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OBJECTIVES

The objectives of the contract were to: (1) generate theoretical analyses
of the problems involved in calibrating the measurement of occlusal forces in
six-channel intraoral transmitters developed under NIH Grant DE 1962-01-03,
and determine the "best" arrangement for the ccclusal forces sensors; (2) de-
velop a device for calibrating the six-channel occlusal forces transmitters;
(3) determine the force sensor outputs generated by different lcads, velocity
and related linearity; (4) compare theroetical predictions of sensor output
with observed output derived with use of the calibration device; and (5)
present a preliminary data analysis procedure including a data output for-
mat.



A. ANALYSES OF PROBLEMS

INTRODUCTION

The problem posed consists of attempting to measure forces between
occlusal surfaces in contact. The way in which this will be done is to embed
strain-sensitive gauges within a tooth, and measure the response of the system
to surface forces. Quantitative predictions of the magnitude and location
of the surface forces are to be made from the strain-gauge signals generated
by the contact stresses.

The first part of this report will discuss theoretical analyses of the
stresses and strains expected to be produced at the sensors, together with the
effects of relative sensor geometry upon the generated signals, which will
point to the "best" arrangements for the problem.

THEORETICAL CONSIDERATIONS

Before discussing the stress analysis, mention should be made of the
strict definition of stress and strain, and of the sign conventions and sym-
bolism used.

Stress may be thought of as the "force intensity" at a point. It is de-
fined as the force — the cross-sectional area over which the force acts. Two
sorts of stress can be identified: '"direct stresses" (o) which act normally
to the surface being considered, and "shear stresses" (T) which act across
such surfaces.
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Tensile forces are taken as positive, Compressive forces are taken as
negative,

Strain is the relative deformation of a piece of material. "Normal"
strains (produced by direct stresses) are conveniently defined in terms of
the "change in length" of a reference length when acted upon by a normal force,
e.g., if a length L of wire stretches by length AL, when acted upon by a
normgl force, the strain is

€ = AL/L

Shear strains (obviously caused by shear forces which try to change the shape
of a body without changing its size) are conveniently defined by the change
of attitude of a reference line, e.g., if a line is sheared over through an
angle ¢ when acted upon by a shear force, the strain is

Bh.
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Stress and strain are related in elasticity by the so-called "elastic moduli."
For direct stresses

0 = E.e¢ where E is Young's Modulus,
and for shear stresses
T = Gy where G is the shear modulus.

E and G are related themselves as follows

B
2(1 + v)

where v is "Poisson's Ratio," and is defined formally by the ratio of
{the lateral contraction strain
the longitudinal extension strain
is stretched, it shrinks across a diameter.

], alluding to the fact that if something



Consequently, these relationships allow an understanding of the mechanical
behavior of a solid when stressed, and predictions of strains and deformations
may be made.

In connection with the present project, two problems in classical elas-
ticity are relevant, (i) Boussinesq's problem, and (ii) Cerutti's problem.

Boussinesq considers a normal point load¥* active on the free surface of a
half space.** The problem is simple conceptually (Figure 1) and although not
so simple mathematically, is still the easiest to consider.

p
/X
2z y
Figure 1

This situation is a first approximation to the condition of a normal force
active on an occlusal surface. It is possible to derive expressions for the
normal strains at any arbitrary point (which will be activating the sensors at
those points) and we can then see how sensitive the system will be to various
forms of loading. The normal load P acts at the origin of cartesian co-
ordinates in the xy surface plane. The z direction is that of the line of
applications of the force vector. At any point (x,y,z) the normal strains in
the x,y, and z directions are as follows:

P '-E_ _ 3x%°z + (1-2v) [ %2 (2R+z) -1
XX
4G | B2 R’ R(R+z) | RP(R+z)

c _ P [z 3% . (1-2v) [ y2(2Rtz) _ 1-W
Poke [P B RRe) | B(Re2) _
P 372
€ = — . 2V - zZ2
22 LnG ) [ R® }
G = shear modulus = —0 as before, and R =Vx2 + y2 + 22 ,
2(1+v)

*A "point load" means a load acting over a vanishingly small area.
**¥A "half space" is analogous with a very large homogeneous block of material.
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e__and € may be plotted for various depths (z) below the surface, and
in various plaﬁés (y) away from the point of application. Typical graphs for
(z=1, y=0) are shown in Figures 2 and 3. These demonstrate that at a z level
the strains may change sign, which will similarly alter the tensile-compressive
response of the sensors.

The first approximation to the condition of a horizontal shearing force
acting on an occlusal surface, is the classical problem of Cerutti, which
considers a horizontal traction in the xy surface plane of the half space (xz,
vz). Again, we may derive expressions for the normal strains at any arbi-
trary point which will be activating the sensors there.

X

4

The horizontal load S acts at the origin of cartesian coordinates in the xy
surface plane, in the direction of the x axis. At any point (x,y,z) the
normal strains in the x, y, and z directions are as follows:

.. S [x . 3% 2(1-2v)x . (1-2v)%0 (3R+z) (1-2v)x]
X el B REme)C R (Rtz)° R(R+z)°
e o 8 [x P (-evx , (1-2v)xy? (3R+Z)J
y’y -
bnG -Rj R5 R(R+z)2 R5(R+z)5
2
S X 3%X2
e = = oy X _2XZ
22 4nG [ B B J
= = L “Nx2 + v2 + 22
G = shear modulus 6™ as before, and R Nx2 + ye + ze,

One may plot these strains as with the strains due to a normal force, and
one can demonstrate the change in sign of the sensor outputs.

For any arbitrary loading (into normal forces in the z direction and
horizontal forces in the x and y directions), one may use the principle of
linear elastic superposition to give the overall sensor effect. In prac-
tice, of course, the sensors are of a finite size and not simply a "point."
Consequently, one should strictly integrate the actions at a point over the
finite area of the sensor.

Again, the solutions given are for the "hypothetical" mathematical case
of "point" loads. In reality, the load is distributed over a finite area,
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whence one should use the analysis of Hertz and its developments by Mindlin
and Goodman. In principle, all that is necessary for a formal determination
of the strain field is to write down the expressions for the state of strain
due to the Boussinesq and Cerutti point forces, and to integrate over the
plane z = O with appropriate weighting functions (depending on the distribution
of stress over the finite contact region). Unfortunately, this direct ap-
proach leads to a series of intractable harmonic integrals. Solutions may

be obtained but are quite complex and at the present time the subject of

much intensive research. Because most of the differences between the "simple"
solutions and reality concern the areas adjacent to the loaded area, and

not at regions far away from it, it is felt that the Boussinesq and Cerutti
solutions will be sufficient for the present problem, Moreover, it must be
remembered that the practical sensor setup involves a combination of materials
of differing elastic properties (occlusal material and channel material), the
influence of which on the classical analysis is far from clear. Certainly,
the real problem is intractable at the moment. The solution given does,
however, give valuable pointers to what to expect.

The analysis does not take into account any time=-dependent mechanical
properties (i.e., creep behavior) and is essentially a quasi-static solution,
It would seem essential to avoid the use of any material that would creep,
since, apart from the virtual impossibility of incorporating any visco-elastic,
history dependent, mechanical behavior into the analysis, the train sensor
readings would just not make sense; a given reading could be caused by a
"light load for a long time" or by a "heavy load in a short time," and re-
peated cyclic loadings will alter the visco-elastic response,

Consequently, if one can temporarily forget any practical manufacturing
difficulties, "creepy" materials should not be used. If acrylic can be used,
then it will be the simplest to apply, and presumably if it is much below
the glass-transition temperature, it should not creep much under the loading
being used. If necessary "completely rigid" occlusal surfaces should be made
(surrounding the channel); with mouth temperatures normal encountered, gold
would undoubtedly do, and any amalgam also providing it were below half the
absolute temperature of the solidus point on its equilibrium diagram.

Typical values for the shear modulus of an acrylic polymer (e.g., PMM)
would be 0.2 x 10~ psi, and for gold would be 2 x 10° psi. For both, Poisson's
ratio is roughly 1/3° In general terms, the acrylic will give a larger
strain for the same loading arrangement.

It would appear that the idea of using a "gold cap" as the occlusal sur-
face could work, but may lead to an irregularly sensitive system, in that the
sensors are practically at the loading points. (It could, however, be held
in reserve as a possibility.) The elasticity of the medium within the cap
might produce interpretation problems.



Having explored the many ways of arranging the sensors within the tcoth
(paying particular emphasis on the possible need for asymmetry because of
uniqueness problems), it is felt that for the particular informaticn being
requested, the six senscrs should be arranged 4 vertical and 2 horizontal or
L horizontal and 2 vertical depending on whether the side forces or downwsrd

forces are of greater interest.

In order to isolate the 2 components of force on each of L Cusps; 8 sen-
sors (1 vertical and 1 horizontal, under each cusp) would be required.



B. CALIBRATION INSTRUMENTATION SYSTEM

SYSTEM DESCRIPTION
The system is composed of five main subsystems

The precision XY table
SLO-SYN indexers

XY recorder

Force control

. IM receiver/discriminators

1. The precision XY table was designed to move the occlusal force
transmitter in an XY plane, in either a continuous or intermittent mode.
A scanning plot may be obtained on the XY recorder of each sensor output
for a given force applied. The XY table is fabricated to withstand any
anticipated forces and will be able to be repositioned to the starting point
after each series of scans to within + 0.002.

2. The X and Y axis indexing motors operate independently of each other and
the XY system is comprised of the basic elements shown in Figure 4. These in-
clude an adjustable frequency oscillator, control gates, decade counters, and a
pulse-to-step translator logic circuit. Depending on the positioning move-
ment desired the correct count is present on the decade counter controls. A
command signal in the form of a switch closure causes the gate circuits to
pass pulses from the oscillator to the decade counters and the translator
logic circuit. The translator logic circuit converts the pulses into the cor-
rect switching sequence needed to advance the motor shaft in steps of 1,8°
when the count (single scan) is complete., The control gate turns off the
pulse gate and actuates the relay to: (1) reverse motor direction; (2) re-
move scanning force; (3) actuate the X axis step; and (4) return the Y axis
to the start of the scan position., On completion of the return to start
of scan position, the control gate turns on the scanning force and restarts
the scanning cycle.

3. The XY recorder is coupled to the XY table by substituting the
usually manually operated zero control potentiometers with potentiometers
coupled to the X and Y axes of the XY table. This system provides a complete
dynamic range of the XY recorder without interfering with the input signals.

L. The force control subsystem has been designed to provide a continuously
variable force over a range of 0-100 1b and has excellent damping character-
istics. The subsystem is comprised of an air hydraulic piston spring loaded
in a retracted position along with pressure regulating values and electriéally



. J010919S

*wo3sAS UOTFBIQIIBO 90J0J TBSNTOO0

*H 2an3Td

JI9pPJ0DdY L-X

uuey)D
91 ysnoays g1
SJ01BUTWIJIDSI
DIYI
JOATD09Y IN.L
BUUDIUY
N.L

J91uno)
Aousnbaayg

-

g4 10 dUT STXY-L

T10J3U0D 04377  [OJIUO0D 0JI37YZ

sTxy-£ STXy-X
J9}9WOT}Udl0q J1919WI0T}Ud10d
SIX K SIXYy-X

91qe]l L -X UOISIOaJId

JO10IAI JO10N

STX y7-A SIXYy-X

wa}1sAS
T0I3u0d
20J04q

10J1u0) J010IA Suiddalg
J9Xapuj

A

19sadd NAS-OTIS

10



operated on-off switches., Very precise force values can be obtained through
double regulation.

5. The telemetry system consists of a telemetry receiver, six discrim-
inators, channel selector, and frequency counter, The initial operation con-
sisted of selecting one of the six channels to be displayed on the XY plotter
and checking the channel IRIG frequency and then running a complete scan of
the transmitter occlusal surface, This operation was repeated for all six
channels in both the continuous and intermittent modes until an accurate dis-
play had been obtained for all six senscr outputs.

11



C. ANALYSIS OF OCCLUSAL FORCE SENSORS

The first consideration was to compare the mathemstical analysis of the
tensile-compressive response of the sensors to actual oubput using the cali-
bration device,

Therefore, six senscrs were mounted in a standard "U" channel sensor
mount (see Figure 5) and covered with acrylic tc form a flat surface cver the
entire sensor ares, Channels 2 and 4 of the six-channel sensor pack (Figure
5) was scanned by the XY force scanner and force variations recorded on the X
axis of the XY recorder. The responses are shown in Figures 6, 8, and 10,
After evaluation of a flat surface, a molar occlusal surface was added and the
sensor pack was scanned again. These outputs are shown in Figures 7, 9, and 11.
The last calibration step was to scan a six-channel transmitter, the output
of one sensor is shown in Figures 12 and 13.

The response of the sensors to various traverse loading speeds was tested.
The results are shown in Figure 1k,

The magnificétion of the occlusal surface is 20¥ as seen on the graphs

in the original data plot. However, due tc the printing process size limits-
tions the graph data has been made smaller to fit into the report.

12
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D. COMPARISON BETWEEN THEORETICAL PREDICTIONS AND CBSERVED READINGS

The sensor calibration data presented in Figures 6-1L are quite similar
in shape to those predicted analytically (see Figure 2). This indicates
that the sensors are picking up only the tensile and compressive strain.due
to the point loadings and not the bearing strain alsc, as it might have
been expected. Possibly, the force levels involved are low encugh that the
bearing stress does not significantly affect the sensor reading. Thus, the
analysis which was based on the strain at a point within an infinite half-
plane of material predicts the general shape of the curve cbtained from the
average strain over a volume in a relatively small amount of materisl. Near
the sensor "edges" the agreement is poorest, as it would be expected,

The other significant agreement with the predictions is the linearity of
the readings with the applied force., As shown in the previous section, the
readings are linear enough that the calibration need only be done at a few
force levels to adequately cover the entire range. This is valuable not only
in the calibration, but also in the data analysis, since the simplest functional
form between force points, a linear variation, may be used in the computer pro-
gram,

ALTERNATE SENSOR CONFIGURATIONS

The present configuration of 6 sensors set in a "channel" provides an ex-
cellent basis for measurement of the 4 variables asscciated with a 2-component
force acting on a (essentially) 2-dimensional surface. This particular ideal~-
ization does not cover the possibility of multiple point contacts however,

If multiple point contacts become of interest to the experimenter, 4 more sen-
sors will be necessary for each additicnal contact point. Four are required,
because each additional contact peint has 2 dimensions and the force acting
there also has 2 dimensions.

23



E. DATA ANALYSIS PROCEDURE

DATA ANALYSIS PROCEDURE

A flow chart showing the datas analysis procedure is presented in Figure 15,
The procedure is simply one of tsking the digitized sensor cutput at discrete
time intervals, comparing it to the calibration data to cobtain the two-force
and two-position components, then plotting these points in a suitable output
format.

Calibration Data

The calibration data will be genersted in essentiglly the same way that
the data presented earlier in this report were tarer. Namely, a known force
will be applied at a known point on the occlusal surface and the resulting sen-
sor outputs will be digitized and recorded on magnetic tape. Since the sen-
sor output varies so nearly linearly with the force, it will only be neces-
sary to use three-force pcints. Judging by the curves resulting from the
present sensors, a spacing of about .010 in. (.25 mm) between contact point
locations will be quite adequate %o insure accuracy.

Raw Data

Once the system has been placed in the patient's mouth, the sensor cutputs
will be digitized and recorded on magnetic tape at discrete time intervals as
the experiment proceeds.

Comparison of Raw Data to Calibration Data

The digitized raw data is then compared tc the cslibration data until the
raw data point is bracketed by calibration datas. Then, & linear interpolation
between the calibration data points is made tc predict the values of force and
contact point location as accurately as possible,

So the procedure is (as shown in the flow chart, Figure 16) to store the
calibration data, then, given a measurement Sf, Sk, Sz, Sﬁ, search the Sl data
until S* is bracketed by S% and SE, then test tc determine if Sg and Sg bracket
Sga If not, continue the search on Sy to find ancther set of values bracket-
ing S}, If yes, apply the test to 8% < S < s’% or < s% < 8% < sg; then test

Sl similarly; if not, resume searching on Sj.

Now, once

2L



Vivd
agonaTd

*q3IBUO MOTJ B3BQ °*GT oInITJg

jutod suwrg

yoea 3e

Z1eX £¢x
YILLOId a7y

A

VIVQZ NOIIVYLITIVO
Ol VIVQ MVd THVAWOD

dVA 4NO0INOD
Jovddns 1IvsnIddo

SNOILONYISNI ONILLOId

sjutod SwWT3 939XOSTP 3B

wm«m b5/t ST I

$°"8®"s*7s""s
adey,

viIva o130uUlSen
————e

MVd

(%1 36 “x)

JO suoT3douUny se

AWm qmm n¢m .‘mm .‘Nw n._”w v
viva n ade],

NOIIVIHITIVO oT30USen

25



*qIBYUD MOTJ STsLATIBU®B BLB(J ‘9T San3Td

Ps 5 Vs 5 b
[ (xe oS >xS >q’s
[ ‘X@ lgp ¢ —
'xp+ o_xun_xl_va.xIQvn Ixp Aﬂ.v P* Tsp seA 10 i
se - :S30141VIN a¢m s Y5> 0 S
:31NdNOD ‘WHOd|  [3LNDWOD 31NdWOD on * eal
SOA
£5> 55> %m
10
ON nmm > *mm > 5s
:1S31
SIA
558 >&s
10
ON aNm vnNm >2s
1S31
sSoA
Is > ,1s > ls
Ag 07" *¥p 9
DD on] Is > Is vo_m Wm.mm.mm.u_.m
910U n. _,._ :1S3L[* *

26



a * b b * a
S
Sl < Sl < Sl or Sl < 1 < Sl
and
a * b b * a
S2 < 82 < 82 or 82 < 82 < 82
and
a * b b * a
S, <S5, <S8 S, <S8, <S8
39353 or I T
and
a * b b * a
S
Su < Su < Sh or Su < SlJr < L
Now, construct the matrix
yal oD a b a b a &b
- - - -3
Sl 1 Sl S1 Sl Sl Sl 1
xa=xb yauyb F?-P§ Eing

asl _ Yy Z Z
OX s .

J a_aqb a_qb a_aqb a_qb

55-55  55-83  83-83  53-53

x@ xb ya-yb F?mF? E%-FE

& b a ~b a b a b

Su-Su thSu Su“su Sumsu

a b a b 3 _Db s _Db

X =X Yy =y ‘y'Fy F,=F,

This matrix is used in the relstionship between the differences between
the observed signals and the ones from the calibration and the observed
forces and contact points and the forces and contact points from the calibra-
tion,

The relationship is

084
as; = —- 4
X, Y
J
where
i = 1,2, 3, 4 (sensor readings)
X5 = (X, Y, Fy» FZ) (position and forces)

T



Solving by inversion of the coefficient matrix,
dS. N\-1

X, =( —= ds.

J SX‘] i

Then, knowing the nearby calibration value and the differences in the
forces and locations due to the difference between the observed value and the
calibration, the final result may be expressed:

Y* = Y, +dy

F* = F* + gF
y

% ;

F¥ = Fi +sz

Plotter, Plotter Instructions, and Occlusal Surface Contour Map

The use of the plotter (on-line equipment at The University of Michigan's
Computing Center) is recommended in order to be able to present the data to
the experimenter in a form which is convenient for him to interpret.

One possible format is presented in Figure 17. This format requires
that an occlusal surface map be made and digitized using the existing calibra-
tion equipment so that the plotter can accept it as input, redraw it, and plot
the reduced data on it. The force data will be plotted alongside this position
data. The number of points plotted on each diagram may be quite significant
to the experimenter who is attempting tc find patterns in the data. This num-
ber may be controlled by an arbitrary specificaticn, or else fairly simple
criteria may be adopted, e.g., the points may be plotted on a single diagram
only when one of the force values crosses a preset threshold.

Another possible data format is shown in Figure 18, This format does not

require the occlusal surface map, yet it might be used by the experimenter to
find patterns in the force traces.

28



FORCE

Figure 17.

Cusp.

Cusp.

Cusp.

Suggested data output format.

% ® PaS %
X X X
X
% X
Time
Cusp.

Cusp.
(xy, No.) (x,y, No) (x,y, No) (x)y, Na) (x,y, No.)

F
-~
"/ \ /\
/\\ —— /_.._\
\ ~. " ~
\ \/
/ ~ F
/’h\—/
Figure 18. Possible data output format.
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¥, SUMMARY

The development of a device for calibraving six-channel intracral trans-
mitters has been accomplished and demonstrated to be necessary for obtaining
reliable information on ccclusal forces using solid state sensors and telem-

etry.

It has also been shown that the interplay of complex ccclusal forces

requires sophisticated data analysis procedures and equipment.,

In references to the objectives of the ccntract the follcewing determina-
tions have been made and are included in this report:

L.

A theoretical analysis of the problems asscciated with calibration
of the transmitters showed that the cutput of a sensor could follow
that shown in Figure 2. The data derived during calibration proce-
dures (Figures 6-14) indicate that the response of the sensors in an
acrylic medium was quite simiiar to the predicted response,

The thecretical analysis indicating the use of six sensors was also
borne out by laboratory tests with the calibration device, This ge-
ometrical configuration has been shown in Figure 5,

The calibration system which was designed and fabricated has heen

shown to provide accurate and reproducable loading of ccclusal sur-
faces. Both velocity of traverse losding and varistion in loading

is possible with the device. In additicn, the form, size, contact

points, and types of contact can be altered to determine senscr re-
sponses under varying ccnditioms.

The output c¢f the sensors was found to be linear relative to speed
of traverse lcading and variations in loading. Repeated scanning of
the sensors in identical planes indicates that the sensors are re-
sponding to the same loads in an identical manner.

The data analysis procedure which has been descrited is compatikle
with existing techniques of data analysis and reduction,
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