to control it and therefore ensure correct operation .
The mechanical linkage used is based on a four-bar linkage mechanism that can
closely approximate human chewing trajectories . The linkage also has the ability to be
adjusted to achieve a range of chewing trajectories for different food types. This is due
to the fact that humans chew foods with different properties differently. The linkage is
driven by a single DC motor that is controlled by a control card and a supervisory
software program on a computer. This ensures that chewing is performed at the correct
speed in the different phases of the chewing cycle and also provides all the necessary
controls for operation of the device. Anatomically correct teeth were also used to help
closely match the particle size reduction of the human system , while a food retention
device was made to keep the food particles on the teeth while chewing .
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Introduction

1 Introduction

The aim of this thesis research was to design and implement a robotic chewing device
for the evaluation of foods. This required the device to approximate the human chewing
cycle . To do so, extensive research was carried out in order to understand how humans
chew and the important features that prepare the bolus for swallowing . Once this was
done, a mechanical system could be built and controlled to ensure correct operation.

The specific aspects of the food chewing of interest are the grinding of the food sample
to form a bolus ready for swallowing . Ideally the robotically chewed bolus would have
similar particle size distributions and rheology to human chewed samples.

The tasks of the thesis were identified to be :
•

Research the human chewing motion and identify the important aspects of jaw
movement that prepare the bolus for swallowing

•

Analyse and design a mechanism that is able to reproduce the key aspects of
the human masticatory cycle

•

Construct the designed mechanism

•

Implement a suitable controller for controlling the mechanism
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2 Literature review
2.1

Introduction

The literature reviewed in this chapter is to study the operation of the human chewing
cycle. This is required to specify the requirements of the chewing device and what
important factors need to be considered to ensure that the chewed food sample that the
chewing device provides is similar to that of what a human produces.

2.2 Human masticatory system
2.2.1

Overview

The human masticatory system is a complex system that comprises of an upper and
lower jaw that have teeth located on them . It also includes a tongue , check and saliva
production capability. When mastication is performed , the lower jaw is moved by
muscles that are attached between it and the upper jaw. These muscles are
responsible for the chewing motion can be broken up into five main muscle groups
which are as follows ; (Lucas 2004, A)

•
•

The temporalis

•

The medial pterygoid

•
•

The lateral pterygoid , and

The masseter

The digastric

The digastric muscle is attached between the chin and the bottom of the skull. This is
the muscle that is primarily responsible for opening the mouth

The temporalis muscles are attached from the side of the skull to the top of the lower
jaw behind the teeth as shown in Figure 2-1. This is a large muscle that is
approximately the same length of that of the bicep and consists of vertical and
horizontal muscle fibres to help close the mouth and also help to move the lower jaw
backward and forward .
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The masseter muscles are attached between the cheek on the skull and the lower rear
section of the lower jaw as shown in Figure 2-1. These are large muscles that are used
to close the mouth and also to move the lower jaw laterally from side to side by
contracting one muscle and not the other.

The medial pterygoid muscles are attached on the inside of the skull and the lower jaw
as shown in Figure 2-1 . These muscles are primarily responsible for the side to side
movement of the lower jaw and also help to close the mouth.

The lateral pterygoid muscles are attached between the skull and the lower jaw in a
horizontal fashion as shown in Figure 2-1. These muscles are used to move the lower
jaw forward and backward.

1'..fasseter

Medial pterygoid

Lateral pterygoid

Figure 2-1 The location of muscles that are used in chewing (adapted from Hannam 1997)
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Using these muscle groups in different ways allows the lower jaw to move in six
degrees of freedom (Kooistra & van Eijden 1999). This allows the lower jaw to perform
many complex motions.

The teeth that are in the human mouth are developed to perform specific tasks (Lucas
2004a and 2004c). The front teeth are called incisors and are used to take an initial bite
of a piece of food. This piece of food is then broken up further by the pre-molars which
are located between the front incisors and the rear molars. When the food particles are
sufficiently broken up by each type of teeth the tongue and cheek then move the food to
the next type of teeth for further chewing. The tongue is also used to determine when
the food particles are sufficiently small enough to move on to the next type of teeth and
when it is time to swallow (Lucas 2004b and 2004c). As well as moving the food
particles from teeth to teeth the tongue and check also have the task of stopping the
food from falling off the teeth during chewing . While all of this is happening saliva is
being released by the salivary glands. The main tasks that the saliva performs in
mastication include binding the food particles together, stopping the food from sticking
to the teeth and also helping to break the food down (Pedersen et al 2002) .

2.2.2

Jaw geometry

The human jaw consists of an upper and lower jaw. The upper jaw is called the maxilla
and is attached to other bones that make up the skull. The lower jaw is called the
mandible and is attached to the skull by muscles. This means that the mandible is
moved while the skull remains in a fixed location relative to the mandible. Both the
maxilla and the mandible have teeth attached to them which the main purpose is of
mastication .

The mandible is the largest and strongest bone in the facial skeleton . It consists of a
horizontal portion and two vertical portions. The horizontal portion is called the body
while the vertical portions are called the rami. The mandible is moved by the muscles
attached to it, and pivots around a point on each rami called the 'condyle'. This can be
seen in Figure 2-2. While the maxilla is the second largest bone in the facial skeleton
and consists of teeth that are designed to compliment the teeth on the mandible (Gray
1918).
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Figure 2-2 The human mandible (adapted from Gray 1918)

The teeth that are located on the mandible and the maxilla make a curve in both the
frontal and sagittal planes. The frontal and sagittal planes are referred to throughout this
thesis where the frontal plane corresponds to looking at the face while the sagittal plane
corresponds to looking at the side of the skull. The curve in the frontal plane is called
the 'Curve of Wilson' while the curve in the sagittal plane is called the 'Curve of Spee'
(Dawson 1989). These curves can be seen in Figure 2-3 .

.

I

I

r
I

I

I

f
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I
, I

\
.:.

I ::

./ .. t

\ '"

"----...___

·- -',r·.:·- .Curve of Wils on

Curve of Spee

Figure 2-3 The curve of Wilson and the curve of Spee (taken from Palmer 2004)

The curve of Spee has the function of protecting the pre-molars and molars. This is
done by allowing the incisors to contact before the molars and pre-molars. By doing this
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the strong forces applied by the mastication muscles are removed from the molars and
pre-molars (Wynne 2005) . This is required to stop excessive wear on the molars and
pre-molars so that the ability to chew food is retained over an entire life time. An ideal
curve of Spee would extend though the condyle with a radius of approximately four
inches (Dawson 1989).

The curve of Wilson allows the teeth to move without any interference at occlusion
(Wynne 2005) . This can be thought of as ball and socket joint which allows the ball to
move freely inside the socket with no excessive interference. Therefore the teeth can
move with minimal interference reducing the chance of damaging the teeth.

2.2.3

Teeth shape

Teeth in the human mouth consist of a number of different shapes. The teeth at the
front of the mouth have one sharp edge like a blade, while teeth at the back of the
mouth consist of peaks called cusps . These different teeth shapes can be classified into
incisors, canines and post canines, where the post canine teeth consist of pre-molars
and molars. The teeth layout can be seen in Figure 2-4.

Upp<'rT~cth
Ccmr,1l incisor
1....,,1..~r.,1 incisor

C.111inc (ruspid)
Fir<! rn:,nol~r Hir,t t,;ni,l'id)
Sc.,-.;.rnd pn.·m(tl.,r {~'{'·n nd htn1~rid)

'
l

F,r,;t 11,ol.,r

s..--,."X>J',d mol,)r
Third mol~r l<visdom t<>olhl

r00,

,.,J.-

S..,-ond molar
Fi~! molar

'"-L"~9~-·
~

-

to,·.rcr T~cth
Third mofor(wi~lorn tooth)

S.=,ttl prcm(.1!.;r (~"O nd binispicl)
f.11">1 prcmoLir (fo~t bini$pid)
CMun..:, (~p:d}
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Figure 2-4 Teeth in the human mouth (taken from Oralb)

The incisors and canine teeth are also know as the anterior teeth and work like scissors
by cutting the food upon the first bite. This is why these teeth have a blade like edge.
The postcanine teeth are also known as the posterior teeth and perform the mastication
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(Lucas 2004a). Because the focus of this work is to build a machine to simulate
mastication (rather than biting) , it should include the four opposing post-canine teeth
from one side of the mouth.

As the postcanine teeth are used for mastication they are required to reduce the particle
size of the food . The reduction of particle size is required to increase the surface area of
the food being chewed. This allows the food to be digested by the enzymes in the
stomach more quickly (Lucas 2004b), thereby allowing the energy of the food to be
released more quickly.

While the exact operation of every part of the tooth surface is unknown , a common
theory can be described. To perform the task of particle size reduction the postcanine
teeth are designed to fracture the food being chewed . The simplest way of fracturing a
food particle is to apply a point force . This creates a large stress in the food particle
from a minimal force. The postcanine teeth are in fact shaped on this principle using
cusps to apply point forces. From this idea it may be thought that the sharper the cusps
are the better they will fracture the food particle . However the cusps on the post canine
teeth are not sharp but instead dull. In fact if the cusps are sharp they are more likely to
plastically deform the food particle rather than fracturing it (Lucas 2004c) . The cusps
can therefore be thought of as being spherical in shape and when pressed onto the
food particle an indentation is made. The fracture force resulting from this indentation is
proportional to the radius of the spherical cusp (Frank & Lawn 1967). This then would
mean that dull cusps will fracture the food particles better than sharp ones . An example
of how the cusps of the postcanine teeth fracture food particles and how it can be
approximated to a three point bending can be seen in Figure 2-5.

Figure 2-5 Three point bending principle adapted to mastication for fracturing food (adapted from
Ashby & Jones 1996)
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However not all foods fracture easily. Therefore the teeth require another method to
reduce the particle size of the food. A possible solution is that the post-canine teeth also
include a sharp blade like edge as used by the anterior teeth. This would give them the
ability to cut food particles by moving the blades over each other. The blades of the
upper teeth would then have to match the lower teeth. This is due to the fact that the
blades must make good contact when they pass over each other. The cusps on the
other hand do not need to be as precise as they are used to produce fractures ahead of
their path of travel. This explanation of the use of cusps and blades is the most likely
solution to apply to the design of the working surfaces of the post-canine teeth (Lucas
2004c). Because the teeth shape is important to the mechanism and effectiveness of
food mastication, the chewing device developed in this work must employ realistically
shaped teeth.

2.2.4

Forces on teeth

The forces applied on the teeth vary with the type of food that is being chewed. The
force applied to a single tooth is also different to that of total force between all the
contacting teeth during chewing . On foods such as biscuits , carrots and cooked meats
forces range between 70 and 150N on a single tooth (Anderson 1956), while forces on
all the contacting teeth range between 190 and 260N (Gibbs et al 1981 ). This is much
smaller than the maximum bite force that can be applied to the molars which measures
500 to 700N (Wood & Williams 1981 ). It is thought that these high forces must be
important in the process of thegosis or grinding teeth to sharpen the cusps (Every
1970). From the literature values an estimate of the maximum force that the chewing
device in this work is 150N.

2.2.5

Jaw trajectories during chewing

The first stage in the human chewing cycle involves the mandible opening thereby
creating a space between the teeth located on skull and the mandible. The tongue then
places food particles that need chewing on to the molars on one side of the mouth . The
mandible then closes and breaks up these food particles and then the particles fall off
the teeth back on to the tongue for positioning on the next cycle. If the food gets stuck
to the teeth most of the food would remain un-chewed. Therefore saliva is used to help
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stop the food particles from sticking to the teeth and also helps to break down the food.
In extreme cases the tongue is used to pick food particles that get stuck off the teeth
(Lucas 2004b).

The opening of the mouth in the first stage of the chewing cycle is relatively vertical
(Mongini et al 1986). The speed of the mandible in the opening phase initially starts
slowly and increases as the mouth opens. But when the mouth starts to close , the
mandible moves laterally outward and initially closes quickly coming back towards the
teeth and then slows for occlusion. This can be seen in Figure 2-6.

The masticatory sequence
midline

!
TEETH TOGETHER
slow
open

LEFT

RIGHT
fast
close

fast
open

Figure 2-6 The masticatory sequence (taken from Lucas 2004b)

The traj ectories of the teeth during chewing need to be characterised for different food
properties. This is required to determine how different foods affect the chewing
trajectories. The different chewing trajectories are represented in the frontal and sagittal
planes which correspond to the planes looking at the front and side of the skull. Some
of the many jaw trajectories can be seen below in Figure 2-7 to Figure 2-9.
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Figure 2-7 Frontal and sagittal trajectories of a typical adult when chewing soft cheese on the right
side (taken from Gibbs & Lundeen 1982)
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Figure 2-8 Sagittal and frontal trajectories of a typical adult when chewing carrot (taken from
Gibbs & Lundeen 1982)
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Figure 2-9 Ave rage frontal and sagittal trajectories for a typical adult when chewing hard and soft
gum (adapted from Anderson et al, 2002)

It can be seen from these figures that the chewing trajectories vary substantially. It can
be seen that the trajectories in the sagittal plane are very close to a straight line .
However from the literature reviewed it can vary from a vertical line whe re the teeth
come together at a zero degree angle and a line where the teeth come together at a 30
degree angle . The trajectories in the frontal plane can also be seen to change from
vertical profiles where the teeth occlude in a vertical fashion to lateral profiles where the
teeth slide across each other in a horizontal fashion . The presence of a straight line
trajectory in the sagittal plane presents the opportunity to reproduce the chewing motion
with a two-dimensional system. The orientation of this two-dimensional trajectory
however should be ideally adjustable from being directly in the sagittal plane (e .g.
Figure 2-7) to 30 degrees from this (see Figure 2-9 where there is some movement in
the sagittal plane) .

The trajectories used to chew different food particles differ depending on both the
shape and the texture of the food particles. This is due to the fact that the teeth operate
differently depending on the chewing trajectory. If a vertical chewing motion is used, the
teeth use their cusps to fracture the food particles. Where as if a more lateral chewing
motion is used, the teeth use their sharp edges to function as blades and cut up the
food particles (Lucas 2004c) . The chewing trajectory used is therefore adjusted to
ensure that the teeth are used correctly to chew the desired food particles. The decision
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of how to use the teeth, and therefore what chewing trajectory to use can be seen in
Figure 2-1 OError! Reference source not found .. It shows that in the first step of
deciding on how to use the teeth, the particle shape is detected and if the particles are
thin sheets or rods the teeth are used as blades to cut up the food. If however they are
thick blocks, then the texture is examined in the mouth. Lucas describes the texture as
being (R/E)°-5 , where R is the food toughness and E is Young's modulus of elasticity. If

(RIE)°- 5 is low, the teeth use their cusps to fracture the food. If (R/ E) 0 ·5 is high, then the
teeth once again use their sharp edges as blades to cut up the food. The application of
this model implies foods that require fracturing include peanuts and biscuits as they are
not tough and have a relatively high modulus of elasticity and therefore can be chewed
with a vertical chewing motion. While foods that require cutting include meats and
vegetables and therefore need to be chewed with a lateral chewing motion.
Mastication

thid< blocks

Fragmentation
Criterion

low

Dental features

I

+

Blunt cusps

••
••

'Multiple pestle'
dentition

'Pestle and mortar'
dentition

'Double-bladed'
dentition

Figure 2-10 The decision of what teeth function to use (adapted from Lucas 2004c)

Due to the fact that chewing is performed on the post canines, the chewing device must
follow the trajectories of the post canine teeth. However no data was found on the
trajectories of the post canine teeth during chewing. This is most likely due to the fact
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that there has been limited research done on this as it is very difficult to accurately
measure the trajectories of the post canine teeth while chewing. A method to do this
would involve placing a sensor onto these teeth in order to measure the trajectories.
However it would not feel natural to the test subject to have such a sensor on the post
canine teeth while chewing . Therefore the chewing trajectories measured could in fact
be quite different due to the fact that test subject may alter there chewing to
compensate for the sensor in their mouth . There was however data available for incisor
trajectories . Therefore the relationship between incisor and molar trajectories was
investigated. This was done by using a SolidWorks model (J.-S .Pap 2005) of the
human mandible and making it move by specifying a known incisor trajectory. This
model cen be seen in Figure 2-11. The trajectory of the first molar was then measured
and compared with the incisor trajectory. It was found that the trajectory of the first
molar where vertically compressed versions of the incisor trajectories . But the entry and
exit angle to and from occlusion were not greatly different. A comparison of a single
incisor and molar trajectory can be seen in Figure 2-12 Therefore data on the occlusal
angles for incisors was used.

Figure 2-11 J.-S. Pap's SolidWorks model
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Figure 2-12 Comparison between first molar and incisor c hewing trajectories

The angles that the teeth occl ude at in the frontal plane can be seen in T abl e 1
(adapted from Ogawa et al. 2001 ). The data has divided the test su bjects into vertical
and lateral chewing groups and also includes data on cycle time and velocities.

Table 1 Mo vement variables for verti cal and horizontal chewing motions (adapted from Ogawa et
al. 2001 )

Lateral chewing

Vertical chewing

46.6

72.5

Opening angle (degree)

11 3. 1

78

T otal angle (degrees)

66.5

5.5

V erti cal opening (mm)

14.6

15.1

L ateral di spl acement in opening
(mm)
L ateral displ acement in closing (mm)

I. I

0.4

4 .0

3. 1

Cycle time (s)

0.77

0.7

Occlusal time (s)

0.12

0.16

Opening/closing time (s)

0.65

0.54

0 ree)
C losin°.:, an°.:,1e (de.:,
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Table 1 also shows some times for the opening , closing and occlusal phases of the
chewing cycle . The time to complete a chewing cycle remains approximately the same
for chewing foods with different properties (Anderson et al, 2002) . This is due to the fact
that the cycle time is controlled by the brain by neural circuitry called "central pattern
generators" (Lund 1991 ). However everything else in the chewing cycle is very variable.
Because the trajectory changes for different foods the chewing device being developed
in this work must be able to be adjusted to achieve both lateral (grinding) and vertical
(crunching) trajectories. The device should allow some flexibility in cycle time , the
number of chewing cycles and occlusal time in order to be able to accurately reproduce
human chewing

2.3 Conclusion
From the research on the human chewing cycle it has been determined that the human
masticatory system is very complex. Therefore the parameters for the chewing device
must closely match those of a human in order to rep roduce food bolus preparation in
the mouth . Therefore the ch ewing device is required to perform the following :

Trajectories
•

The frontal trajectories for chewing different food types are to be approximated
by the entry and exit angles at occlusion of lateral and vertical chewing motions
describe by Ogawa et al (2001) and can be seen in Table 2. The chewing
device must also be able to achieve intermediate angles.
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Table 2 Frontal trajectory properties (adapted from Ogawa et al 2001)

Lateral chewing

Vertical chewing

Closing angle (degree)

46.6

72.5

Opening angle (degree)

113.1

78

Total angle (degrees)

66.5

5.5

Vertical opening (mm)

14.6

15.1

Lateral displacement in opening
(mm)
Lateral displacement in closing (mm)

I. I

0.4

4.0

3.1

•

The trajectories in the sagittal plane can be approximated to a straight line. This
line needs to be able to have a 30 degree adjustment from vertical to match the
common sagittal trajectories found in humans.

•

Perform the opening and closing phases of the chewing cycle in 0.65 of a
second and perform the occlusal phase in 0.12 of a second .

Teeth

•

Only the pre-molars and molars of one side of the jaw need to be included as
mastication is only performed by these teeth and chewing only occurs on one
side of the jaw at a time.

•

Anatomically correct teeth must be used to chew the food. This is due to the fact
that the teeth are complex in shape and it is unlikely that there function can be
simulated without accurate representations of the occlusal surfaces.

•

The location of the teeth in relation to other teeth must also be anatomically
correct to ensure that they function correctly and that there is minimal wear on
the teeth .

Other

•

Be able to apply up to 150N of force during chewing.

•

Reposition food between occlusal phases to ensure that the teeth are used in a
fashion that is close to what a human does. This will help closely approximate
the correct particle size distribution after mastication.
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•

Use a system to retain the food sample on the teeth and therefore simulate the
retention function of the tongue and cheek.

•

Use saliva to help break down the food samples and bind the food particles
together to better simulate the human mastorcatory system.
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3 Possible design approaches
3.1

Introduction

To achieve the specifications outlined in chapter two there are many possible robotic
systems that can provide a solution. Some of these systems are as follows:
•

Four-bar linkage

•

Cam system

•

Two-axis system

•

Platform robot

3.2 The four-bar linkage
The four-bar linkage is a relatively simple mechanical mechanism and consists of four
links or 'bars' as the name suggests. The links are the crank, coupler, follower and
ground and they are connected as shown in Figure 3-1 .

Fl, llom:r

Figure 3-1 The four-bar linkage (adapted from Thompson 1999a)

The crank is the link that is driven and therefore produces the motion of the other links.
The crank has the ability to rotate a complete 360 degrees. The ground link is a link that
is fixed and does not move and has the task of locating the crank and follower a set
distance apart. The follower connects to the ground and coupler. This link has to be
large enough to stop itself from being able to make a complete turn when the crank is
driven. This is necessary as if the follower was able to turn 360 degrees the trajectories
of the coupler would be unpredictable and also could cause the mechanism to jam up
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on itself. The coupler is connected to the crank and the follower and therefore has two
floating points. This means that the trajectory of the coupler is influenced by the crank
and follower. The point 'P' is used to achieve many different trajectories and is fixed in
relation to the coupler. The trajectory of this point depends on the lengths of all the links
as well as the position of the point 'P' in relation to the coupler. This system can provide
can provide consistently repeatable trajectories but can only approximate the
trajectories required . However this system is simple to control (Norton 2004).

3.3 Cam trajectory system
Cams can be used to achieve different trajectories very easily. A cam system involves a
cam that is rotated on a shaft, and a cam follower that moves on the profile of the cam.
This can be seen in Figu re 3-2.

Figure 3-2 The cam follower system (adapted from University of Limerick)

Systems like this are commonly found in combustion engines like your everyday car. In
this system the cam is used to open a valve to let a fuel/air mixture into the combustion
chamber or let exhaust gasses out. The valves move in a linear one-dimensional
motion where the motion is specified by the cam profile. However to achieve an
approximate chewing motion a trajectory is required in at least two-dimensions. This
then means that two cams would be required to actuate a follower making the system
more complex. Also if more than one trajectory is required for more than one chewing
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motion different cams would be required . This then means that the machine would
either have to be disassembled to insert new cams or the cam system would have to
dynamically change cams. A system that dynamically changes cams can be found in
Honda VTEC combustion engines in many Honda cars. This system has two different
cam profiles for each valve , one for low revs and one for high revs. The cam profile that
is used by the follower changes on command . This system has two cam followers that
follow the two different cams. One of these followers moves freely and does not effect
the movement of the valves. This can be seen in Figure 3-3.

Figure 3-3 VTEC system at low revs (taken from Honda marine)

To activate the other cam profile the cam followers are locked together by a pin and
then the valves are actuated by the larger cam. This can be seen in Figure 3-4.

Figure 3-4 VTEC system at high revs (taken from Honda marine)
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However a system such as this gets complicated very quickly if adapted for a twodimensional trajectory system. It also only allows a few set trajectories and can not
produce intermediate trajectories.

3.4 Two-axis trajectory system
Two-axis trajectory systems are widely used in systems such as scanners, printers and
microscope tables. This system involves using two actuators positioned perpendicular
to each other to move an actuating point. A system like this is mechanically simple and
is also simple from a manufacturing point of view. This is due to the fact that the
actuators can be purchased leaving only the mounting systems that need to be
constructed . However the two actuators need to move at the same time. This then
means that the control system to control the actuators is relatively complex . But due to
the fact that this system uses a controller to make the actuators perform the desired
trajectory means that the chewing trajectory can be changed by reprogramming the
controller rather than making a new mechanism. It also means that the chewing
trajectory can be dynamically changed from chewing cycle to chewing cycle. This
however would require complex trajectory planning .

3.5

Platform robot

Platform robotic systems are usually found in complex systems such as flight
simulators. They offer up to six degrees of freedom which means that they can move
along and rotate around all of three dimensions. This allows them to move to any
desired point in the defined workspace. The design of a platform robot centres around
two parallel plates. One of theses plates is fixed while the other one is actuated and is
shown in Figure 3-5. The two plates are connected by six actuators and by driving the
actuators in different combinations , different motions are achieved.
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Figure 3-5 A hexapod platform robot (taken from Physic Instrumente 1996-2005)

This system would ideally suit a robot that simulates the human chewing behaviour.
This is due to the fact that the human jaw can be thought of a two parallel plates where
the mandible corresponds to the actuated plate and the skull corresponds to the fixed
plate. A hexapod system such as this is also simple from a manufacturing stand point
as only the two plates need to be constructed if the actuators are purchased . Although
this would be an ideal solution the control of the system is very complex. This is due to
the fact that there are six actuators that are required to move at the same time.
Therefore trajectory planning becomes very difficult.

3.6 Robotic system evaluation
The robotic systems mentioned all have the ability to produce trajectories for chewing. Each of the
systems has advantages and disadvantages and can be seen in

Table 3.
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Table 3 Evaluation of the different possible robotic systems

System
Four-bar linkage

Advantages
•

Mechanically

Disadvantages
simple

•

•

Simple to control

•

Can accurately produce

•

desired trajectories
•

only

approximate

desired trajectories

principle

Cam system

Can

Can not perform a large
range of trajectories

•

Simple to control

Mechanically

complex

when multiple cams are
used
Two-axis system

•

Simple to manufacture

•

Can accurately produce

•

Relatively

difficult

to

control

desired trajectories
•

Can dynamically change
trajectories

Platform robot

•

Simple to manufacture

•

Can accurately produce
any

desired

•

Difficult to control

three-

dimensional trajectory
•

Can dynamically change
trajectories

As a prototype device is required in a relatively short time frame , a simple robotic
system must be used. Therefore the four-bar linkage system was chosen. This will
closely approximate the chewing trajectories and can be made robust due to its simple
mechanical design without the need for complex control systems.
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4 Four-bar linkage mechanism design
4.1

Introduction

The design of the four-bar linkage must facilitate the chewi ng of a vari ety of different
foods. Due to the fact that humans chew foods with different properties differently, the
four-bar linkage must be able to be adjusted to achieve th e required motions for th ese
food types.

4.2 Specifications
For the device to achieve an appropri ate chewing motion of the human masticatory
cycle, it must achieve the following parameters:
•

It must apply up to a maximum force of 150 Newtons to the food sample.

•

It must ach ieve a range of set trajectories in the frontal plane with the occlusion
entry and exit angles being very close to the desired angles. These angles can
be seen in section 2.3.

•

The time taken for the opening , closing and occlusion phases must be very
close to that of the human chewing cycle. These times can be seen in Table 2.

4.3 Linkage design
4.3.1

Constraints

The four-bar linkage is limited by the fact that it is difficult to design it to perform a
desired trajectory. It will however constantly perform a set trajectory making it highly
repeatable. As the four-bar linkage can on ly perform one set trajectory in its standard
form means that it is limited in its adaptability. Some adaptability can be added by
designing links that adjustable length . This is difficult to implement on all links except
the ground link. The reason for this is that all the links move apart from the ground link.
Therefore in this case where some adaptability is required to reproduce a range of
trajectories, the ground link must incorporate some adjustability to approximate different
chewing trajectories for different food types.
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4.3.2

Design approaches

There are two common design approaches to ensure that the trajectory that the
mechanism achieves is close to that desired. They are:
•

The four-bar atlas approach , and

•

The genetic algorithm approach

The four-bar atlas approach involves selecting a trajectory that is close to the desired
trajectory from an atlas that has many different trajectories plotted in it. The link lengths
and the position of the trajectory generating point in relation to the coupler are the
determined by the use of a look-up table that specifies the parameters to the desired
trajectory.

The genetic algorithm approach involves writing a genetic algorithm that takes the
desired trajectory and makes a trajectory that closely matches it by changing the
parameters of the linkage. This is a numeric solution that evaluates the trajectory
produced by a set of linkage parameters. It then changes the linkage parameters and
evaluates the new trajectory. This is done for many iterations and returns the
parameters of the linkage that produces the trajectory with the least amount of error
(Charbonneau et al, 2004) .

Due to the fact that the genetic algorithm method requires a genetic algorithm program
to be developed, it is rather time consuming and is not ideally suited for this application
where only one set of link parameters is required to be found . It would however be very
useful if different fou r-bar linkage parameters needed to be found on a number of
different occasions. Therefore the four-bar atlas was chosen to be used , as it can
provide the specifications for the four-bar linkage from a look-up table where the
trajectories can be firstly visually evaluated to get a set of preliminary link specifications.
From here further trajectory analysis can be used to determine the most suitable
trajectory and therefore the most suitable link specifications.

Once the link lengths have been determined for the four-bar linkage, additional analysis
needs to be done to ensure that it will function correctly. This analysis includes ensuring
that the linkage stays well away from dead positions by ensuring suitable maximum and
minimum transmission angles.
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Limit and dead positions of a four-bar linkage occur when the crank and coupler form a
straight line. This is due to the fact that the coupler transfers the force applied from
either the crank or the follower in the direction of the coupler. As the crank and coupler
form a straight line twice per cycle there are either two limit or two dead positions per
cycle. These can be seen in Figure 4-1. A dead position is when the follower can not
make the crank rotate when a torque is applied to it; therefore it has no mechanical
advantage. A limit position on the other hand is where the crank can be used to apply
an infinite mechanical advantage to the follower. Dead positions also occur if the
follower and coupler form a straight line when driven by the crank. This means that the
sum of the lengths of the coupler and the follower must be larger than the sum of the
ground and crank lengths.
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Figure 4-1 Limit and dead confi gurations of a four-bar linkage (taken from Stanisic)

The transmission angle is the angle between the follower and coupler. This angle varies
as the mechanism is driven and serves as an indicator of how well the linkage can
transmit torque from the crank to the follower. The maximum transmission angle
and the minimum transmission angle

µ min

µ max

can be seen in Figure 4-2. The general rule

for the transmission angle is to never allow it to be less than 30 degrees or greater than
150 degrees (Erdman et al, 2001 ). If the minimum transmission angle was zero degrees
or the maximum transmission angle was 180 degrees the mechanism would then have
the coupler and the crank forming a straight line and would therefore be in a dead
position. In practice this could cause the mechanism to fold over on itself as the coupler
has two possible directions in which to travel. This means that the coupler could change
its operating side resulting in irregular operation .
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Figure 4-2 The maximum and minimum transmission angles (ta ken from Stanisic)

4.3.3

The four-bar design

The four-bar linkage was designed using the traditional four-bar atlas approach rather
than genetic algorithms which had been used during a preliminary stage of this
research [C harbonneau et al, 2004]. This was due to the fact that the results from this
genetic algorithm were not as good as expected and it was more time efficient to use a
four-bar atlas to look up a desired trajectory and link specifications rather than
redesigning the genetic algorithm program.

The Cedarville engineering four-bar web atlas (Thompson 1999b) was used to find a
number of suitable trajectories that had entry and exit angles that closely matched a
lateral chewing cycle described in section 2.3. Trajectories where searched for by
adjusting the parameters of a four-bar linkage shown in Figure 4-3 where link 'a' is the
cran k, link 'b' is the coupler, link 'c' is the follower and link 'd' is the ground. The point 'P'
is the trajectory generating point that is located at and angle of 'y' from the coupler
length 'b' and a distance 'BP' from point 'B'.

A

Figure 4-3 The four-bar linkage parameters (taken from Thompson 1999a)
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When a trajectory was found that looked close to matching the desired occlusal angles
of a lateral chewing motion it was marked down as a possible solution. However vertical
chewing motions are also required when the ground link length is changed. Therefore
the derivatives of these possible solutions where examined by changing the ground link
length and observing how the trajectory responded . The link parameters that made
trajectories that seemed close to both vertical and lateral chewing trajectories were
noted . Some sample trajectories can be seen in Figure 4-4 and Figure 4-5. Figure 4-4
shows the final choice of the lateral chewing trajectory. The link parameters are shown
at the top and the figure while the 'BP' length is read off the graph from the zero point to
the point that falls on the desired trajectory (3 in this case). Figure 4-5 shows a
derivative of the chosen lateral trajectory. It can be seen that the ground link length 'd'
has been reduced from 5 to 4 to achieve a vertical chewing trajectory.
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a=1 b=3 501 c=3 002 d=5 .0025 ·.,=60°

5
4

\
\
\

3
2

\I.

.._--.........__
...__

1
C

E
"iii
0

0

,

0...

I

>-

.\,
I

I

I

'

-3

I\

\

1,

tl

J

,,

I
I
I

I.

I'
I

..

I

I

·-.

,

I

.'

I

'

'

'
' ,'
I ,

I
I

\

I

I ,'

I t. ."

'\

,

-5

.

'

I
I

I

.
I

t

-

I

\

I

I

I

/'

\ /

,

,

I
I '
,'"i.,'-

,

I'

," \ ,' r\

/
J

,;

~

( .. -·

,I

"~-'

.· " ...

/

,,

V,

/

'

I

."1x A

...
'
I

I
'

~

"

, ,

/.

I

V

V

,

~

' ' ... ,

'·

1

"'---

r-.........

\

\

-4
-5

,

'\

-s__

,' '

'

I

I

}

I

-2

I
I

'

~

,

\

/

\

I

-1

I

I

~

,

-=

\

I

-4

-3

-2

-1

1
0
X Position

2

3

4

5

Figure 4-4 Candidate trajectories of the four-bar linkage (adapted from Thompson 1999b)
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Four-bar Coupler Curves and Centrodes
a= 1 b=3.501
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Figure 4-5 Candidate trajectories when the ground length is reduced (adapted from Thom1>son
1999b)

These trajecto ries were then examined further to dete rmin e th e exact occlu sal angle. It
was determined that the traj ectories shown in Figure 4-4 and Figure 4-5 were in fact the
best solution that were found. The final values can be seen below. However these
values are only ratios and the links can be any length as long as the ratios are obeyed .

The final ratios of the four-bar linkage are:
Crank (link 'a') = 1
Follower ( link 'c') = 3
Ground (link 'd') = 3.8 - 5 to achieve horizontal and vertical chewing motions
Coupler (link 'b ') = 3.5
Coupler (distance 'BP')= 3
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Coupler (angle 'y') =60 degrees

A simple model was constructed in SolidWorks to evaluate different link lengths as seen

in Figure 4-6. The factor that limits how small the linkage can be made is the crank as it
has the smallest dimensions and has to be able to incorporate shafts strong enough to
securely connect the individual links of the linkage . For this reason it was decided to
make the crank length 10mm. This also allows the linkage to be as compact as
possible. The entire mechanism also had to be rotated 65 degrees to orientate the
trajectory produced by the four bar linkage. This was required so that the teeth could be
mounted vertically.

65 degrees

Figure 4-6 Simple model to evaluate different link lengths

The final four-bar linkage parameters were:
Crank (link 'a') = 10mm
Follower (link 'c') = 30mm
Ground (link 'd') = 38mm - 50mm
Coupler (link 'b') = 35mm
Coupler (distance 'BP')= 30mm
Coupler (angle 'y') =60 degrees

These sets of results were then evaluated by comparing the entry and exit angles at
occlusion with the data obtained in chapter two that shows lateral and vertical chewing
motion. It can be seen from the data in Table 4 that using the four-bar linkage
mechanism proposed, the

vertical

opening distances

- 45 -

as well
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displacements are larger than those observed in the experimental data reported by
Ogawa et al (2004). This is acceptable as these aspects of the chewing trajectory do
not impact on the food breakdown process as long as they are sufficient to clear the
food between chewing cycles. The motor can be speed up during this part of the cycle
to ensure representative masticatory behaviour can be simulated. The chosen design is
optimised to achieve a close match with the lateral chewing trajectory while still
achieving reasonable trajectories for the vertical chewing process.

Table 4 Comparison between the designed four-bar linkage and the experimental data (adapted
from Ogawa et al, 2004)

Lateral chewing

Vertical chewing

From data

Four-bar

From data

Four-bar

C losing angle (degree)

46.6

45

72.5

99

Opening angle (degree)

11 3. 1

11 2

78

105

Total angle (degrees)

66.5

67

5.5

6

Vertical openi ng (mm)

14.6

23

15.1

34

Lateral di splacement in
opening (mm )
Lateral displacement in
closing (mm)

I. I

.)

0.4

3

4.0

9

3.1

0

..,

\"erllcal

..1penmg

C losu1?: ..u11-de

\

.,I

Opemng nn!tle\

\ ·..

...............

L11ternl ope11U1p; chsplacement

Figure 4- 7 Definition of parameters in Table 4
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Some sample trajectories that the four-bar linkage can perform can be seen in Figure
4-8. It shows different trajectories when adjusting the ground-link. It also shows that
other parameters change when the ground link dimension is adjusted. It can be seen
that the occlusal position moves as well as the vertical opening distance increasing as
the ground link dimension decreases. This is due to the nature of the four-bar linkage
and can not be helped. This however means that the chewing device needs some way
of adjusting the occlusal position of the teeth.
Chewing trajectories achieved when adjusting the groln1d link

30

20

15
-+- 5umm ground
44mm ground
............ Jemm ground

1(1

5

-100

.cl,)

\f

-60

-70

. 0

-40

-5

• 10
Dist ance (mm)

Figure 4-8 Sample trajectories that the four-bar linkage can achieve

The vertical and horizontal trajectories can be viewed as a fun ction of the crank angle
as shown in Figure 4-9 and Figure 4-10. Figure 4-9 shows that the actuating point on
the coupler reaches maximum displacement at approximately 150 degrees when the
ground link is 50mm. While Figure 4-10 shows that there is a maximum horizontal
movement of approximately 11 mm when the ground link is 50mm. This gives a good
indication of how the mechanism responds in both the vertical and horizontal directions
when the crank is driven.
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Vertical displacement of the actuating point of the four-bar linkage at different crank angles with a
50mm ground
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Figure 4-9 Vertical trajectory as a function of crank angle with a 50mm ground

Horizontal displacement of the actuating point of thr four-bar linkage at different crank angles with a
50mm ground
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Figure 4-10 Horizontal trajectory as a function of crank angle with a 50mm ground
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The transmission angles of the mechanism where then checked to ensure that they
where not less than 30 degrees or greater than 150 degrees. This is due to the fact that
the linkage will not be efficient if the transmission angles are outside of this range .
Some example transmission angles for the maximum and minimum ground lengths can
be seen in Figure 4-11 and Figure 4-12.
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Figure 4-12 Transmission angle when ground length is 38mm

These figures show that the transmission angle stays well within the 30 and 150 degree
range. The occlusal position of the teeth on these plots occurs at time 0.34s. At this
time the transmission angles can be seen to be between approximately 72 and 95
degrees. Therefore the linkage is very close to 90 degrees where the linkage is most
efficient. It also stays well away from dead positions (0° and 180°).

- 49 -

Four-bar linkage mechani sm design

4.4 Mechanical design
4.4.1

The basic mechanical design

Once the link lengths of the four-bar linkage had been determined, the design of the
mechanical device could commence. The basic designs of the crank, coupler and
follower were relatively straight forward with only the pivot points of the links needing to
match the lengths determined. The design of the ground link was more complicated
however. This is due to the fact that the ground link had to be designed to have a 12mm
adjustment that effectively changed the link length from 38mm to 50mm and any value
in-between . The simplest way to do this proved to be by using a design that involved
using a threaded rod to move a block when the rod is turned . This mechanism was
selected and constructed because a similar system to do this could not be easily
purchased. The design of the ground link can be seen in Figure 4-13.

~l"'"'"'
l\Ion,a hle
bl ock

S tock

Suv, port

I

~H

Support
sh,1ft

Figure 4-13 The ground link

This shows the design of the ground link that allows the moveable block to move back
and forth when the threaded shaft is turned. It also shows that there is another rod that
the movable block slides on. This was to remove the rotation that the moveable block
has applied to it when the threaded shaft is turned .

The crank, coupler and follower could now be added to this ground link. The basic
mechanical design can be seen in Figure 4-14. This shows how the links are positioned
relative to each other.

-so -
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Figure 4-14 The basic design of the four-bar linkage

It can be seen that the links will slide over each other when the crank is rotated . This
means that materials for each link needed to provided a bushing effect. This is due to
the fact that if the links were made all out of the same material the links would wear in a
way that would cause the mechanism to jam up. Therefore the materials chosen were
aluminium and stainless steel. The ground link blocks and the coupler were chosen to
be made out of aluminium while the crank and follower were made out of stainless
steel. This means that each link is bushed by sliding on a different material. This
bushing system was chosen over a thrust bearing system due to its simplicity. However
all the rotating components in this design are supported by radial bearings and the
movable block is supported by linear bushes. These bearings were chosen based on
the calculated force applied at each joint as well as the space available in each
component. The joint forces used to size the bearings can be seen in section 4.4.5.The
locations of these bearings can be seen in the assembly drawing shown in Figure 4-15.
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SKF 6leco-2RS1

coupler2

mo\.19oble block

shafting
SKF 626-2RS 1
lineo1bv3h

SKF 6 18'.D-2RS1

Figure 4-15 The assembly of the four-bar linkage

4.4.2

The six-bar linkage design

Th e four-bar linkage was designed to produce s imilar trajectories in the frontal plane to
that of a human. A system is also needed to produce the correct trajectories in the
sagittal plane. This system needed to not affect the trajectories that the four-bar linkage
produced and create a linear approximation to human chewing trajectories in the
sagittal plane. Therefore the simplest way of doing this was to add another two links to
the four-bar linkage, thus making it a six-bar linkage. This can be seen in Figure 4-16.
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Slider _

G111de ,

Gmdanre

sh;itl

Figure 4-16 The six-bar linkage

It can be seen that the additional two links are only able to move in a linear motion in
the directions shown. This then enables a linear approximation to human chewing
trajectories in the sagittal plane to be achieved. The link that sets the trajectory in the
saggatial plane was made to be adjustable between O and 30 degrees so that the
chewing device could better match a greater variety of different chewing trajectories.
However a cantilever design like this is not very balanced and would lead to very large
forces being applied to all the joints and links. To reduce the forces that are applied to
all the joints and links a second four-bar linkage was placed on the other side as seen
in Figure 4-16. As both four-bar linkages are to produce the exact same trajectories at
the same time , they have to be coupled together. Therefore the pivot points on the links
were coupled together by steel shafts. This allows the links to rotate in synchronisation
and also strengthens the design by not allowing the links to buckle inwards . However
both four-bar linkages have to still be driven from their cranks. Due to the motion of the
four-bar linkage, a shaft can not directly link both of the cranks without interfering with
the four-bar linkages. This problem was overcome by driving both the cranks from spur
gears that are driven from a driveshaft that runs below the cranks that allows the fourbar linkages to function without interference. This can be seen in Figure 4-17.
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Figure 4-17 The fin al six bar linkage design

4.4.3

Stress analysis

The six bar linkage system was then simulated in the COSMOS Works software
package to test if the mechanism can withstand the forces that are going to be applied.
The device is required to applied 150N at the actuator, therefore a 150N static force
was applied to the slider in the occlusal position and the stress was analysed over the
mechanism. However this is not exactly how the force is applied in the real system. This
is due to the fact that the real system is a dynamic system because the linkage is
moving. Therefore the stress analysis should be done dynamically rather than statically.
However COSMOS Works does not allow for dynamic stress analysis so the -stress was
approximated by applying the 150N chewing force at the maximum occlusal position.
This is the position where the teeth are the closest to each other and therefore the
position where the maximum force is applied to a food sample assuming that the food
sample behaves like a spring. The assembly without the floating components of the
mechanism was used for the stress analysis and was comprised of only the to four-bar
- 54 -
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linkages, the rods that connect the two linkages and the slider. This was due to the fact
that COSMOS Works recognises the sliding joints as fixed joints. The stress analysis
showed that there is no excessively large stress on the mechanism, with the largest
amount of stress being concentrated where the linear bush of the actuating block slides
on the actuating shaft of the four-bar linkage. This can be seen in Figure 4-18. This is
due to the fact that the linear bush makes a relatively sharp edge with the actuating
shaft of the four-bar linkage. This can not easily be avoided as the linear bushes that
were purchased products.
von ~\oes (Nhn'2)
1.081••007
9 906e+006
. 9005e+006
. 8 105e• 006
• 7 204e•006
. 6 Xl4e•006

5 403e•006

. 3 60i°t' •006

1 801 t•006
9 OOSe •OOS

; 834e-001

Figure 4-18 The stress analysis of the four-bar linkage

The deformation of the different components was then analysed to examine the
buckling that occurs when the 150N load is applied. The simulation shows that the
maximum deformation of the actuating shaft is 0.004mm where the linear bush meets
the shaft that it slides on under maximum load. This can be considered negligible as
this amount of buckling in the shaft will not cause the linear bush to jam. The simulation
also shows that the maximum deflection of any component is 0.005mm which is in the
actuating block. These results can be seen in Figure 4-19.
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l\ fa XU l lll Ill
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_ 2 734e-003
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•1
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9114c-004
4

557c-004

1 OOOe-030

Figure 4- 19 The deflecti on analysis of the four-bar linkage

4.4.4

Six-bar linkage kinematics

The kinematics of the linkage was evaluated by looking at the angles, displacements ,
velocities and accelerations of each link in the linkage. These parameters were
examined to get a general idea of how each component was moving. More importantly
it was done to ensure that each component moved in a smooth fashion so that no high
forces are applied to the components and also that the values are realistic. The points
in which these measurements were taken from can be seen in Figure 4-20.
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Figure 4-20 The co-ordinate system for the kinematics

Due to the nature of the four-bar linkage, the linkage can not be driven in reverse . This
means that the crank will not rotate a complete 360 degrees when the coupler is
actuated. Therefore the kinematic evaluation was done by setting the crank to rotate at
a constant velocity so that the kinematics of the other links could be determined.

The crank was rotated at a constant angular velocity of 600 degrees per second with
the ground link length set at 45mm and the sagittal trajectory set at 25 degrees for the
following analysis.

Follower

The angular kinematics of the follower can be seen below. Figure 4-21 shows that the
follower moves a total of 33 degrees with the 45mm ground length. Figu re 4-22 shows
that the maximum angular velocity is 215 degrees per second which can be thought of
as 36rpm. Figure 4-23 shows that the maximum angular acceleration is 2920 degrees
per second squared. Both of the peaks on this plot occur when the follower changes
direction. This acceleration plot also shows that the acceleration profile of the follower is
fairly smooth. This means that no large forces are instantly applied to the follower which
would limit its life.
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Occl usion

2 15

JI!.

~

(.)

1l

110

8'

-~
.

\

;;

I.

:£,
'>-

../ ... ; ·········-~··· ······t ·

B

/

:

~

./

.gg

~I

...

l

,'

C

c]'.

//

N

../1

-204

o .oo o .oe; 0 .1 2 o .1E: 0 .24 o .3o o .3 5 0 .42 o .48 o .54 o .Bo
Time (sec)

Figure 4-22 The angular velocity of the follower

Occ lusion

2920

1/ " )

ru

l

~ 1750

--·······- ····· '········ .:, ·;/ ..

c,,
a.,

:s
>-

l
;:

500

········+· ........ ....... i.

······•··········•- ······t ······

:

1\ 1

···· >··· ··<

i

i

1

j

;

'

···i··· ·······!· ········+-

··t······ "1'"

····-+· ······-·t

·····-··1

··t··

-1721
0 .00 0 .05 0 .12 0 .18 024 0 .30 0 .35 0.42 0 .48 0.54 0 .50
Time (se c)
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Slider

The linear kinematics for the slider in the 'X, Y and Z' directions can be seen below.
The linear displacements of the slider are shown in Figure 4-24, Figure 4-25 and Figure
4-26 . Figure 4-24 shows that the maximum travel in the 'X' direction is 7mm this
corresponds to the horizontal opening of the mouth. Figure 4-26 shows that the
maximum vertical opening of the mouth is 26mm . While Figure 4-25 shows that the
maximum travel of the slider in the 'Y' direction is also 7mm for the setup used.

0 .00 0 .05 0 .12 0 .18 0 24 0 .30 0 .35 0.42 0 .48 0 .54 0 .50

T im e (se c)

Figure 4-24 The linea r displacement of the slider in the 'X ' direction
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Figure 4-26 The linear displacement of the slider in the 'Z' direction

The velocities of the slider in the 'X, Y and Z ' directions can be seen in Figure 4-27,
Figure 4-28 and Figure 4-29 . Figure 4-27 shows that the maximum velocity in the 'X'
direction is 32mm/s. Figure 4-28 shows that the maximum velocity in the 'Y' direction is
50mm/s. While Figure 4-29 shows that the maximum velocity in the 'Z' direction is
181mm/s.
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Figure 4-27 The velocity of the slider in the 'X' direction
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Figure 4-28 The velocity of the slider in the 'Y' direction

Occlusion

18 1

i

0

~!
E

110

i
§,

39

l l

i

i

/2 [\

l

···l · l··· ·····l '·········i1··!···! \ · · · ·
······7········;·······-t-· ······i·····

i _.,.:.:l·······-r·······+·······-~-

>

1,,

t 1 · ······1········!········:/····:·········1·········1···· ···[·········

-104
0 .00 0 .06 0 .12 0 .18 0 .2 4 0 .3 0 0 .3 6 0 .42 0 .48 0 .54 0 .6 0
Time (~ c)

Figure 4-29 The velocity of th e slider in the 'Z' direction

The accelerations in the 'X, Y and Z' directions can be seen in Figure 4-30, Figure 4-31
and Figure 4-32. Figure 4-30 shows that the maximum acceleration of the slider in the
'X' direction is 620mm/s2 . Figure 4-31 shows that the maximum acceleration in the 'Y'
direction is 550mm/s2 . While Figure 4-32 shows that the maximum acceleration in the
'Z' direction is 1978mm/s2 . All of these graphs show that there are smooth acceleration
profiles of the slider so that no large forces are instantly applied to the slider.
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The kinematic analysis of the six-bar linkage shows that there are no unrealistically
large accelerations applied to the six-bar linkage components and therefore no large
forces on the components. The kinematic analysis also shows that all the acceleration
profiles are smooth and continuous which implies that there is no large forces are
instantaneously applied to components of the six-bar linkage ensuring a longer life.

4.4.5

Six-bar linkage dynamics

The dynamics of the six-bar linkage were examined to see if any excessive forces or
torques were applied to any of the joints. Once again the plots from this analysis were
required to be smooth so that there is no instantaneous loading of the components, and
are of realistic value. This analysis was also required to choose suitable bearings for
the mechanism.

A static force of 150 Newtons was applied to the slider to simulate chewing. However
this force was constantly applied to the slider over the entire chewing cycle. This was
done as applying the force over only the occlusal period was not straight forward . The
position where the teeth would be fully occluded in the following plots is at time 0.34s.
The joints of main inte rest and their dynamics are shown below and defined in Figure
4-33.

r--.!______ _

II
C:011pler-fo llo,l'er

.··~
Slider

Figure 4-33 The joints of interest in the dynamic analysis
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Figure 4-34 shows the torque that the crank needs to drive the mechanism at constant
speed when a 150N force is applied to the slider. It can be seen that the peak toque
does not occur when the teeth will be occluding. This is good as in the real system the
linkage will not be applying this amount of force over the entire chewing cycle. It also
shows that the linkage can efficiently transmit the torque applied to the crank in the
occlusal position. This however was expected as the transmission angle analysis
showed this.
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Figure 4-34 The crank torque of the six-bar linkage

Crank-coupler joint

,....., -61
C
0

l

C

-; .75

'

Q)

u

b

u.. -88

0.00 0 .06 0 .12 0 .18 0 .24 0.30 036 0 .42 0 .48 0.5 4 0.60
Time (se c)

Figure 4-35 'X ' direction force in crank-coupler joint

- 64 -

Four-bar linkage mechanism design

77 ~ ~ - ~ - - ~ - ~
Oc_cl_us=io_n""""="'"""_ _~---,

' / -·

~ 63
C
0

:

;

i

.......•.;, ...... , .. ; .......... ;,.........,:., .. , ... :......................;, ......

1:
Q)

C

;::' 50

i___ .: .... . d.················ -· ···· .

'

Q)

0

b

u... 36

;
.... ...........................................

t

;

·

I

-;······ ··--·;····-·····

~
i
I !\!
!

..·.......... : .......... ;........... .........

.

l

.

;

23 +-'-a-.&..-+--+---+-'--+--r-"-t--+----i--'-i
0.00 0.06 0.12 0.18 024 0.30 0.36 0.42 0.48 0.54 0.60
Time (sec)

Figure 4-36 'Y' direction force in crank-coupler joint

Figure 4-35 and Figure 4-36 show the force components acting on the crank-coupler
joints. Figure 4-35 shows that the force applied to the crank-coupler joint at the
maximum occluding position in the 'X' direction is approximately 60N , while Figure 4-36
shows that the force applied to this joint in the 'Y' direction is approximately 70 N at the
maximum occlusal position. Both of these plots show smooth force functions as
requ ired and also have realistic force applied to the joints. With this data NMB
DDL 1060ZZHA5 bearings were selected for the crank-coupler joint. They are rated for a
maximum dynamic force of 460N and a maximum static force of 196N at 49 ,000 RPM .
Therefore these bearings are suited to the application as they exceed the required
specifications.
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Follower-ground joint
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Figure 4-38 'Y' direction force in follower-ground joint

Figure 4-37 and Figure 4-38 show the force components acting on the follower-ground
joints. Figure 4-37 shows that the force applied to the follower-ground joint at the
maximum occluding position in the 'X' direction is approximately 60N , while Figure 4-38
shows that the force applied to this joint in the 'Y' direction is approximately 5N at the
maximum occlusal position. These force functions are smooth and have realistic values
as required. The bearings chosen for the follower-ground joints were the SKF 6262RS1 bearings. They exceed the forces that are applied to follower-ground joint as they
are rated at a maximum dynamic force of 1720N and a maximum static force of 620N at
36,000 RPM .
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Follower-coupler joint
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Figure 4-40 'Y' direction force in follower-coupler joint

Figure 4-39 and Figure 4-40 show the force components acting on the follower-coupler
joints. Figure 4-39 shows that the force applied to the follower-coupler joint at the
maximum occluding position in the 'X' direction is approximately 60N, while Figure 4-40
shows that the force applied to this joint in the 'Y' direction is approximately SN at the
maximum occlusal position. It can also be seen that the forces acting on this joint are
same but in the opposite to those acting on the follower-ground joint. These force
functions are again smooth and have realistic values. The NMB DDL 1060ZZHA5
bearings were also selected for this joint as they exceed the required specifications.
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Figure 4-42 'Y' direction force in crank-ground joint

Figure 4-41 and Figure 4-42 show the force components acting on the crank-ground
joints. Figure 4-41 shows that the force applied to the crank-ground joint at the
maximum occluding position in the 'X' direction is approximately 60N, while Figure 4-42
shows that the force applied to this joint in the 'Y' direction is approximately 70N at the
maximum occlusal position. It can also be seen that the forces acting on this joint are
approximately the same to those acting on the crank-coupler joint but in the opposite.
Once again these forces are smooth and of realistic value. The bearings chosen for
these joints are the SKF 61800-2RS1 bearings. They ·allow for a maximum dynamic
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force of 1380N and a maximum static force of 585N at 36,000 RPM which exceeds
what is required.

This dynamic analysis showed that the force functions at the joints are smooth functions
so that no large forces are instantaneously applied to any of the joints. It also shows
that there are no unrealistically large forces that are applied to the joints which ensures
that the mechanism will function as desired. The dynamic analysis also allowed for
suitable bearings to be selected.

4.5 Motor selection
The motor that was selected to drive the mechanism had to be able to perform the
following tasks:

•

Be able to move the mechanism at the desired speed

•

Be able to accelerate at the desired rate

•

Have sufficient torque to move the mechanism and all the actuating components

•

Be easily attached to the driveline of the six-bar linkage

As the motor needs to have its speed controlled by software the simplest motor to use
was a DC motor. Due to the fact that this is an industrial project the motor must be low
maintenance. Therefore a brushless DC motor was chosen as it has the advantage of
not having any brushes that easily wear out, ensuring a long life. The brushless DC
motors also have Hall Effect sensors in them that are used to determine when to switch
the current in its coils. This means that these Hall Effect sensors can be used to
determine the speed and therefore control it. However an optical encoder is used for
more precise measurement and compatibility issues as discussed in chapter 6. To
make better use of the motor a gearbox also needs to be selected. By using a gearbox
the torque that can be applied is greatly increased but the speed is reduced. However a
high torque, low speed system is in fact exactly what the chewing device requires.

The speed required from the motor was calculated using the data from the velocity
profile described in chapter 6 which shows that the maximum speed that the crank .has
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to rotate at is 1OOrpm. Therefore the speed required of the output shaft of the gearbox
must be a minimum of1 OOrpm.

Once a crank speed was obtained, calculations of the torque that the motor require
could begin. This was done in SolidWorks using COSMOS motion. The materials of the
parts were specified so that the software could calculate correct inertia values. A
constant force of 150N was then applied vertically to the actuating point to simulate
chewing under maximum force conditions. The crank was then set to run at 300
degrees per second which is the occlusal speed of the crank described in chapter 5. A
torque versus time plot was then produced as shown in Figure 4-43. This showed that
the maximum torque that the crank requires to run the chewing device under maximum
force maximum speed conditions is 2603Nmm or 2.6Nm which happens to occur at
occlusion. Therefore the output of the geared motor must be able to produce a
minimum torque of 2.6Nm at 300 degrees per second (78 rpm) to achieve the desired
force .
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Figure 4-43 The torque required at the crank shaft

The motor also requires enough torque to accelerate the motor fast enough. From the
trajectory planning described in chapter 6 it is known that the crank must be accelerated
at 190 degrees per second squared to achieve the correct trajectory profile for the
standard chewing profile. The angular acceleration can be estimated by knowing the
torque applied at the crank and knowing the distance from the crank where the weight
of the mechanism is concentrated as well as the weight force . The weight of the moving
assembly of the six-bar linkage can be estimated at being at the actuating point on the

- 70 -

Four-bar linkage mechani sm design
coupler as shown in Figure 4-44. This is due to the fact that another whole assembly
needs to be added to this point to attach the teeth . This assembly will have a far greater
weight than the components that make up the four-bar linkage meaning that these parts
can be neglected for the acceleration estimates.

Th e occlusal position was used as the point to calculate the maximum acceleration that
the crank can achieve as this is where the acceleration of the linkage is at a maximum.
Th e weight of the assembly to attach the teeth was estimated to be 1.2Kg acting a
horizontal distance of 45mm from the crank. This means that if the motor chosen has
2.6Nm of torque at the crank it can accelerate at 4.9 radians per second squared or 281
degrees per second squared. This is greater than the acceleration of 190 degrees per
second squared requi red in the standard chewing case, but if the user changes the
chewing parameters it may not be high enough . Therefore the motor and gearbox
combination must be able to produce much more torq ue to be safe.

Figure 4-44 The weight concentration of the linkage

A brushless DC motor and gearbox combination was found from Maxon Motors that
cou ld deliver 6.0Nm of torque continuously and deliver 7.5Nm of torque for short
periods. This motor can also revolve at 8000 rpm through the gear box and the output
from the gearbox could be chosen as there were a number of different gearing options
available. A gear reduction of 66:1 was chosen as this allows the drive shaft to rotate at
a maximum rate of 12 1rpm which is above the rate required of 1OOrpm in the standard
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chewing case. This motor and gearbox combination also had a dedicated control card
that was available specifically designed to control this motor.

As the motor and gearbox are quite compact in design it made it much simpler to mount
to drive the cranks. It was decided to drive the cranks of the mechanism by the use of a
spur gear attached to the motor. This takes advantage of the fact that the two cranks of
the six-bar linkage are coupled together by the use of spur gears. This means another
can easily be added to allow the motor to drive the mechanism. The location of the
motor and the how it drives the six-bar linkage can be seen in Figure 4-45.

0
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i

Figure 4-45 The location of the motor and the drive line

To make the motor fit in this location the spur gear used to drive the pinions attached to
the cranks had to be large enough to ensure that the motor did not interfere with any
other part. This however means that the speed of the crank is increased and the torque
at the crank is reduced. The spur gear chosen to drive the pinion attached to the cranks
has 44 teeth while the pinion has 28 teeth. The result of this changes the gear ratio to
42:1. This means that the torque was decreased by a ratio of 1.57 and the speed is
increased by a ratio of 1.57. Therefore the torque at the crank is 3.82Nm and the speed
is 190rpm assuming 100% efficiency.

This means that the motor and gearbox can exceed the required specifications as
shown in Table 5.
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Table 5 Comparison of required and achievable specifications

Parameter

Required

Estimated capability

Speed

100rpm

190rpm

Torque

2.6Nm

3.82Nm

Acceleration

190deg/s2

414deg/s2

4.6 Construction
Technical drawings of the components were then produced and given to the Massey
University Institute of Technology and Engineering workshop where the components
were made to specification and also assembled. The technical drawings produced can
be seen in appendix B. Figure 4-46 shows the six-bar linkage that was constructed.

Figure 4-46 The six-bar linkage constructed

4.7 Results
Once the mechanism was constructed some basic testing of the six-bar linkage was
done to see if the mechanism could in fact apply the desired force and also achieve the
design trajectories.
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4. 7 .1

Force measurement

The force testing was chosen to be done by the use of a load cell. T his idea involves
having the actuating point of the six-bar linkage pressing down on the load cell to
measure the force applied. A load cell was chosen to perform the task of measuring the
force as load cells use strain gauges to sense the force and therefore have a linear
output. This is due to the fact that strain is equal to stress divided by Young's modulus
as shown in Equation 4.1 and stress is equal to force divided by area as shown in
Equation 4.2.

.
stress
strain=-y

( 4.1)

force
stress =-·- area

(4.2)

Therefore substituting 4.1 into 4.2 gives:

force
strain=--Y.area

(4.3)

Equation 4.3 shows that strain is proportional to force which therefore makes the
calibration of the load cell very simple. However the only load cell that was available
was a 30N load cell. This meant that a lever system had to be constructed to divide
down the force from the 0-150N range that the mechanism was designed to provide to
the 0-30N range of the load cell. The measurement system can be seen in Figure 4-47.
This was done by defining that a 150N force applied to the lever would result in a 20N
force applied to the load cell. Therefore the lever system required a 7.5: 1 divide down
ratio. This lever system was chosen to have the dimensions shown in Figure 4-47 so
that it could easily be attached to the chewing device.
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Figure 4-47 The force measuring device

The information that the load cell measures then had to be recorded so that it could be
calibrated and also provide a measurement of the forces that are applied to it. This was
done by the use of an analogue to digital converter that was interfaced to Labview. This
allowed the data from the load cell to be displayed on a computer. Once this had been
established the system could then be calibrated to display the results of the force that is
applied to the lever. This was done by hanging a series of known weights off the point
where the force was going to be applied. Once the calibration was complete the system
was tested by again applying a series of known weights to the input of the lever system
to see if the force shown on the computer matched the force applied to the lever.

This simple testing showed that the system was sufficient to test the six-bar linkage as it
was accurate to approximately 5N. The force measuring system was then securely
attached to the six-bar linkage so that it would press its actuating point down onto the
lever in the appropriate position. The chewing device was then set to run continuously
and the force of the linkage impacting on the lever was measured. This testing showed
that the chewing device could in fact apply the desired 150N chewing force and would
stall at approximately 260N. A screen shot of the force measuring program can be seen
in Figure 4-48.
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Figure 4-48 Sample of force measuring program

4.7.2

Trajectory measurement

The trajectory measurement was only required for the frontal plane. This is due to the
fact that the sagittal trajectories are approximated by a straight line and it could easily
be seen that it could perform these linear trajectories with the desired 0-30 degree
adjustment. The simplest way to compare the trajectories that the device can perform
and the designed trajectories was to use a modified pen to trace the trajectories
achieved and overlay them. The pen used to trace the trajectories was modified so that
the spring was used to push the nib out rather than retracting it. This was done so that
the nib of the pen could make consistent contact with the card that it traced the path
onto. The pen was securely attached to the slider of the six-bar linkage and the card
was setup in a vertical fashion so that the nib was in contact with the card. This required
the trajectory in the sagittal plane to be set at O degrees so that the slider only moved in
two dimensions. The trajectories produced where scanned onto the computer and
overlaid with the desired trajectories. It was observed that the trajectories produced by
the chewing device were close to the desired trajectories. Some examples can be seen
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in Figure 4-49. However the traced trajectories did not exactly match the desired
trajectories. They slightly differ in the opening/closing phase of operation but this is not
important as no chewing occurs in this phase of the chewing cycle. The entry and exit
angles match very closely however. This means that representative chewing will be
achieved .

~' 5

50mm gro und

-W mm ground

Figure 4-49 The overlay compari ng the achieved trajectory and desired trajectories

Figu re 4-49 also shows that there is a flat section whe re the direction changes . This is
due to the fact that there is in fact some play in the six-bar linkage caused by the linear
bushes .

4.8 Conclusions
The mechanical design of the six-bar linkage device that performs the actuation for the
chewing motion was able to achieve the desi red criteria of:
•

Generating the correct occlusion entry and exit angles in the frontal plane .

•

Create a linear approximation to the human chewing trajectories in the saggatial
plane.

•

Withstanding the forces that are applied during chewing .

The six-bar linkage closely follows the frontal trajectory of a lateral chewing motion and
still approximates a vertical chewing motion. This can be seen in Table 4. The six-bar
linkage can also achieve a 20 approximation of human chewing trajectories in the
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sagittal plane. This is due to the fact that the linear guide shafts that set the trajectory in
the sagittal plane have a O to 35 degree adjustment.

The mechanism also effectively transmits the torque of the motor through the six-bar
linkage which converts the torque into the chewing force. This is due to the fact the
transmission angle of the four-bar linkage is within the 30 to 150 degree range. It is also
very efficient at the occlusion point of the chewing cycle where the food will be chewed.
This is because the transmission angle at this location is centred around 90 degrees
where the linkage has the greatest efficiency.

The dynamic analysis of the forces that act on the joints of the linkage shows that no
excessive forces are applied . The analysis shows that the maximum force applied
during the simulation to any joint was 102N in the horizontal direction and 77N in the
vertical direction. However this analysis involved a 150N force being applied over the
entire chewing cycle which is not how the real system operates.

Using the data

obtained from the dynamic analysis it was seen that the maximum force applied to a
joint during occlusion was approximately 65N in the horizontal direction and 75N in the
vertical direction. This however does not include any impact force analysis which may
cause larger forces to be applied.

The stress analysis showed that there were no major deformations to any of the parts
when exposed to the 150N chewing force. The maximum deformation of any part was
only 0.005mm which is minimal and nothing to be concerned about and there was no
major concentrations of high stress. This analysis however was done under static
conditions where a 150N force was applied to the linkage when in the occlusal position
as the software package did not allow for dynamic stress analysis. Therefore the
stresses will be different when the mechanism is running.

These conclusions were reached after designing the mechanism and simulating it in
software. This ensures that there is a good estimation of how the constructed device
will function and therefore provides confidence in the mechanism.
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5 Supporting design
5.1

Introduction

Auxiliary components were required for an operational chewing device. These
components include:
•

a system to limit the level of force applied to the food

•

anatomically correct teeth

•

a system to allow the teeth to be easily inserted and removed from the device
for food loading and cleaning

•

a system to set up the teeth so that they occlude correctly

•

a system of retaining the food that has been chewed between cycles

•

a system to reposition the food

•

an enclosure to house all the systems

5.2 The force control
The force control in this project is needed to limit the amount of force that the chewing
device can apply. This ensures that the motor does not easily stall and that excess
stress is not applied to the six-bar linkage. As the teeth do not touch each other during
chewing the force that is applied to the food is dependent on the properties of each food
sample. This is due to Newton's third law which states that every action has an equal
and opposite reaction. In the case of the chewing device this means that the maximum
force that the device can apply to a food sample is equal to the maximum force the food
sample can apply to the chewing device. The maximum forces that are applied during
chewing range from 70 to 150N as stated in chapter 2. This means a force limiting
system can be set at 150N to allow the chewing device to apply the maximum chewing
force that a human can apply. This helps better simulate human chewing behaviour.

As a prototype system , it was decided that a spring and damper system could be used
to limit the force. This concept works by having the spring and damper attached to
either the upper or lower set of teeth. When the chewing device chews the food the
spring and damper will compress when the force exceeds the 150N limit. However the
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nature of the spring and damper system means that the damper will apply different
amounts of force depending on the impact velocities at which the teeth hit the food.
Therefore the damping has to be adjustable.

An adjustable shock absorber was chosen to perform the force limiting task and
selected based mainly on the effective weight that is to be applied to the shock
absorber. The effective weight applied to the shock absorber can be calculated by
equations that can be found in the ACE Controls deceleration catalogue page 15. As
there are many different equations for many different applications the chewing device
system can be adapted to the vertical free fall equation. This is because the 150N
impact force can be thought of as a 15Kg weight resting vertically on top of the shock
absorber.

As the equations in the ACE Controls catalogue are specified in imperial units the
values that were known were changed to the correct units as specified by the
equations. These conversions can be seen below.

W= weight= 150N= 33.?lbs
V= impact velocity= maximum occlusal velocity= 44mm/s= 0.1444ft/s
F= propelling force at the shock= W
s= stroke of shock= occlusal distance= 0.5mm= 0.0197 inch

These values were then substituted into equations 5.1 - 5.4 to establish the values to
find the effective weight.

£ 1 =0.2W.V

£2

2

(5.1)

= F.s

(5.2)

(5 .3)

W, =

'

E3

o.2v1

(5.4)

(Effective weight)

After substitution

We= 1931bs= 87kg
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As the effective weight is 87kg the shock absorber chosen was the ACE MA 150-MB
which has an effective weight range of between 0.9kg and 90kg. This shock absorber
also has a rod rest time of 0.4 of a second which meets the required criteria of being
fully returned in time for the next cycle as the average cycle time is 0.75 of a second .
The shock absorber also has an energy capacity of 17Nm which is well above the
6.5Nm of torque that the motor can apply. The weight of the shock absorber is also
extremely minimal as it only weighs 60 grams which reduces the inertia of the actuating
assembly allowing the motor to respond quickly.

The shock absorber was chosen to be mounted onto the slider of the six-bar linkage
due to the fact that it can easily be attached to it. This is because the outside of the
shock absorber is threaded and can screw into the slider block . This can be seen in
Figure 5-1 .

I

Shock
abs(,rbcr

Slider

Figure 5-1 The location of the shock absorber
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Some basic testing was done to evaluate the shock absorber and see how it functioned.
The spring constant and damping co-efficient were measured to get an idea of how the
shock absorber would affect the dynamics of the mechanism. These measurements
were performed on a TA2 texture analyser that allows for force , displacement, velocity
and time measurements when specifying a desired linear motion . To measure the
spring constant the machine was set to compress the shock absorber by applying a
constant force of 3N . The displacement was then measured when the 3N force could
not compress the shock absorber any more. The displacement recorded after a few
runs was recorded as 7.479mm. Using Hookes law shown in Equation 5.1 the spring
constant was determined to be 408Nm-1 .

F

= k. y

(5.1)

(Hookes law)

The result shows that the spring constant does not dramatically affect the force that is
applied during chewing . This is due to the fact that the maximum displacement of the
shock absorber is 17mm and at this maximum displacement a force of only 6.9N is
applied by the spring and can be considered negligible when applying forces in the
order of 150N. Therefore the damping co-efficient is going to have the greatest affect on
the forces that the mechanism can apply. The damping co-efficient was also measured
with the same machine but this time the machine was set to compress the shock
absorber at a constant velocity for a 13mm distance and measure the reaction forces .
Due to the fact that machine is designed for the testing of food properties it can not
move at great speed . The maximum speed used for testing the shock absorber was
1Omm/s which is well below the 55mm/s vertical occlusal velocity that the chewing
device can achieve (shown in Figure 5-2) . However the damping co-efficient could be
calculated at this speed as the damping co-efficient is proportional to the velocity.
Figure 5-3 shows the response of the shock absorber when compressed at different
velocities. This shows that the force applied increases quite quickly over the first couple
of millimetres and the changes so that the force only increases slightly over the rest of
the cycle. The latter is expected as the force applied from the damper is constant when
compressed at a constant speed and the increase in force is due to the reaction force of
the spring. The damping co-efficient was then found using the data in Figure 5-3 using
Equation 5.2.
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Vertical velocity of the actuator during occlusion at different crank velocities
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Figure 5-2 The vertical velocity of the actuator
Reaction force of the shock absober at different impact velocities
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Figure 5-3 The response of the shock absorber when compressed at different velocities
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= R.-dy
· +k. y
dt
.

F

(5.2)

Substituting:

F=30N
dy
dt

k

= 10111ml s

= 408Nm -

1

y =6mm

Giving:

R "" 2760Ns Im (damping co-efficient)
Therefore:

F

dv

= 2760· +408r
dt
.

(5 .3)

However this model only works for quite large displacements of the shock absorber so
that the force falls on the line of secondary section of Figure 5-3. The real system will
also have a mass of approximately 600 grams that is attached to the shock absorber to
hold the teeth. This mass will be moved when the shock absorber is compressed . The
equation for a mass-damper-spring system is also widely known and can be seen in
Equation 5.4.

2

F

d y
dv
= M.-,-·
+R.-·- +k.y
dr -

dt

(5.4)

·

This equation shows that the force component applied by the mass is equal to the mass
multiplied by the acceleration. The maximum acceleration during occlusion at the
maximum occlusal speed is approxili{"lately 1700mm/s2 as shown in Figure 5-4. This
means that the 0.6Kg mass accelerated at 1700mm/s2 applies 1.02N of force. This
implies that the damping co-efficient shoulQ_ have the greatest affect on the system. The
size of the food sample being chewed will also alf&L~e force that can be applied. This
is due to the fact that if the food sample is higher the shock absorber impacts at a
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higher velocity due to the nature of the six-bar linkage and therefore causes a higher
force. This however assumes that the food sample is an immoveable object. If it was
not an immovable object then the force is dependent on the properties of the food as to
whether the food will compress before the shock absorber. This has been previously
described .

Vertical acceleration of the actuator during occl usion at different c rank velocities
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Figure 5-4 The ve rtical acceleration of the actuator

The mass-damper-spring model shown in Equation 5.3 has been used to estimate the
force response of the shock absorber in the chewing device. Th is can be seen in Figure
5-5. It can be seen that the damper has the greatest affect on the system as the force
closely follows the velocity profile shown in Figure 5-2. This however is expected from
the values previously determined. Figure 5-5 shows that the initial force is high and
tapers off due to the fact that the velocity is decreasing. Therefore it would be a good
idea to investigate a shock absorber that has the highest force applied by the spring so
that the maximum force is applied at the maximum intercuspal position. However the
current shock absorber is adequate for the current stage of development.
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Estimated force that the chewing device can apply during occlusion at a 600 degrees/s crank
velocity
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Figure 5-5 The force response of the shock absorber

5.3 The chewing device enclosure
The chewing device enclosure is the housing that holds all the sub systems together.
The device was originally chosen to be of an inverted design. This was due to the fact
that the original idea of the retaining the food involved the use of a bowl with teeth
embedded in it to retain the food. This uses gravity to ensure that the food is guided
back on to the teeth by the profile of the bowl. The human masticatory system involves
moving the lower set of teeth while the top set of teeth remains fixed. But it is not
important what set of teeth moves as long as there is the correct relative motion.
Therefore the upper set of teeth was chosen to be actuated in the chewing device. This
meant that the lower teeth would have to be located in the bowl to allow the use of
gravity, hence the inverted design.

Due to the fact that chewing device needed to be inverted, the six-bar linkage needed
to be located above the teeth . This meant that the majority of the weight is to be located
near the top of the device. Therefore the enclosure needed to be designed so that it is
stable by having the overall height of the device as low as possible.
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As the dimensions of the six-bar linkage mechanism and the clearance allowed for the
teeth cannot be made smaller, means that only the position of the power supply and
control card can be chosen to effect the centre of gravity. The two main options for the
location of the power supply and control card were having them located on top or below
the device. They were chosen to be placed above the six-bar linkage mechanism due to
the fact that they weigh less than the six-bar linkage. This makes the device have a
lower centre of gravity than having them placed below the device.

The device also needed an adjustable table to allow the height adjustment of the teeth.
This is due to the fact that the height where the teeth occlude changes when the ground
link of the four-bar linkage is adjusted . This was chosen to be achieved by the use of a
screw thread device that moves a platform up and dovvn with the aid of linear bushes to
remove the rotational movement. Two lead screws were used to move the table up and
down. This allows the table to be supported in two positions making it more stable.
These lead screws are kept in time with each other by the use of a toothed belt and
matching pulleys . The belt is kept tensioned by the use of a third pulley. Linear bushes
were used in the four corners of the table that slide on shafts. This stops the table from
twisting when force is applied to the table . These shafts are also used as to position all
the parts in the correct orientation and height. The lead screws are driven via a handle
that when turned drives a set of bevel gears that connects both the lead screws and the
handle . The enclosure also has a case positioned on top to enclose the power supply
and motor control card. This can be seen in Figure 5-6.
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Figure 5-6 The enclosure of the chewing device

5.4 The teeth locking mechanisms
The mechanisms to hold the teeth in position were designed so that the operator could
easily remove the teeth for cleaning and gathering the food sample that has been
chewed . As the teeth can have different occlusal positions depending on the setting of
the ground link of the four-bar linkage, the teeth have to be positioned every time the
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settings are changed . This meant a way of quickly adjusting the occlusal position of the
teeth was required.

Only one set of teeth needed to be adjusted to match the other set. Therefore the teeth
that are attached to the six-bar linkage can have a fixed position while the bottom teeth
can have an adjustable position. The bottom teeth were made adjustable as there is
more space on the plate that the bottom teeth mount to. This means that the locking
mechanism can be incorporated into the system much more easily and excess weight
from the locking mechanism is not being added to the actuating assembly of the six-bar
linkage.

5.4.1

The lower teeth locking mechanism

The positioning and locking system of lower set of teeth is a simple system that allows
the operator to slide in the teeth into the locking mechanism, position them correctly
and then lock it in place . This is done by using the system shown in Figure 5-7.

T ~clh :·,tt.1ched
tc, tlus pbk

Bc tt <\1n
1

cla111pU1f( plate
Tabl~

ft..-----

Ch,.pmg l, H,

Figure 5-7 Exploded view of lower teeth locking mechanism

This shows that the plate that has the teeth attached to it slides into an enclosure. The
enclosure can then be locked in place by two clamping levers that tighten themselves
on bolts which in turn clamp the top enclosure and bottom plates together. This system
allows the lower teeth locking mechanism to be positioned in the entire operating range
by having slots milled in the table that it sits on. These slots accommodate the clamping
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bolts and allow them to move the desired amount. Once this enclosure is clamped into
place, the plate with the teeth on it can be slid into position . The teeth plate is held in
place by the flanges of the locking enclosure as well as a locating pin. This allows the
teeth to be removed and inserted easily without re-aligning the upper and lower teeth
every time a food sample is inserted.

5.4.2

The upper teeth locking mechanism

The positioning of the upper teeth set is less complicated than the lower teeth set. This
is due to the fact that the upper teeth set can have a fixed location. But the device that
holds the teeth has to be attached to the shock absorber. To make this device so that
there are no clearance issues it was designed to screw onto the shock absorber. While
the teeth have an enclosure that the teeth slide into which get locked in position by a
locating pin . The upper teeth locking mechanism can be seen in Figure 5-8 .
Shock
~b,,)1her

..\Jum111iu111

slee1·e

Teeth ;itt~ ched to the

bott om oftl 11s pl~te

Figure 5-8 The upper teeth locking mechanism

This shows that a brass bush screws onto the shock absorber which has an aluminium
sleeve that slides over the top of it. The rotational movement is removed by having slots
milled into the brass bush and holes in the aluminium sleeve that a couple of pins screw
through and slide in the slots in the bush . This also stops the sleeve from falling off the
bush. The sleeve has a flange at the bottom of it to use to bolt the teeth locking
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mechanism on to it. This is located by a hole that is milled in the teeth locking
mechanism that the sleeve slots into. The teeth locking mechanism is a simple billet of
aluminium that has a groove milled into it. This allows a stainless steel plate with the
teeth attached to it to slide into position. This plate and therefore the teeth are locked by
the use of a locating pin. The location of the six-bar linkage and the teeth locking
mechanisms can be seen in Figure 5-9.

I] iJ [I [I [I~ l 1] I] [I 11 I] I]~ l]l]
Si_-::-bar
linkage

Upper teeth
locking
meclwnism
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I

Lower teeth
locking
mechanism

Figure 5-9 The enclosure showing the location of the six-bar linkage and the teeth locking
mechanisms
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5.5 Teeth, food retention and repositioning
5.5.1

The teeth

In the human mastication system only the pre-molars and molars are used for
mastication , therefore these are the only teeth that need to be included in the chewing
device. Mastication also only occurs on one side of the mouth at a time, therefore only
one set of pre-molars and molars need to be included in the chewing device. As
anatomically correct teeth need to be used it was decided to use some from a dentistry
study model (Nissin dental model D85-TRM .300) . These teeth are made out of a hard
durable plastic but they will wear out faster than ceramic coated plastic teeth which are
used in dentistry. The straight plastic teeth were chosen due to the fact that this is a
prototype and can be replaced in the future if the chewing device is successful. The
study model used plastic moulds of the top and bottom of the mouth to locate the teeth
in the correct positions. However there were doubts about whether the plastic moulds
were strong enough to handle the 150N maximum chewing forces that the chewing
device can apply. Therefore these moulds were reconstructed out of epoxy resin. This
was done by taking a mould of the upper and lower mouth of the study model out of
plaster and using it to make the epoxy resin moulds. The plaster moulds were originally
taken as a one piece mould where the study models upper and lower mouths moulds
were submerged in plaster. However the plaster moulds could not be removed from the
study model with out destroying the part of the moulds that corresponded to the locating
holes for the teeth . Therefore the plaster mould was taken as a two piece mould. This
involved taking plaster moulds of the locating holes for the teeth and ensuring that they
could be remove intact. They were then placed back into the teeth locating holes and
submerged in plaster to mould the mouth. The plaster moulds for the upper and lower
jaws can be seen in Figure 5-10. This plaster mould was then submerged in epoxy
resin to create the resin mould of the upper and lower mouth sections. The teeth were
then inserted into place and glued in. The final resin mould of the upper jaw with the
teeth in place can be seen in Figure 5-11 .
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Figure 5-10 The plaster moulds of the upper and lower jaws

Figure 5-11 The final resin mould of the upper jaw with the teeth in place

5.5.2

The food retention system

The system to retain the food sample and keep it located on the teeth is a rather simple
design . It uses silicon flaps around the lower set of teeth to retain the food as shown in
Figure 5-12. This simulates the retention function of the tongue and cheek. The silicon
material used is food safe so that it does not affect the food sample. Although this
system retains the food sample with only a minimal amount of particles falling out of the
enclosure, a lot of the food sample gets stuck on the top set of teeth.
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Figure 5-12 The food retention system

5.5.3

The food repositioning system

In the human masticatory system the tongue and cheek keep the food retained in the
mouth and positioned on the teeth. They also reposition the food particles between the
occlusal phases of each chewing cycle so that the larger particles get broken up by the
pre-molars and the smaller particles get ground down by the molars. This repositioning
function that the tongue performs is very complex and difficult to simulate by the use of
an automated system. Therefore the repositioning function was chosen to be performed
by the human operator for the time being . This will be done by running the device for a
set amount of cycles with the food sample on the pre-molars , stopping it and positioning
the food on the molars and then running it again . This repositioning function that the
tongue and cheek perform however is very important in the human mastication system .
This is due to the fact that it places the food particles on the correct teeth at the
beginning of every chewing cycle which ensures that every particle is sufficiently broken
down . This will not be achievable by the human operator and therefore can be the focus
of future work.

5.6 Construction
All of the mechanical design for the chewing device and all of its components had now
been developed and can be seen in Figure 5-13 to Figure 5-17. Technical drawings (as
seen in appendix B) of all of the supporting designs and there component were then
made and given to the Massey University Institute of Technology and Engineering
workshop . The workshop constructed the components to specification and assembled
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the chewing device which can be seen in Figure 5-18. The chewing device was now
ready to be controlled.

--~----~--- __ .,..

Figure 5-13 The chewing device enclosure
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Figure 5-14 The six-bar linkage

Figure 5-15 The upper teeth locking mechanism

Figure 5-16 The lower teeth locking mechanism
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Figure 5-17 The final assembled Solid Works model of the chewing device
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Figure 5-18 The constructed chewing device
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5.7 Conclusions
The six-bar linkage was extended to include anatomical teeth, easy teeth attachment
mechanisms and made adjustable. The assembly incorporated a simple food retention
mechanism which allowed practical food chewing simulations to be performed. The
food repositioning capability of the tongue and cheeks were not included because of the
complexity that would be required for such a system. Instead it is intended that manual
repositioning would be performed by the operator regularly though the chewing cycle.

The design of the enclosure that houses the mechanical sub systems could have in fact
been constructed so that the six-bar linkage was located on the bottom. This would
mean that the lower set of teeth would be actuated. This is due to the fact that the food
particles do not move around as much as thought. Therefore the food retention
mechanism would have to be attached to the actuated set of teeth. However the
inverted design does have the help of gravity to applied higher forces more easily.

The teeth used for the chewing device are anatomically correct but they are not as hard
as teeth. Therefore this may cause them to wear out quickly. They are also not
positioned exactly in relation to each other. This is due to the fact that the mould made
to hold the individual teeth was taken from a study model that's complex shape could
not be easily replicated . However the teeth do occlude well enough fo r effective
ch ewing.

The mechanisms used to locate and lock the teeth into position work very well. They
allow the teeth to be lined up and the lower enclosure to be locked into position. The
teeth can then be removed by removing the locating pins and sliding the teeth out. This
allows for the teeth to be removed and inserted without needing to set up the teeth so
that they occlude correctly every time .

The shock absorber used can provide forces that are approximately the same as in the
human mastication system. However as the shock absorber used has a large damping
co-efficient, the maximum force that is applied occurs upon impact as the shock
absorber is moving at a greater velocity at this point compared to any other point during
occlusion . Therefore it would be a good idea to have a shock absorber that is based on
the spring , so that the force depends on the compression of the shock rather than the
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velocity. This would then applied the maximum force at the maximum intercuspal
position rather than at impact.

The food retention system ensures that the food is positioned on the teeth while
chewing . But it makes the teeth difficult to clean as the retention system can not be
easily removed. It also makes it difficult to set the lower teeth so that they occlude with
the upper teeth correctly. This is due to the fact that the teeth can not be easily seen as
they are covered by the silicon flaps of the food retention system . This all means that it
would be a good idea to revise the food retention system so that it can easily be
removed to allow for the positioning of the lower teeth and also the cleaning of the
teeth .

There is currently no automated solution to reposition the food particles onto the correct
teeth. This will have to be done by the operator by moving the food particles onto the
correct teeth . This does however rely on the operator's judgment and therefore may
cause different results from sample to sample . It also means that the chewing device is
not as efficient as the human masticatory system , as the food particles are not placed
on the correct teeth at the beginning of every cycle. This could be the focus of future
work.
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6 Control
6.1

Introduction

Because the chewing cycle time and occlusal time vary between people and foods
being chewed , the motor in the device required control. This control was implemented
in National Instruments 'Labview' programming language to allow flexibility in
subsequent prototypes.

Labview is a programming language developed by National Instruments and like any
programming language it has advantages in certain aspects and disadvantage in
others. Labview is a high level graphical programming language rather than a text
based one . This means that the programmes written in Labview tend not to run as fast
as programs written in a lower level language. However it has the advantage of being
easy to programme with as the code can be debugged by looking at icons and pictures
rather than having to read through text . For the application of controlling the chewing
device Labview is suitable as it will only be used as a supervisory controller as the
control of the motor will have to be done by a dedicated controller in the form of a
micro-controller or suitable control card . This is due to the fact that Windows is not a
real-time operating system. This means that if the motor control was done directly from
the computer, the motor may not do what it is expected to . This is because Windows
may go and perform another action while the motor needs to be controlled .

6.2 Computer/motor interface
6.2.1

The control card

A dedicated control card was chosen rather than the other options as it is an 'off the
shelf' solution. This meant that it would be reliable and it also saved time by not having
to write software for it.

As the device was to be controlled from a Labview program it made sense to choose a
control card that could easily interfaced with Labview. Originally a Gali! motion control
system was to be used as there was access to one to develop the system. This also
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can be interfaced with Labview simply. After investigating a few different options it was
decided to select a Maxon control card which was more cost effective for a standalone
device being developed. The Maxon DES 50/5 control card was a perfect choice for the
chewing device because it was designed to control the Maxon EC 32 motor the
chewing deviceutilises. This also comes with Labview programming examples and is
inexpensive compared to other similar systems.

The DES 50/5 control card instructions stated that the card requires an encoder with a
line driver to run . Therefore an encoder was to be purchased. After searching many
different suppliers it was found that the encoder that is recommended for the motor was
either available with the mounting plate and no line driver, or with the line driver and no
mounting plate. So an encoder with a mounting plate and no line driver was ordered as
well as a line driver chip to construct a line driver circuit. Before the line driver circuit
was constructed the encoder was mounted onto the motor and tested without the line
driver circuit. The idea behind this was that line drivers are used to eliminate noise
when transmitting signals over large distances, and as we are only transmitting over a
short distance it may not be required. Line drivers work by sending the desired signal as
well as the inverse of this signal and are then decoded at the final destination to check if
there is any error. In this case there are three channels coming off the encoder so these
three signal lines were wired into the control card. Then the card was then plugged into
the computer and the control program that the control card came with was started up. It
was found that the motor did not move. This means that the control card expects the
signals from the encoder as well as the inverted signals. Therefore a line driver was
required . This however was pretty much expected and is why a line driver chip was
ordered the same time as the encoder.

6.2.2

The line driver circuit

The line driver circuit was based around the DS26LS31 CM surface mount line driver
chip . This is the line driver chip that the control card is expecting to get a signal from , so
there are no compatibility issues. The only other addition to this chip is a decoupling
capacitor to provide a more smooth power supply and some connectors. This can be
seen in Figure 6-1.
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Figure 6-1 The line driver circuit showing the line driver chip in the centre and the connectors on
either side.

The circuit board was designed to be as small as the Massey University facilities would
allow. This was to make the circuit board fit inside the encoder housing where it would
normally be positioned if the encoder included a line driver. The circuit board layout can
be seen in Figure 6-2.
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Figure 6-2 The circuit board design (Board dimensions 22xl5mm)

6.2.3

Computer 1/0

The communication between the control card and the computer based software was
done via a RS-232 serial interface. Therefore the computer based software had to be
made to access the appropriate transmit and receive registers. This proved to be a very
simple task as there was an example program written in Labview provided with the
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control card that was used as a template for the final software package. This example
program had all the communications programming done including initialisation and error
handling. This meant that only the code for the operation of the control card had to be
changed to include all the necessary functions for the chewing device.

6.3 The software functions
For the chewing device to function in a way that the human operation would be satisfied
with , it was important to try to include all the functions that would be necessary for
simple operation . The functions that were included in the chewing device are as follows :

•

Set to lower position - this function sets the chewing device to the occlusal

position so that the teeth can be aligned when setting up the device.
•

Set to top position - this function sets the chewing device to the position

where the teeth are maximum distance apart so that a food sample can be
placed in it. This can be thought of as the mouth being open .
•

Start chewing - this will be used to make the device chew by making the

device follow a velocity profile that matches that of a human chewing velocity
profile. The number of chews will also be able to be set for repeatability.
•

Single cycle - this function will be used as a quick select 'one chew' button and

will only perform one chewing cycle .
Low speed manual control - the user will be able to use this control to make

•

the chewing device move at a slow speed to check the occlusion once the teeth
have first been set up.
Master stop - this will be used as a safety feature that allows the user to stop it

•

at any time during any function .

The software functions can be seen on the graphical user interface shown in Figure
6-3.
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Figure 6-3 The software functions on the GUI

6.3.1

Set to lower position

To be able to set the chewing device to the lower position where the teeth occlude , a
reference point on the crank that corresponds to the lower position needs to be known.
It was originally thought that the position could be determined by the encoder on the
motor. This idea would have involved counting the pulses of the encode r to do this.
However there would have to be a known start position. But the pulses that the encoder
provides to control card to determine the speed were not able to be accessed from the
control card . Only the speed of the motor in RPM could be measured, therefore the
positioning of the motor had to be done another way. As only the lower and top
positions need to be detected, this was done by using Hall Effect sensors and a small
magn et mounted on one of the gears. This system is a very robust way of detecting the
two required positions compared to counting the encoder pulses and also much more
simple. The pulses that the Hall Effect sensors provide are easily detected due to the
fact that the gear that the magnet is mounted on is only turning relatively slow at a
maximum speed of 100 rpm . This corresponds to one pulse every 0.6 of a second on
each sensor.

The Hall Effect sensors then had to be mounted somehow. The simplest way of doing
this was to make a circuit board in the shape of a ring that includes all the supporting
circuitry that can have the gear positioned inside of it. To keep the design as small as
possible surface mount resistors and capacitors were used. The circuit consisted of two
Hall Effect sensors with a resistor connecting the output of the sensor to the five Volt
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VCC rail, a couple of decoupling capacitors and a couple of connectors for the power
and signals. The resistors are required in these locations due to the fact that Hall Effect
sensors being used are of the open collector design. The circuit design can be seen in
Figure 6-4.
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Figure 6-4 The Hall Effect sens ing circuit

The circuit board was chosen to be a dual layer board to make it tidy as there are no
jumper wires. The design of the circuit board can be seen below where the blue inside
circle is a copper track that is connected to ground and the outside one is connected to
+5 Volts. The red lines are tracks for the output signals of the sensors which are on the
top layer of the board as seen in Figure 6-5 .
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Figure 6-5 The Hall Effect circuit board

The output from this sensing board provides a +5 Volt output when the magnet on the
gear is not positioned at the sensor locations and a O Volt output on one of the output
lines when the magnet is positioned over the corresponding sensor. This information
then has to be passed on to the control program on the computer. Since the RS-232
serial interface is already been used by the control card , the next most obvious port to
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use is the parallel port. This then meant that a Labview program had to be developed to
read the position information provided by the Hall Effect sensing board. An example
program of how to do this was found in the Labview example directory. This code was
examined and modified to better suit what was required. An example of how this was
done in the software can be seen in Figure 6-6.

Rend stntu s re~1, ter

Decode

F ilter

I

Figure 6-6 Example of accessing the parallel port in Labview

The first part of this code initialises the parallel port by writing 'O' into the status register
which has the address 889 in decimal. The status register is then read and decoded so
that the input corresponds with the pin numbering on the 1/0 connector. This is
necessary as the data stored in memory is arranged differently to how it is entered
through the 1/0 connector. The data is then filtered to look at the specified pin that the
Hall Effect sensor is plugged into. In this case the pin that the sensor is plugged into
corresponds to number five . The status of the Hall Effect sensor is then inverted due to
the fact that O Volts corresponds with the sensor being turned on which makes it easier
to think about. There is also an error detector so that the program can be stopped if an
error occurs. The signal from the Hall Effect sensor can now be detected in software
and can be used to turn things on and off for example.

Once the system was fully operational the Hall Effect sensing board was fixed in place
and the magnet was positioned so that it is located over a sensor when the chewing
device is in the lowest occlusal position. The system could then rotate until a signal
from the 'lower-position' Hall Effect sensor is detected and then stop.
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6.3.2

Set to top position

The 'set to top position' function was written at the same time as the 'set to lower
position' function. The only difference is in the software when in the filtering phase. The
software in this case looks at the sensor correspond ing to the top position which is
plugged into a different pin on the parallel port 1/0 connector. Therefore the device
stops when it is at the 'top' position.

6.3.3

Start chewing

The 'start chewing' fun ction was the most complicated of the functi ons that had to be
developed. It involved making the chewing device perform the number of chewing
cycles specified by the use r and follow a velocity profile. The velocity profile that the
chewing device must follow did not need to be exactly the same as that of a human in
all cases. It on ly needed to perform occlusion the same as a human and get back to the
occl usal position in the same time as what a human does. This is due to the fact that
the four-bar linkage system is designed to closely match the occlusion of a human. It
does not matter what trajectory it has in the opening and closing phases as no chewing
occurs here.

The operation of the 'start chewing' function works by firstly moving the actuator at the
occlusal velocity until it reaches the 'lower position' which is in the middle point of
occlusion. It then moves for a specified amount of time to reach the position where
occlusion ends as seen in Figure 6-7 A. The chewing device then speeds up from
occlusal velocity to a maximum velocity and back down to occlusal velocity in a
specified time as seen in Figure 6-7 B. This allows the correct angle of the motor to be
turned to return it to the sta rt position. Therefore the chewing devices actuator returns
back to the position where occlusion first occurs in the correct amount of time. This
process is repeated tor the number of times that the user specifies. The chewing
devices actuator then returns to the 'top position' so the food sample can be removed
as seen in Figure 6-7 C.
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Figure 6-7 The general velocity profil e of the chewing device

The velocity profile was calculated using a cubic trajectory planning technique (Craig,
1989). This requires the start angle , finish angle , start velocity, finish velocity and time
taken to be known . For these values to be determined first of all the occlusion point had
to be specified on the trajectory plots that where generated by the SolidWorks model
that has been shown throughout chapters 4 and 5 _ This was done by defining the
occlusal phase as being 0.5mm from the maximum intercuspal position as stated by
Ogawa (2001) and can be seen in Figure 6-8. Where the maximum intercuspal position
is the position in the middle of the occlusal phase where the 'lower position' is located.
From here it can be seen that there are eight points plotted on the graph in the occlusal
phase . As each point corresponds to the crank shaft rotating 4.5 degrees the occlusal
phase is represented by a 36 degree turn of the crankshaft. The time to complete this
occlusal phase is taken at 0.12s as specified by Ogawa (2001 ). Now that an angle and
a time are specified the occlusal velocity can be calculated .

36 degrees in 0.12 of a second

= 360 degrees every 1 .2 seconds

= 0.83 revolutions per second
= 50rpm of the crank

Occlusal velocity

= 2100rpm (1 :42 gear ratio)
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Figure 6-8 The occlusal phase definition

The start angle for the trajectory planning cubic was set at 18 degrees. This is because
we want the motor to speed up when the occlusion phase ends, which in this case is 18
degrees from the maximum intercuspal position. The final angle is set at the point
where occlusion begins again which in this case is 342 degrees. However these angles
are measured from the crank shaft and have to be converted to angles relative to the
motor. This is due to the fact that the motor is what is being controlled . As there is a
1 :42 gear reduction between the motor and the crank the start angle is 756 degrees
and the final angle is 14364 degrees. The time taken to get between these points is
0.65 of a second as stated by Ogawa (2001) which is the opening and closing times of
the mouth combined. As the angles are measured in degrees and the times are
measured in seconds the occlusal velocity has to be converted from a revolutions per
minute value to a degrees per second value. Therefore the occlusal velocity is 12600
degrees per second . These values can then be substituted into the cubic trajectory
planning formulas below taken from Craig (1989) .

a0 = start angle

(6.1)

a 1 = start velocity

(6.2)

1
a 2 = ~ (fin al an gle - start angle )- ~ start velocity- -.- - final velocity
time
time
time

(6.3)

- 110 -

Co ntro l

a3

= - ~ (final angle time·

1
start angle )+-.- - 1 (fin al velocity + start ve locity )
time -

(6.4)

This gives the results

a0

= 756

a1

= 12600

a2

= 3847 1

a3

= -39457

These are then substituted into the following (taken from Craig , 1989):
2

displacement(!)= a0 +a 1t +a/ +a/ 3

(6 .5)

velocity(!)= a 1 + 2a/ + 3a/'-

(6 .6)

acceleration(t)

= 2a,- +6cu·'

(6 .7)

Giving:

disp/acement(t)

= 756 + 12600! + 3847 Ir 2 -39457! 3

(6.8)

velocitv(t ) = 12600+ 76942r - 1 l 837 lr 2

(6 .9)

accelerat ion(!)= 76942-236742!

(6 .10)

These equations can then be plotted over the range of O to 0.65 second to produce the
following plots seen in Figure 6-9, Figure 6-10 and Figure 6-11 .
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Figure 6-9 The trajectory profile

This plot of the trajectory profile shows that the motor moves from 756 degrees to
14364 degrees in 0.65 of a second which is what is required.
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Figure 6-10 The velocity profile

This plot of the velocity profile shows that the velocity is sped up and then back down in
a symmetric fashion. It shows that the velocity starts at the desired 12600 degrees per
second and also ends at this velocity. The maximum velocity can be seen to be at
0.325 of a second into the velocity profile. This corresponds to a maximum velocity of
- 112 -

Control
25103 degrees per second which equals 41 84 rpm of the motor. This is below the
maxi mum speed of the motor which is 8000 rpm through the gear box. After th is the
motor is driven at the occlusal speed for 0.12 of a second which then make the cycle
time 0. 77 seconds.
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Figure 6- 11 T he acceleratio n profile

The graph shows that there is a maximum acceleration of 80000 degrees per second
squared. This corresponds to an acceleration of 190 degrees per second squared at the
crank which is below the maximum acceleration that can be achieved.

These plots show that the chewing device can achieve the desired motion. Therefore
the velocity profile can be included into the software.

The operator of the chewing device may wish to chew foods differently. Therefore the
device has to allow different velocity profil es. Therefore controls were added to allow
the user to c hange the velocity profile by changing the parameters for the velocity
profile equation. These control parameters include:

•

Occlusal time - This specifi es the time that the occlusal phase is to take.

•

Opening/closing time - This specifies th e time that it takes to return to the start

of the occlusal phase.
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•

Occlusal angle - This specifies the point where the user wants the occlusion to

begin and also the duration of occlusion. This is done by taking the value that
the user enters and placing the point where occlusion begins at being half this
value before the maximum intercuspal position. The point where occlusion
finishes is half the value that the user enters after the maximum intercuspal
position. This can be seen in Figure 6-12.

Occlusal angle

Occlusion start
pomt

-,

Figure 6-12 The occlusal angle

These controls are then linked to the velocity profile equation in the software. This is
done by using the 'occlusal time', 'open ing/closing time' and 'occlusal angle' inputs to
configure the a 1,

82

and

83

parameters of the velocity profile equation. This can be seen

in the following equations:

Start velocity

. _ 42 * occlu sal angle
00 -

(6.11)

occlusal time
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Final velocity
·

0!

·

=00 =

42 * occlusal an° le

(6.12)

0

occ lusal time

Start angle

00

=2 1* occlusal angle

(6.13)

Final angle

01 = 15120- 2 1* occlusal angle

(6.14)

These function are then substituted into the 8 1, a2 and 8 3 parameters

(6 .15)

3
(er - 00) - - --2-- - 00--- -1 - - 01
a, =
- open/close Limeopen/c lose Lime
open/close ti me
0

a, = -

2

. 1 ( 0 r - 0o) +
l .
0 1 + 00 )
open/close time· ·
open/c lose lime 0

(

(6.16)

(6.17)

Then theses parameters are then substituted into the velocity profile equation taken
from Craig (1989).

ve!ocity(t) = a 1 + 2a/+3a/ 2

(6.18)

This equation then has time valu es substituted into it every 0.01 of a second. T he
resulting velocity val ue is then sent to the control card to speed the motor either up or
down. The velocity control menu used in the software can be seen in Figure 6-13.
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6.3.4

Single cycle

The 'single cycle' function is to perform only one chewing cycle. This makes use of the
Hall Effect sensors that let the software know when one chewing cycle has been
completed . As occlusion only occurs once per chewing cycle the device can be run at
the occlusal velocity for the whole cycle without needing to follow a specified velocity
profile. This ensures that the occlusion of the teeth is at the correct velocity to better
simulate the human chewing behaviour, it is also less complicated as it does not have
to dynamically change the chewing velocity. The initial acceleration of the motor is
taken care of by the control card so only the occlusal velocity has to be specified in this
case. The final deceleration of the motor is also taken care of by the control card by
putting the motor into a 'brake state' when the software tells it to stop. The basic code
for this function can be seen in Figure 6-14.
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Figure 6-14 The 'single cycle' Labview code

The 'single cycle' function works by detecting when the 'single cycle' button has been
pushed by the user. When it is pushed it firstly determ ines what speed the user wants
the occlusion at by checking the 'occlusal time' and 'occlusal angle' parameters that can
be specified in the velocity control menu and calculates the occlusal speed. This is then
sent to the control card. Th e status of the Hall Effect sensors is then polled to check the
location of the actuator of the chewing device . When the actuator has gone past the
'lower position' sensor it will then stop when it next reaches the 'top position'. There is
also a function that detects whether there is active commu nication between the
software and the control card and displays the message 'Communication Failed! ' when
there is not.

6.3.5

Low speed manual control

This function allows the user to manually control the chewing device at low speeds.
This function does not use the Hall Effect sensors at all as it is not automated.
Therefore the code for this function is very basic and can be seen in Figure 6-15.
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Figure 6-15 The 'low speed manual control' function

The 'low speed manual control' function is activated when its button is pushed. It then
passes the velocity value of 500 rpm to the control card. This corresponds to the
chewing device performing one chew every five seconds. The function can be stopped
by the user by pressing the 'low speed manual control' button again. Once again the
status

of the communications

is also monitored and displays the

message

'Communication Failed! ' when there is no communication between the software and the
control card.

6.3.6

Master stop

The master stop function stops the chewing device no matter what function it is
currently performing. It does this by being linked to the stop condition of each function.
If the 'master stop' button is pressed it stops the function that it is currently in and enters
the 'master stop' function where the velocity of the motor is set to zero. This can be
seen in Figure 6-16.
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6.4 Conclusions
The control of the system functions well and provides the user all the necessary
functions to run the chewing device. This is achieved by all the control sub systems
doing there job correctly.

The control of the motor allows the desired velocity profiles for chewing to be achieved.
Th erefore the chewing device will better simulate the mastication system of a human.
However as the computer as continuously sends velocities to the control card there is
still the possibility for the computer to stop sending the velocity com mands. This means
that a velocity step may be missed and cause the control card to output the previous
velocity for a longer period of time. Therefore the velocity profile may not be as exact as
it could be. This however is not noticeable from simple testing of timing it over a large
number of cycles and comparing the cycle time to the desired cycle time .

The functions included to run the chewing device are simple and straightforward to use.
They include all the operations that were thought could be useful to the operator. The
operator also has access to some advanced functions to change the velocity profiles of
the chewing device if it is required.

The Hall Effect sensors used to detect when the teeth are at the occlusal position and
the open position work well. They perform the task accurately and consistently. They
are interfaced to the Labview program through the parallel port. This port can be used
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to provide many digital inputs. Therefore additional sensors can be added at a later
stage if required .

The line driver circuit made to interface the encoder and therefore the motor to the
control card is small enough to be concealed in the encoder housing. This circuit allows
the control card to control the motor and does not work without it as it requires a line
driven signal. The encoder itself helps the control card to precisely control the motor as
it has a 500 pulse per revolution resolution.
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7 Conclusions and future work
The chewing device appears to function correctly to the eye. This is due to the fact that
it chews food that is inserted between the teeth by following approximate chewing
trajectories of a human. However it is not known if the masticated food sample matches
the particle size distribution of a food bolus produced by a human. This testing will be
carried out in the future by food technologists to more thoroughly evaluate the chewing
device. Then it can be determined if the project will be suitable for standardising food
testing that involves food samples being chewed.

The prototype so far can perform chewing trajectories during occlusion in the frontal
and sagittal planes that closely match what a human does. The six-bar linkage that
generates the chewing trajectories has a weakness in the fact that it generates some
play in the mechanism that is attached to the slider. This is due to the fact that the linear
bushes used for linear guidance all have a little bit of play. The play from these four
linear bushes adds up and causes the noticeable play at the actuated teeth. This
movement in fact helps the teeth occlude very well. This is due to the fact that this
movement allows for some compliance so that if the entry and exit angles do not allow
for proper occlusion the actuated teeth get guided by the fixed teeth so that proper
occlusion is achieved. However this could be contributing to the fact that the chewing
device can not chew foods with elastic properties very well. This was noted when a
licorice sample was inserted into the device and the teeth only compressed the licorice
rather than reducing the particle size. As the actuating teeth have a small movement in
them , they can only work by using their cusps to fracture the food and can not work as
blades very well. This can be thought of as a pair of scissors where they do not cut
when there is a gap between the two blades. This movement can possibly be removed
by changing the linear bushes to linear bearings. The linear bearings use ball bearings
to press onto the shafts and rotate to achieve their linear motion. This means that they
can be made to have less play.

The method used in the driveline to attach the spur gears to the drive shafts is also a
weak point. Currently grub screws are used to press against flat section milled on the
shafts. While this method works at the moment it would be a good idea to change this
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to a system that uses key ways. This would be far more robust and would definitely
withstand constant use.

The overall mechanical design turned out to be far more complex than originally
thought. This is due to the fact that two four-bar linkages were made to make the design
balanced and also stronger. This meant that the two four-bar linkages had to be kept in
time with each other so that they were not counter productive. This as well as the
supporting components all had to be manufactured with the exception of gears,
bearings , levers etc. If the project was repeated I would suggest that the two-axis
robotic system described in chapter 3 be used. This would involve fewer components
needing to be constructed and wou ld also allow any two-dimensional trajectory to be
achieved within the robots workspace. This robot could then have a third actuator
added to it to control the trajectories in the sagittal plane. The chewing device could
then be fully controlled by software which as well as being elegant also allows for
modifications in the future to be made in software and not by constructing any
mechanical parts.

Although the teeth are anatomically correct they are not perfectly aligned. This is due to
the fact that a mould was made out of epoxy resin rather than using the plastic study
model to hold the teeth. The mould was made based on the study model to try and get
the correct alignment of the teeth whi le having a strong supporting structure. T his was
made by making a mould of the study model out of plaster of paris and then using this
to make the resin mould. The miss alignment problem came about due to the fact that
the plaster of paris mould needed to be constructed in two parts. This was required as
the plaster mould could not be made in one part due to the fact that the teeth cavities
are very small and break off when trying to remove the mould. Therefore the cavities for
the teeth were moulded first using a rod that goes into the cavity so that the cavity
moulds can be removed from cavities. A mould in the shape of the gum was then made
that positions the moulds of the teeth cavities by locating them by the rods. This two
part moulding technique lead to a sight error in the alignment of the teeth . Although the
teeth seem to occlude fairly well there is a difference of the alignment of the teeth when
compared to the study model. This could influence the particle size distribution of the
food sample that is chewed.
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The teeth used in the chewing device are made out of plastic. Although it is a very hard
plastic it is not a very good material to simulate human teeth . It would be a good idea to
use teeth that are as close to the real thing as possible. Therefore the teeth used
should be made out of substance that is used to create false teeth for humans. Some
materials that are used for this include ceramics, and gold. These materials are used to
cove r the working surface of the teeth and therefore the plastic teeth that are currently
used on the chewing device could be coated in one of these substances by a dental
technician.

The control of the chewing device is cu rrently done by sending a velocity for the motor
to turn at from the computer to the control card. This system would be acceptable if the
motor speed did not have to change very often. However the chewing device sends
velocity commands to the control card very rapidly to achieve its desired velocity profile.
While this works it is not a very good way of achieving the correct motion. This is due to
the fact that there could be a delay in the sending of the command to the control card. If
this was to occur th e motor would turn at th e previous speed sent to the control card
therefore providing an incorrect velocity profile. No extensive testing has currently been
done to determine if th is is in fact occurring as the testing so far only involved timing the
time taken to perform fifty cycles to compared the desired cycle time and the achieved
cycle time. This testing showed that the chewing devices ach ieved cycle times were
very close to that of the desired cycle times. A solution to this problem wou ld be to
develop a controller specifically for th e chewing device. This would involve developing a
micro-processor based circuit that wou ld down load the velocity profile required from
the computer before the chewing device starts chewing. This would mean that there
would be no interruptions or delays that are possible when transmitting data between
two devices. This would also mea n that the chewing device would also be stand-alone
and would be able to operate without the computer needing to be turned on. However
at this stage it is not necessary to include such a system as the human masticatory
system does not perform chewing cycles that have the same period all the time.
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Setting up the machine
Turn on the machine
I. Plug in the communi cati ons cable to the machine. The port i s located at the top
of the device near the power supply.
2. Plug the oth er end of the communications cable into the computers RS-232 serial
port and parallel printer port.
3. Plug the power cabl e into the machine and then into the mains power suppl y.
Turn the power on at the wall.
4. Switch on the power on the machine. The fan shou ld start. If it doesn't check all
power connections.

Start up the software
I . Open the chewing device software on the computer.

Check for interfere nee
I. Lower the teeth table height by winding the lower handl e to ensure that nothing
is interferin g with the actuating set of teeth .
2. Make sure that the clampin g handl es and anything else is not going to inte1fere
with the actuatin g set of teeth.

Set up the chewing trajectories
I. Wind the upper handl e to the desired position by pulling out the lockin g pin and
turning. (clockwise for a lateral chewi ng motion and anti-clockwise for a verti cal
chewing motion in the frontal plane)
2. Adjust the incident angle in the side plane by loosening the nut locate opposite
the top handle, moving into position and ti ghtenin g again.

Set up the occlusal position of the teeth
I. Insert the top set of teeth by sliding them into the enclosure on the actuating part
of the mechani sm. Lock with the locating pin
2. In sert the l ower set of teeth into the enclosure located on the teeth table. L ock
them in with the locating pin.
3. Click on the 'set to lower position button' on the chewing device software. The
top teeth shou ld now move to their lowest position. If it doesn't close the
software and check the power and communications cables and start again.
4. Position the teeth so that they occlude (mesh) properly by raising the teeth table
and sliding the bottom teeth enclosure into position.
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5. Lock the botto m teeth into position by pressing down o n the c lamping lever that
yo u have access to and turn it c lockwi se so it is li ghtl y locked into positi on.
C lic k on the 'set to upper positi on' butto n in the software to move the teeth out
o f the way. Do up the other clamping lever a nd then tighte n the first one and
position the m out of the way so they don't inte1fere with the actuating teeth.
6. C heck to see if the teeth haven' t moved by cl icking the 'set to lower positi o n'
button in software to see if the teeth still occlude properly. If they have moved
start again .
7. C li ck the 'set to upper position' button in the software to open the mouth.
NOTE: The teeth MUST be reset every time the c hewing trajectory setti ngs are
changed.

Running the chewing device
I . Ensure that the c hewi ng device has been set up correctIy.

2.
3.
4.
5.

ln sert a food sample onto the pre-molars (front teeth).
Inject the correct amount of artificial sali va.
Use the software commands to run the device.
Move the food sampl e on to the mo lars and run again.

Collecting the food sample
I.
2.
3.
4.

Remove the locking pi ns from the upper and lower teeth.
Sli de out the upper and lower sets of teeth.
Col lect the food sampl e by scrapi ng the food off of the teeth.
C lean the teeth ready for the next food sample.

The basic software commands
Motion Controls

J velocity Controls

I

status

start/Stop ch8wino

I

StMt

Q Hulsensorfound

Master Stop

Low speed marual control

0 Rotor position found
0

I

Single cycle

start

J

[:]

Enabled by softw<re

I Set to lower pos,bon

J

Set to top poslion

s~

Port

COM!

Set to top position:

thi s command opens the mo uth
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Set to lower position:

this command closes the mouth for setting up the teeth.

Single cycle:

this command performs one chewing cycle.

Low speed manual control:

slowly moves the teeth. Click the button to start it, click
again to stop it.

Start chewing:

this command starts the device chewing for the number of
cycles specified in the ' number of cycles ' box.

Master stop:

this command stops the chewing device no matter what it
is doing. This must be reset to enable the commands to
work again. This is done by clicking on the button again.

The advanced software functions
Motion Controls

¥eloc~y Controls

Ocdussal time

~

J

Opening/Closing time
,
-

:·; 0.65

'~ n g l e
~)'36

Occl us al time:

This specifies the amount of time for the occlusal phase of
the chewing cycle. The occlusal phase is where the teeth
come together and move over each other.

Opening/Closing time:

This specifies the amount of time that it takes to get from
the end of the occlusal phase back to the start of the
occl usal phase.

Occlusal angle:

This is the angle that the crank turns that corresponds to
the occlusal phase. The occlusal phase can then be set
according to a vertical distance from the maximum
intercuspal position. This can be done by using the figure
below to determine the occlusal angle that corresponds to
the vertical occlusal distance. The standard setting is 36
degrees and corresponds to approximately 0.5mm of
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occlusion. This can be adjusted by specifying an occlusal
distance and counting the number of points that are
between this point and the maximum intercuspal position.
Then multiply this number by 8 to get the occlusal angle.

l\faxinrnm intercnspal position

25

.,.:....----=-ai---------------1 ;~0.5nun

I

I

" ·-.
'\

J

20

\

\\

15

\
10

\

1

\

'\

I
\

~/ I

5

.?

\_/
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Setting the chewing trajectories
The chewing trajectories can be adjusted to chew different foods by wi nding the upper
handle (clockwise for a lateral c hewing motion and anti-clockwise for a vertical chewi ng
moti on in th e frontal p lane). The best positio n to set the handle is la rgely unknown but a
general rule of thumb applies and is explai ned below.

The trajectori es used to chew different food particles diffe r depending on both the shape
and the tex ture of the food parti c les. T hi s is due to the fact that the teeth operate
differently de pe nding o n the chewing trajectory. If a vertical chewing motio n is u sed , the
teeth use the ir cusps to frac ture the food pa rti cles. Where as if a more lateral chewin g
moti on is used , the teeth use their sharp ed ges to function as blades and c ut up th e food
particles (Lucas 2004c). The chewing trajectory used is the refore adjusted to e nsure that
the teeth are used correctl y to chew the des ired food partic les. The decis ion of how to
use the teeth, and the refore what chew ing trajectory to use can be seen in the figure
below. ft shows that in the first step o f decidin g on how to use the teeth , the parti c le
shape is detected and if the particles are thin sheets or rods the teeth are used as blades to
cul up the food. If however they are thi ck blocks. then the texture is exami ned in the
mouth. Lucas describes the texture as bein g (R/E) 0 \ w he re R is the food toughness and
E is Youn g·s modulus of e lastic ity. If (RJE)°- 5 is low, the teeth use the ir cu sps to fractu re
the food. If (RIE)°- 5 is high, the n the teeth o nce again use their sharp edges as b lades to
cut up the food. The appli cation of this mode l implies food s that requ ire fracturing
include pean uts and bi scuits as they are no t tough and have a relati vely hi gh modulus of
e lastic ity and therefore can be c hewed with a verti cal chewing motio n. Whil e foods th at
require cutting inc lude meats and vegetables and therefore need to be c hewed with a
lateral chewing moti on.
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Mastication

thiclc blocks

Fragmentation
Criterion

low

Dental features

I

+I

Blunt cusps

iJ •

•• •

'Multiple pestle'
dentition

'Pestle and mortar'
dentition
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Trouble shooting
Problem
Chewing device stalls

Cause

Fix

To much force trying to be

Check to see that no solid

applied

objects are jamming it up.

The

teeth

are

to

close

together

Lower the teeth until the
chewing

device

starts

moving .
Solid

objects

interfering

with

are
the

actuating teeth

Shut down the software,
and reset the power supply
of the chewing device by
turning the power switch
off for

I O seconds and

turning it back on. Restart
the software.
Software doesn ' t function

In correct

correctly

procedure

power

up

Close the software, turn on
the chewing device power
and re-start the software
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