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Abstract : The ultimate goal of this research 1s to develop 2 mastication robot lhat can copy the human mandibular dynamics; not only
kmematics but also pressure aciing belween jaws. This research was motivated by the facl that a mastication robot can be of great help
10 dentists in diagnosing and trealing maslcatory dysfunction, and the corresponding kinematic and dynamic analysis can be applied to
other parallel mechanisms.

Our first-slage design conamsis of a base, 3 legs, 3 slides and & platform. One can change the position and orientation of the platform
by varying the 3 horizonlal displacements and 3 leg lengths, which 15 called the forward kinematics, We derived 3 nonlinear equalions
representing the [orward kinemalics of this design and developed a new algorithm o solve the forward kinematics. One character of our
algorithm is that the step size is properly adjusled at each time instant in order lo [orce the algorithm to converge.

The new algorithm has three major advantages over the conventional Newton-Raphson(N-R) method which 15 being widely used. First,
our algorilhm shows convergence for a wider range of lhe nitial guess, whercas the N-R melhod is extremely sensitive to the initial
guess. Secondly, our algorthm results i much faster convergence than the N-R method. In addition, the compulalion lime is short
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enough for a real-time control of Lhe mastication robot. The Uurd advantage is that our algorilhm enables us to find the solution closssl

lo the initial guess among the polential solutions, while we cannot predict the position of the resuliing solution in the N-R method. Wa

also proposed two condilions o avold reaching an undesirable solution, and those two conditions gusranteed unigueness of Lhe forward

kinematics problem.

Key words ; Mastication model, Parallel mechanism, Forward kinematics

INTRODUCTION

This research was motivated by an assumplion that a
masticalion robot can be of greal help lo dentists in diag-
nosing and trealing masticatory dysfunctions. The ultimate
goal is, therefore, lo develop a robot which can represent
human mandibular motion and force(or pressure) acting he-
iween two mandibles as well. I{ we can reproduce mandibu-
lar motion based on the dynamic data taken from patlients
[1,2], denlal diagnosis and treatmenl including oral surgery
and orthodentics would be much more reliable than using
the conventional articulator. The articulator can provide
nothing but basic and rough information about paticnis’
mandibular motion and involved force since the dentist uses
his/her hands Lo move the articulatar.

We employed the parallel mechanism to design & first-
stage masticalion model. The parallel mechanism has been
altracting much attention since the Slewart platform was
proposed[3]. The Stewari plaiform has six parallel legs be-
tween the plalform and the base, and the posilion and on-
enlation of the platform can be controlled by varying ihe
length of each leg. The parallel mechanism is currently
utillized In many industrial areas such as mechining and
welding[4],

Although a few problems should he solved before the par-
allel mechanism can be used for various practical applica-
Lions, 1t is advantageous over lhe serial mechanism in many
aspects. Firsl of all, the position error is averaged and thus
small while the position error of the serial mechanism 1s ac-
cumulated and becomes large as the number of links in-
creases. Another advanlage 1s that the parallel mechanism
can generate Jarge platform(or end-effector) force for a
given set of aclualors since the platform force i1s the very
gum of the actuator forces. Noting that the workspace of
the parallel mechanism is significantly smaller than that of
the serial mechanmsm, one can say that the parallel mecha-
nism is appropriate lo use for accurate and strong manipu
lation inside a small workspace.

One of the major obstacles relaled to the parallel mecha-
nism 1s lack ol a reliable and faslt algorithm to solve the

o7& 1 A20H, A4E, 1999

forward kinematics. The forward kinematics is to obtain or
find the position and orientation of the platform given the
inputs, usually the leg lenglhs. Considering that almost
every algorithm starts from an initial guess of the solution,
l.e., the position and the orienlalion of the platform, we
should guarantee convergence; the algorithm has to reach a
solution. Much work has been done to develop a reliable al-
gorithm with litlle success. Some algorithms arc reporled 1o
work under specified conditions[5,6]. Another problem is
that the currently available algorithms are not fast enough
for practical real-time applcation, if their convergence s
guaranteed. For example, genelic algorithms show high con-
vergence despile of slow converging speed[7], and therefore
they have been used together with the Newton-Raphson(N-
R) method known lo have [ast converging speed[8]. Em-
phasis should be placed on multiplicity of the forward kine-
maties[9,10]; the posilion and orientation of the platform ig
not unique for a sel of inputs (leg lengths in the Stewart
platform). So, numerical computation starting from an ini-
lial guess may lead us to many differenl solutions of the
forward kinematics. More research is needed to find the
“true” solution starting from an arbitrary initial guess. Fi-
nally, it is not easy to delermine the workspace compared
to the serial mechanism, and this workspace analysis[11,12]
18 directly related to the above multiplicity problem. In this
paper, we describe the first-stage design and the forward
kinemaltic analysis of our mastication model. The conver-
gence and converging speed of our new algorithm is com-
pared with that of lhe conventional N-R method which is
the most popular method these days. Also, we propose lwo
conditions that can be mmposed to avoid lhe mulliplicily
problem of the forward kinematics, and show numerical

computation resulls.
METHOD

1. Design

The [irst-stage design consisls of 3 legs and 3 slides be-
tween the platform and the base as shown in Fig. 1, where-

as the convenlional Stewart platform has 6 legs[1]. Fach
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Fig. 1. Schematic of our Mastication Model
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Fig. 2. Flowchart of our Algorthm for the Forward Kinematics

of the three legs is connected to the base by a 1-degree-of
~freedom(DOF) hinge joint B(i=1,2,3) and these joinis
move along the slides. Note that each leg is always perpen-
dicular to the corresponding slide. The platform A A.A, rep-
resenting the lower mandible s connecled to the legs hy
three 3-DOF ball-and-sockel joints A’s (i=1,2,3). Assum-
ing the upper mandible to be fixed in the space, we can re-
produce the masticalory molion by moving the lower mandi-
ble, Le., the platform.

Our workspace analysis indicated thal the curreni dimen-
sion of the model summarized below in cenlimelers can

cover ihe range of the human mandibular movement.

-3=d,£3, 24<1.£30, A A=AA=AA=5 (1=1,2,3)
B.B.=B.B:=B,B,=10 al the neulral position
(see below for definition)

150
= = » =N-R
5 100 New - == -
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Iteration Number

Fig. 3. Convergence
“N-R” and “New” denotes “Newton-Raphson method” and “our al-
gorithm”, respectively
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Fig. 4. Convergence vs Oscllation
The new algorithm shows satisfactory convergence while one can
see oscllation i the N-R methold
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Fig. 5. Converging Speed
The new agorithm leads to significantly faster convergence than
the N-R method

The position and orientation of ihe plalform can be con-
trolled hy adjusting the inputs; ds, displacements of Bs,
and 1's 1=1,2,3), lengths of the legs. Let's assume that d,
=0 and =1, (i=1,2,3) at the neutral position where B, (i
=1,2,3) coincides with the midpoinl of each slide, and call
the angles between the legs and the hase 4s (1=1,2,3). In

order to simplify the malhematical analysis we assumed

J. Biomed. Eng. Res. : Vol. 20, No. 4, 1999
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Fig. 8. Muitiplicity of the Forward Kinematics

that every element of the model is a rigid body so that the
platform and the legs do nol change their shape regardless
of forces and moments acting on the model.

2. Forward Kinematics

Given the input, d’s and l’'s (i=1,2,3), we derived 3
nonlinear equations f(d,l, #.)’s (1,,kn=1,2,3) Lo solve the
forward kinematics of our model, ie., lo oblain the corre-
sponding position and orienlation of the platform. The for-
ward kinematics can be characterized by 3 nonlinear equa-
tions of the leg angles 8., #, and {;, whereas § unknowns,
3 coordinates of an arbilrary point of the platform and 3
orientations of the platform, should be solved in case of the
Stewart platform. The Cartesian coordinates of A's can be
expressed as functions of d’s, 1's and 8/s (1=1,2,3). Con-
sidering the constraints that A’s should comprise a lriangle,
assumed to be equilateral up to date, we oblained the [ol
lowing 3 nonlinear equations to be solved for s,

f| (dulpﬁ k) = AIA—A - LJ]Z = O
fz(dlgjj’ﬁk) = A2A3 - Lg3 = {) (]_)
fs(duljvgk) = AS‘AI - Lm = O (1,],k= 1,2,3)

AA(Lj=1,2,3) denotes the dislance between A, and A,
and L, means the predetermined side length of the triangle
AALA; As far as the numerical computation is concerned,
the forward kinematics is lo [ind #/s (glven d’s and [s)

that mimmize the error defined as
Error(cmi)i [7 + f3+ f3 (2)

We modified an existing algorithm[13] to solve equation

ozata) A 1 42038, A1F, 1999

EEE

2

(1), which is schematically shown in Fig. 2. The iteration
starts from an initial guess of the solution 0's (i=1,2,3).
Storing the current values of lhe variables, the algorithm
computes the variables at the next time instant. And then
the error defined as (2) is compuled and compared with
the currenl value 1o check if the error is decreasmng. In
other words, the algorithm checks if the iteration is
advancing in the right directior. If the error is not decreas-
ng, the incremenl A@ is reduced and the algorithm again
computes the variables at the nex! time instant. If the error
1 decreasing, we can say that we are getting close to lhe
solullon. If the error is smaller than the predetermined
small constant ¢, the ileration stops and the current 4.s
are regarded as lhe solution. If not, the iteration advances
storing the current values of #s. The resulling s can he
immediately converted inlo the position and orientation of
the platform through the inverse kinematics which 15 much

simpler than the [orward kinematics.

RESULTS AND DISCUSSION

Our design 1s advantageous over the Stewarl platform in
that 1ts forward kinematies can be characterized by 3
nonlinear equations, while 6 nonlinear equaiions should be
solved in case of the Stewart platform. It can be, therefore,
easily expecled thail our design needs less computation time
than the Stewarl platform. Shortening the computation time
for the forward kinemalics can make the real-lime control
possible.

Reducing the number of equalions usually enzbles us 1o
shorten the computation time, if nonlinearity of lhe equa-
lions are nol much different. This is obviously one reason
why our design is advantageous over the Stewart platform.
However, il mosily depends on “dynamics”, not kinemsztics,
whether the total numerical compulation takes shorl lime
enough for real-lime control[12). Therefore, we have to go
through dynamic analysis of our model before the real-iime
controllability is discussed. On Lhe other hand, reducing the
number of legs from 6 to 3 not only enhances appearance
of the model but also gives morc room to actuators and
conitrol devices. This 15 another benefit of our model
terms of praclical usage. In our model, however, friction
acting at the three joints of the hase (B, B; and B; in Fig.
1) should be taken into deep consideration since the three
horizontal actualors have to overcome this friction caused
by the lolal weight of the platform and ihree legs in crder
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to move these joints.

Qur new algorithm has Uhree major advanlages over the
conventional N-R method, which is being widely used[6].
First, our algorithm shows convergence for a wider range
of the initial guess, whercas the N-R method is so sensitive
to the initia] guess that il easily diverges. Fig. 3 represents
a typical iteration for a random initial guess. We can see
thal both the algorithms seem to be converging fast but the
N-R method diverges afler two or three iterations. Fig. 4
shows another case where our algorithm also converges fast
when the N-R melhod oscillates never to reach the solution.
Although our algorithm does not guarantee convergence for
any imtial guess, we can always force 1t lo converge by
choosing an Inilial guess close to the solution.

Secondly, our algorithm results in much faster conver-
gence than the N-R method. Fig. 5 shows lhat the N-R
method requires much more ilerations in order to converge
than our algerithm. The computation time was not more
than 107" sccond (when usmg a PC equipped with a
pentium processor) which is shorl enough lor a real-time
control of a masticalion robot unless its dynamics takes too
much computalion time. I should be noted that most of the
genelic algorithms are not adequate for praclical applicalion
because they require too much computation time in spite of
good convergence(7].

The third advanlage is that our algorithm enables us to
reach the solulion closest lo the initial guess among the po-
tential solutions(see below for uniqueness of the solution).
This advantage plays a very important role in nuwnerical

?

compulation in that the “irue” solution can be always
reached as long as one provides a nearby initial guess. This
1s not true in any other algorithm, 1e., the final destinalion
cannot be predicted even il the algorithm converges.

Like most serizl and parallel robots as well, our kinemat-
lc analysis indicated thal equation (1) has mulliple solu
tions; given a set of inpuls, we oblain multiple sets of § s
(1=1,2,3) satislying equation (1). As an example, assuming
di=d,=d;=0 and l,=L%], we can think of two different
positions of A, as shown in Fig. 6, where C* is the locus
of A, when lhe triangle A/A A, is rolaled about AA; and
C" 13 part of the circle formed by rotating the leg BA,
about B,. Since Lhe two locl meet at iwo different positions
A, and A/, the [orward kinematics of our model does not
guaranlec uniqueness. We, therefore, applied the following
lwo conditions to select lhe “true” position of the platform

for a given set of inputs, and found that the solution satis-

fying lhe above conditions is unique, if exist;

(1) B’s(1=1,3) should be always below Lhe plane formed

by exlending the triangle A AAs
(2) When we assume an axis parallel to dy, the coordi-
nate of A, should be always greater Lhan that of A,

We claimed that our algorithm is sure to converge to a
solution near the initial guess. The question would be then
“Is thal solution what we want?”. Firsl, the two conditions
can be the answer to the above question. According lo our
simulation results, the algorithm always reach the “true” so-
lution without exception. We, however, have lo say that
this statement should be followed by a theorelical proof,
which is one of our continuing research topics. Second, the
answer 18 YES only if we can provide the first initial guess
close to “true” solution. Suppose we simulate a platform
movement caused by adjusling the inputs, d's and 1’s (i=1,
2,3) in Fig. 1, and the movement starts from a known po-
sition, or the initial position can be always measured. The
platform position at the next lime instant can be reached if
we lake advantage of the inilial (known) position as lhe
Intial guess, as long as the time step and the increment of
the movement is small. We can successively compute the
plalform position at the nexl time inslant using the current

position as the nitial guess.
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