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.o ABSTRACT |

Orthddontic springs are used to deliver forces and
: moments to teeth to achieve tooth movement. ‘The desired{
movement will only occur provided that the proper force
systemsL Awhich. \fall . into a narrow, physiologically
acceptable’ range} are generated’ by the-applianca: The
determin&tion ‘of the force-deflection? hehaviour of a
particular spring design is therefore essential‘to the
Adevelopment‘ of _ an appliance »This‘ work attempts to
determine this behaviour from. both eXperimental ‘and
numerical‘approaches. |

An instrument capable of‘measuring the.-force.systems
produced by orthodontic springs was developed using strain
gaugb pased transducers to sense the three-dimensional;
forces and moments. A large displacement finite element‘:
-analysis of the deformation of the" springs was conducted.

N

”Experimental and | numerical results for the .activation,of'

two appliances

ere compared.4 The instrument was . also'

‘applied in furthe‘- studies to determine the effects of
' N )ﬁ )

‘varying several geometric parameters in arT loop design.
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1. INTRODUCTION

1.1 Orthodontic Background

‘Orthodontic springs are used to move teeth in order to
impréve occlusion and esthetics. This is achieved through
the delivery of forces and moments to the teeth. The
movement of a '~ tooth may involvé‘f;hree-diméhs1onal
displacements and rotations ‘and the required forca.and
moment sYsﬁem is usual}y complex. A moment is usually
‘required even for a pure translation of the tooth as the -
point of force application 8seldom coincides with the
tooth's center of resistance. 1In addition, the ﬁévement of
teeth is due to the resorption and aﬁposition of bdne
tissue in response to pressﬁre and tension applied within a
physiologically acceptable fange. Thus the requirements on
the force-deflection behaviour of orthodontic springs are .
many and fhe prediction of the charac?eristics of these
' appliancés is important. ‘ | |

‘The primary function performed by‘qrthodontic,Springs
is the élbsure of s;;;e in the'denfal arch. One of fhé
more rece@t ways this has been achieved is through the
use 6f the Segmented‘ arch technique. 1In this approach
groups of teeth qfe‘baﬁded together to create anterior ‘and.
poste;ior segments and a ‘épringvis attached and ac;iVatgd
lbétween these segments. ' This technidpe is illustrated
schematiééily iﬁi Figure 1.1.\ The springs are typiqally'

'

1

-~



~,

Figure 1.1 Segmen;od arch approach to space closure



made from stainless steel or from TMA (titanium molybdenum
alloy) Characteristic of TMA 1is its 1low modulus of
elasticity, broad elaetic range and high ultimate strength,
Tooth displacements range ggém 0.5 ‘mm. to 7 mm and the.
maximum forces and momente delivered to . the tooth are
typically 2-2.5 N and 25230 Nemm (1N =102 gf). The T
loop spring shown in Figure 1.1 is a‘frequently used design
‘for retracting teeth towards the back of the mouth This‘
is because it provides a suitable ratio of moment to force
delivery to achieve tooth translation without cauéing
excessive rotation Th18~spring design was the focus of

this study.
1.2 Thesis oOutline

The intent of this studyl was to develop and apply an
ent capable of measuring the force systems produced
b orthodontic springs, to conduct a numerical analysis of
the deformation of the springs and to compare. the results
from these techniques. In-addition, an experimental- study-'
to determine the effects of varying -certain geometric
parameters in a T loop désign was done.
' The’ remainder of chapter one reviews recent
experimental and i'numerical arnalyses that have ~been‘
'performEd on orthodontic anpliances. Chapter two'describes
the instrument design, its calibration and capabilities.
‘It concludes with suggestions on possible additions to the



‘system in.order to improVe the measurementiprocess.

Chapter three contains theoretical Eonsiderations for
the :inite element' study The ptogram ADINA was used to
‘model the springs. .The formulation of the equations of}
equilibrium is discussed followed by ' an outline of the
solution strategy. The bean element formulation is also
described. ‘ | | | | |

The numericalﬂ and - experimental studies that were
conducted are descrihed in chapter four. °_Two comparative
studies wereJcarried out.‘ The first.involved the testing
and simulation of a non-preactivated T spring. The results
were compared to experimental and numerical results
obtained. using' the eXperimental apparatus ireported by

. Solonche (1] and the program _desdribed b§ Koenig. [2]. In
clinical —applications’-however, these' springs are given
preactivation bends and the resulting shape is capable of
undergoing far larger displacements and’ rotations before
yielding occurs. - The second‘v study then,' was  an
experimental and theoretical analysis. of a preactivated

'spring and allowed a comparison of thege two approaches E
‘when large displacements were present.. The remaining:"

*studies were experimental investigations to determine the‘A
eftect ofgvarying spring height, activation angles offset -

mounting and the use of helices in the design. - ;5 N

: The tinal chapter lists’ the conclusions of the study‘

and squests possible areas of future research.u



1.3 . -Experimental Studies -
s ‘ . " BN

Numerous instruments have been designed since 1920 for
the purpose of‘ determining ﬂthe . force-deflection
relationships of. orthodontic appliances ig!'Most early force‘
transducers were balances in which one end of‘the.appliance
deflected a calibrated spring element&pver‘ja‘sufficiently
large displacement or | rotati n to allcwigfforf direct“
ohservation.“Depending upon the 'magnitude of . the spring
element deflection, an  error was introduced by not

considering the relative displacement between the ends of

) .
the appliance. In 1933 a cathetometer was used by Peyton

N

(3] as .a means to observe the actual appliance defledtion
under the.application of a known weight. A summary of ‘many
. early instruments. ‘may be found in a paper by Paulichi
published in 1939 [4].
| vMore' recently; strain gauges and ‘electricali
.displacement transducers have been utilized.  In l953“Johnsd
(5] designed an instrument with £ train gauge which was
capable of measuring uniplanar forces and moments. In. 1963“
‘Teasly [6] designed an instrument | capablel of measuring;d
;three-dimensional force »systems. It utilized eix strain
gauges and had a measurement accuracy of" better ‘than 2‘
percent. Two more recent deyices were reported by SOIOnche/:
"in. 1977 [1] and Paquien in 1978 [7]." o
The instrument discussed by Solonche senses forces?}

’throughvthe displacementﬂof, aﬂqantilever_beamjand{ moments:i



T
.

’ through the rotation of a torsion bar., The appliance is
\ mounted in two chucks | Each chuck is attached to an
angular displacement transducer and a torsion rod Each
,trangdﬁcer is. mounted on a cantilever beam whose vertical
‘deﬁlections are’ monitored with an LVDT. One‘of .the beams
is mounted on a ‘moveable carriage which activates the
appliance.‘.The linear‘transducer was calibrateddagainst ;a'
gauge block. The remainder’lof the ' system was'calibratedf‘
Jwith‘ ‘deadweights. The individual transducers had
repeatability and linearity of 1less than 1 percent. The
"instrument has been utilized in several studies (8,9, 10]

. | The second instrument 7] employs strain elements
ito sense the forces exerted on a’triangular base. plate onto
which one end of the appliance is " mounted. ‘The beanms _.
'are oriented and attached to the plate in such a vay as to
resolve the force system delivered to the plate into three
Vertical forces and three horizontal forces parallel to. the
sides of the equilateral triangle. The six forces are‘f
combined to give the three orthogonal forces and moments;
Tests indicated that‘the system measured forces and moments“
with an accuracy of better than 3 percent full scale.’* “

Three of the beams are positioned with narrow edges as'

lthe upper and lower surfaces and are clamped at both ends._ “

The other three are positioned with.broad edges to the topj_“

.and bottom and are inserted into h6rizontal slots so as to:"

jprovide purely vertical reactions to the triangular plate.ﬁlf

VHowever it is reported that some friction is present at theb'"



Ya ’ R ' '/\\
slots. This is; overcome by attaching the base plate to a-
‘vibration source before readinQS are taken"’The‘device has,
\ ‘

been -used in-a comparison ‘study of several archwires

[11] and in a study of retraction springs [12] | qu o
‘ S

1.4 Numerical Studies

ol - . <
.~ ‘Brior to 1970 ‘analytical studies of orthodontic
appliagé\s had been limited to idealized geometries for
which closed form solutions exist { Since then several
approaches gave been taken to analyze complex springs
Four prominent studies were conducted by Watersjin 1970
t13], Yang and Baldwin in 1974 [15], Koenig‘and Burstone in
1974 [2], and Greif et al “in 1982 [19]

'The approach taken by Waters [131 was to idealize the

— ...

appliance as 'an assembly ‘of straight beams and then
. Q .

separate then’ and analyze each with simple heam theory
" The procedure is seen. in the . treatment of a looped span’
subjected to a central load [13] ‘The-free-bodf diagram ot;
each component in half of the symmetric spring isashown inip
o

:7Fﬂqure<1 2. The : moment M was soIVed,F}or by proceediﬁg -

falong ‘.thé structurej_jand‘?"sp Ling (the‘ individual;a

contributions 4to ‘the rotation,'and noting that ”AE'”EF B

2

, (alternatively Castigiiano's theorem could have beenﬁil
pdirectly applied) The fdeflection at P is found in ahf
vsimilar manner.fﬂ The approach is, of course, limited to@ﬂ

those appliances that may be idealized as consisting off;



Figure ;;2 .Free-body diagram of separéted' g:chwire ‘
\
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I
'straight' beam' elements‘ and that undergo sufficiently
small rotations for simple beam theory to apply. o |
' : In a paper published in 1973 (14] Yanq gave a finitev
element procedure for‘ solving the larde ? displacementj
problems of beams anda’frames . It was »later applied to;'
| orthodontic‘ appliances | The‘ stiffness formulation was -
gbased on small deflectionsi Geometricvnonlinearitwywas:
handled with a midpoint tangent incremental solution“
procedure . B
The beam elements formulated were straight two-node'
.elements. The stiffness formulation‘was carried out with
‘respect to a local coordinate system obtained by rotating |
the reference axes' to coincide with the tangent and - normal

directions to the beam axis. The nodal ‘force—displacement B

‘rélationship obtained is~

LBty ) @1.-"1;1 R RRETEINE
where ‘ul and Rl are, the force1and displacement vectors
‘at the nodes with respect to the lochl coordinate system,‘
Kl ‘ is ‘the stiffness matrix and ) —ol is the initial
stress matrik..‘ This corresponds to a total formulation. j;
At Jeach load step the rotation of the 1ocal coordinate.f‘
system changes, so each element formulation is transformed
to a ‘set of reference - axes at each. step using '

transformation matrix.' The transformed force-displacement o

relationships are then assembled into the overall stiffness



‘\io:

equation R |
| LEFE lus=R Y iy
;“An incremental solution‘procedure was used to solve
‘(1 2) - The linearized incremental formulation was obtained
by replacing u and ‘R with incremental /vectors.' The
equation obtained is | | - o

\
[

CRATD g (D g e gy,

| whereVi :denotes‘the partiCular load‘ step. The stiffnessv
matrix and intial stress matrix are both dependent on the
rotation of the local coordinate system.(ie. the displaced
"configuration) " In addition, the initial stress matrix is
1dependent on the element axial forces which are also‘
~de£endent on: the displaced configuration ‘ If theiload '
increments are prescriﬁed the displacements may bé solvedu}

ffor using
B e X T (N

w°r °°nVerse1Y if some displacementS' are prescribed theuj
vmatrices can be rearranged and partitioned*to apply these:

fconditions.. Finally, Yang noted that the solution could bel;f
3imPr°V°d if the matrices are not based entirely on theffl

}diSplacements at step i-l but rather are based on" the@i



11
_average of the displacements. at i- l and the displacementsp*
obtained by adding ﬁAu(i 1) to these displacements where: p .
‘ is the ratio between the load increments at step i and i l
“He called this solution technique the midpoint tangent
‘ incremental approach It is i‘lustrated in Figure 1. 3 ‘fofﬁ
. the case g=1. oo o | .
“'In‘ai subsequent paper [15] Yang and Baldwin applied”
'this procedure to a vertical loop spring and a more complex-,
design with multiple helices The vertical ‘loop wasq
Subjected to a prescribed end displacement. Good agreement‘
was seen between the nonlinear calculation and experimental'
'results. * The complex spring was subjected to a prescribed~b
load. ‘The nonlinear analysis overestimated the,;resulting
displacement by aboutse‘pErcent‘ P | | | | B
* In a paper published in 1974 [2] Koenig ‘and Burstone‘
gave a finite difference technique for predicting the:
'load-displacement characteristics of arbitrarily curved and'

4

‘twisted beams.“ The ‘analysis vas’ initially used in. a ‘study
of turbine blades in aircraft and was iater developed into‘;
“an incremental nonlinear analysis for predicting the large‘
=,displacement response of orthodontic appliances.'“‘ f-‘ | i

| The appliance is discretized into two-node relements.;

fThe equations of motion are based 'on work on gener;iizedc
_beam theory by von Trostel [16], Suhubi [17] and Massoﬁded
.;[18] The: equations are written in a. local coordinate ;

;lsystem consistIng of the tangent ‘ normal and binormal e

'fdirections. The discretized equilibrium equations for 'anlf



-~— ':f:l‘

Ielement and the load-deformation equations are"written‘es'
‘ o Y )

\the matrix equation :

 Zm~1Ppo1,R ™ 2m P, : (1.4)

where

T = [ My My My Q¢ Qp Qn ¢t ¢p én Ve W Wy ]
' " ’) ‘ "

v

"M, Q, r¢‘and -ﬁ denote monent, sheéf—dforce,‘rotation ‘and
?displacement and t, b n denote components in the tangent
ubinormal and normal local coordinate system (m denotes node
number and R and L the left or right surface vector for the‘
cross-section at a’ node) The conditions of equilibrium
and displacement continuity at a node are expressed in'
{matrix form as - | - |
t(i.S).

mBan * Pap t B

)

where pm is va vector containing the external loads.

fSubstituting b L from equation (1 5) into (1. 4) yields ‘_f”

‘43
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which relates tneloads ‘ana. diplacementsat ‘a node. to
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'}those at the preceding node; By applying equation (l 5)

" to the first node and equation (1. 6) to the remaining nodes

‘and progressively substituting into equation (1 5) the ‘

followiﬂg\matrix equation results

1 . B i
® ' o
- o ‘ .
e / . . B
(/ ‘ ‘ : '

bNRI=10‘boL A I (1.7)

”where o-denotes the first node and N the“last nbde ,rThe

‘system matrix equation then, contains only the forces and

‘ displacements at the first and last nodes.

The boundary conditions of. the problem are then‘

expressed in the local coordinate systems at the end pbints

of the appliance and divided into equal increments ‘The’
’ N

‘geqmetric 5 parameters - are.i then computed ,fOr V:fthe“

Vconfigufation. The' incremental boundary conditions are then‘

applied and the system matrix equation is solved.' The?”

nodaigibads and displacements at the other nodes - are then ‘

'computed and transformed into the global coordinate system.h

,yThe new geometry and nodal loads‘ serve as the - initiar ‘

: conditions for the next step The procedure is repeated X

-until the boundary conditions have been fully applied., The:l

_nodal forces from each step are added to determine thei{

'zfinal values,f:7

fappliances and compared to the linear analysis (theqmlinaar;j
Lresults were obtained by per“:rming an analysii'in a ! '

;step). For a vertical loop'spring subjected to "holﬁzontay{?

e |

The nonlinear analysis has‘been carried out on‘several;q
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3 predicted a force 4
ent“ higher ‘and a moment 10 percent lower than the

AN

n

“#i}nffa- paper published in 1982 [19] Greif et al.
desctibed a threeedimensional finite element appreach in
- which orthodontic springs were modelled with straight beam

'elemente. To analyze geometrically nonlinear problems, an
updated Lagrangian incremental formuletion (ULF) was used
with i en"nviterative_ (Newton—Raphsen) procedure. The
;technique Qes' applied in the analysis of a uniform
erchwire. Good agreement was seen between the solution and-
"experimental‘results.‘ This approach &is'in parallel with
Athe‘present numerical study Inﬁthe preSent stedy a total
Lagrangian . incremental formhlation;‘(TLg) is used with a

AaY

quasi~Newton iterative procedure. The method is described

in chapter three. g



2. 'EXPERIMENTAL EQ%j;”ENT

The system was desiq\ed//to measure the forces and
moments at one end of an appliance with minimal deflection
in comparison to the displacements” at the otheg_end so that
only those displacements need be measured. Non-symmetric.
springs can be evaanted by reversing them to measure the
forces and moments at both ends. The initial design
speoifications were that triaxial forxces of up to 10 N
could be measured with a resolution of 0.65 N, and moments
of up to 50 N-mm be measured with a resolution- of 0.25
N-mm. The displacements ‘were to "be ,measured' with a
resolution of 0.1 mm as spring positioning could only be

. ” ‘
achieved to. an accuracy of 0.5 mm at b&ST.

2.1 'Design Concepts and Details

The systeﬁ congists of a 1load cell attached to a
Vishay Ellis 20 scenner/bridge.il The strain gauge data is
reduced'using an IBM PC producing * the aotual forces and
,moments. The cell is shown in - Plates 2.1 and 2.2. A
schematic is also‘shown in Figure 2 1. A crosspiece is used
'to resolve the forces and moments at the clamping point
into six reaction forces. The dimensions ‘of the . resolver
were determined by’ the required resolutions and force

transducer_capabilities.a The resolver is suspended by fine

braided wire from six pairs of 'binooular" strain

-

15



Plate 2 1 Load cell for determining three—dimen51onal
force systems






Plate 2.2 Close-up Shdwihg displacement mount and
cross resolver ,
.- oo )
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lcantilevers (one pair is shown) These transducers utilize
‘a bizpcular shaped cutout which creates high strain in the
thin sections while maintaining a relatively 1ow‘v
defleéction. The strain distribution is shown in Figure 2.2.
| The transducer dimensions are shown in Figure 2.3. The’
diameter of the cutout was chosen to give the desired
;sensitivity and force accomodation.“ Four transducers_ of
various hole diameters (10 3 Il l ll 5 and 11.9 mm) were
constructed from 6061 aluminum and tested by applying dead
weights ' The variation of sensitivity with diametral.
.change' is sho in Figure 2.4, ‘indicating the - 1arge_
variations in sensitivity possible with a small change in
,diameter.‘ For measurement of the‘F3 force‘(Figure'z 1), a )
-diameter of 11. 1 mm was’ chosen to agcommodate the larger‘
forces expected at this location on the cross resolver, all‘
other forces were measured with tranducers using an 11.5 mm .
diameter. At an applied force of 5 N the maximum departure"
from linearity for the 11.1 mm transducer wvas 1.1 percent .
and for the 11.5 mm transducer 1.8 percent.. F )
| _The ten 11 5" mm diameter transducers ‘were tested
'individually and matched into pairs.‘ All six-pairs werej
then mounted individually and calibrated in the f'positive'if‘
.and 'negative' direction.j The wire was pre-tensioned to:_
approximately one half the transducer's linear range. ’A[’
yblock was clamped to the wire. Further weight was added o
jthe block. The -tests : revealed that th\ transducerii

pairs did not behave as simple parallel spring systemsi:
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Figure 2.2  Strain distribution on upper surface of
: . "~ . 'binocular' cantilever | , A
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. as both transducers in a pair did not indicate similar'
strains (the transducer whose strain increased‘ under'
| the load would produce 60‘- 80 percent of the total
y'strain change, depending on the 1oad) This is most likely
;.due to unequal extension/reduction‘ of the wi;t on either]
‘side of the block The pairs did behave linearly with
maximum deviations from linearity between 2 and 5 percent'

) . \ -

'over the range tested

2.2 ‘,‘Sysfem"rest Results
/ ‘The ceil‘ was assembled by passing the six wires
Jthrough the resolver, pre—tensioning them and then clampingys
‘them to the‘ resolver. 'The system was tested by'
applying fOrces in the“z direction and moments in‘the Yy
direction with deadweights.. Figure 2. 5 shows the results
whsn a force Fz is applied indicating an accuracy of 3 6
'percent full scale._ For the application of a moment;.
(Figure 2 6), the accuracy is 4. 5 percent full scale.
The instrument's ‘ability to resolve forces was alsof:'
‘investigated Figure ~ 2 9 shows the indicated forceﬁ‘
fcross-talk in the r and y directions when a force isfi
“applied in the z direction.b The cross-talk is less than_$:
l 9 percent of the applied force. At the maximum applied.ff
force 3# 3 N, the indicated moments due to cross-talk areft;

less‘than 1 N-mm (Figure 2 8)

iif;g;As mentioned previously, minimizing the deflection ofsﬂf
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. the ° resolver was a priority In order 'to measure the
N o [

fdeflection of the resolver under a' given force,' a depth
‘micrometer was mounted fonto the base of the cell and’thefy
\ resolver was displaced in the three coordinate dif%ctionsﬁ
lwhile the indicated forces were. recorded. .The results ,areg
shown ,in‘ Figure 2 9. A force of 5.0 N produces‘|a':
deflection of O 09 mm in the " z. direction._ For a stiff
‘orthodontic spring, an activation of 6 -8’ mm is required to‘
produce a 5 N force . Thus the deflection of the crossj
resolver is less than' 1 5 percent of the: activation.
The“ instrument has ‘been shown to provide adequatey
performance 'in its ability to measure £orpes and moments in“
the ranges found in. orthodontic appliances.‘ The system hask
jdisplayed an ability to measure forces of up to 5% with an’
accuracy of ﬁ&percent and moments »of 40 N-mm with an
accuracy of 4. 5_ percent The resolution for forces is -
0. 003 N in the Yy direction and“o 005 N in ‘the x and z
directions.r The corresponding resolutions for moments are

,

0. 06 N-mm and 0. 16 N-mm
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3. FINITE ELEMENT THEORY - "
2 h

g

The finite element' study was conducted hsing'the
program‘ ADINA. The appliances were modelled with
isoparametric beam elements. éeometrically' nonlinea:i
analyses were condocted'oacause of the large 'displacements
and rotations involved . For the springs that were analyzed
the strains were assumed to be small and the stress~strain

relation was taken to be linear. ); v
3.1 Formulation of Equilibrium Equations

The total Lagrangian incremental formulation is used
by ADINA to. generate the equations of motion for the
isoparametric beam elgpent. The . general equations are -
first produced using.the principle_of virtual work and then
specialiied for the particgla; element. Tho'derivation
proceeds as follows.

Consider a body at a time t+at whose displacement
fjeld ugoer a set of eXxternal 1oads:tf correspoading to a
fime t is known. The displacements at t+at uﬁaer the loads
t+Atf are sought therefore the principle of virtual work is

7written for the body at t+at. The second Piola-Kirchhoff
stresses S and Lagrange strains E are referred to the

configuration V, of the initial time‘tol The principle of

: [ ]
virtual work is thus

29
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Vo

. The stresseé and strains are written in terms of increments
t+aty _t ‘
Sij = Sij + Asij

t+at L
. Eij = Eij + AEij

Substituting the éollowing material relation which assumes -

linearity over the load increment

8814 = Cj4k1 4Ex]
and noting thét

t+at

6 Eij = GAEij
gives

ft . : ~ "t+at
[ "813 #¢Byy AV + [ By Cyyiy 68Bjy AV = *THgy,
Vo S Vo |
e (3.2)

It can-be shown that

"AEIj,- % (Aﬁi'j + Aﬁj'i'+ ﬁk'iAﬁk'j~+5ﬁk'jAﬁkii + Aﬁk'iAﬂk'j)



\
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i
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where “i j are the displacement derivatives at t and Aﬁi 3

" are the increment derivatives 'The last term applies only
for  large strains The increment in Lagrange straine "is

written as the sum of linear and nonlinear componente
\

\
AEijv= AEijl + AEijnl

\

Substituting inLo (3.2) -and making a  further ‘linearizing

assumption by eglecting the product of ' the stress

increment and 'nonlénear strain increment in the second

A

term gives

\

o LN .
f tsij §K5E1j1-+ éEijnl) + f AEkll cijkl SAEijl §V°‘
v, Vo v |

\,‘ ‘ . = t+Atwext ) (3 . 3)

The external virtual worr is given by

" -
.,

F+étwext" [ t+Atfb SQEkdvo +J thFfs suy dS, (3.4)

S

o

where f), and fg denote body drces and‘surface'tractions.

Discretizing the equat oh by us*nq ‘the following.

'interpolations for the displa

ements‘and.strains in terms
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of the nodal\displaoements_

-

Aﬁjé H au’ | | o (3.5)
" aEl = B au N | - - (3.6)

and invoking the principal‘ of virtual work results ' in the

matrix equation

(ST cTpav, + [ T s u avy ] o

Vo - VYo ‘ | -

= [ ©*0%e suy av, + [ Tt su; as + f BT s v,
Vo o+ So Vo
where = .
‘tgl,tkl s 1inear and initial stress incremental stiffness
natrices ‘ o
4u -'vector'of increments in the nodal displaceménte
L eaad &
- tHotp  a vector of externally applied nodal loads. at t+at
t+aty - vector of nodal point forces equivalent to the-'
, integration of internal stresses '
- o '
The updated Lagrangian incremental formulation isd‘

isimilar to the total Lagrangian formulation exoept that the‘
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_stresses‘ and strains are‘ referred “ to “an updated‘
| configuration;_ namely the configuration at _time t. The
elements are usually formulated with respect to the local
‘element coordinate system. ~The. calculation of the
ustrain—displacement | relation (3 6) irequires ) the
, transformation from the ~global to the local coordinatex
system: In the TLF. this transformation doges not_ change.
‘hecause the original configuration‘ istaken as the
,referencevconfiouration)'Which,does not change. In’tne ULF.
the'transformation' must be updated with heachvstep. Whent’
second Piola-Kirchhoff stresses and Lagrange strains (which
_are invariant under rigid body rotation) are used the TLF
and eULF ‘are theoretically equivalent . as the rigid body |
rotations of the local element coordinate systems are

[N

accounted for in the TLF. "; - »
3.2 ' Solution Strategy

' The . solution for the displacement increments must
_necessarily be. iterative as, tKnl and t+5tF are dependent on

the displacement field. The\most straight-forward procedurep;

»

is the modified Newton-Raphson iteration

tg (i) - "th'tR‘ -l,;.thF”(f"'I)-\ o
Ctaty(d) o oteeg(i-l) 4 o,ad) 0 0
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"ané convergence'isv illustrated schematically for " a scalar

v.problem in Figure 3.1 The tangent stiffness at time t is:
. used throughout the process. The curve represents the noda17
loads which have been found by integrating the stress field-'
.obtained from a strain .field corresponding to the nodal
.‘displacement - In standard 'Newton—haphson ‘iteration‘the ‘
tangent stiffness at the end of each iteration is used
and \the formation ‘of the stiffness matrix with each
literation can become costly A more economical iterative

"process is the BFGS (Broyden-Fanno-Goldfarb-Schmidt) method

.which was used for this analysis ‘The equation used is

A
t

t+AtK#(i;1)Au(i)'=.t+AtR’_;t+AtF(i—l) | ‘g"‘ (3.8)
;t+AtK*(i'l)' is a stiffness matrix which is updated in

‘iteration i to satisfy the secant relation
‘ _t*étx*‘i)'tthtu(i)\- t%Atu(iél)]'-'tt+AtR _ t+Até(i)]
- [BHatR o thatp(inl),

In addition, the displacement vector update is optimizedlf

Ca
o

through the use of a scalar acceleration factor S

. S
,l) '

t+Atu(i) t+Atu(1-l) + n(i) Au(i)

‘the multiplier 1 is obtained ?ﬁsse-lm‘.inmizins the quantity .



" true solution
Co A

toa

’ - ‘ . t+at 1
. u

Figure 31 A Modified Newton-Raphson iterative solution
y : ;for increment in displacements

Ct+At 1

| ‘Figure 3.3 ' BFGS solution .
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‘”The'convergence‘process is illustrated‘in‘Figure 3.2.
3.3 Cbnvergence.criteria‘

'3f Convergence is db‘sidered attained when both the force
and’ energy criteria are satisfied‘ The force criterion for'
“iteration 1 "is that" the . Euclidean norm of the
'out-of—balance vector be less  than’ anlspecified force

‘ tolerance (Figure.a 2)

1] tratg - tfé?p(?fl)‘|["<~ force tolerance

o

"The energy criterion for iteration i is that the ratio ‘of
“the out-at-balance work to the external work during the |

load increment be less than a specified tolerance
P ‘ B |

" 4
N

;fﬂﬁ Aﬁ(i)Tﬁ(t4at’; t+AtF(i 1))

N T

% energy tolerance ;f'
Au(i)T <t+AtR );;j'. ‘ : -

-4 Isoparametric'Bean Element

. The basic interpolations used in the calculation ofl&y

the lementrmatrices ot thexthree-dimensional isoparametriciﬂj

element’fare now ﬂresented.ﬂi In the coordinate and;;;
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displacement‘ i interpolations fﬁ plane ':T rectangular‘
icross sections of the beam normal to the neutral axis are
‘:assumed to remain plane although not necessarily normal tofv
the axis. Therefore this element should' not be used ‘for |
torsion problems but the effects of shear deformation are |
xincluded - ,. | 1 ‘_‘: D ‘~{_?g ‘\
. The geometry of the element at time t is given by

1

. R L S A P
x(r,s,t) = T h X, + £ = a, h v +.8 £ by hy *V
} tSy k. k. k__.z X k‘ k‘: tx 2 k"k k 8X

tyrot) =sh by + e ¥ 0 bty Koy osr on ty k
y(r,s,t) =z h Ye +t £ 2 ap h v ‘+—§—z—hk—hk v
5 1S Tk k .Ik‘ z k k k ty . 2 k. x ’SY .

Fatrait) s m g Pact £ e iy NN 4 8 by mg tr R

where | ““f‘} R N | "‘ﬂifa‘ Vﬂ(3;§y
'r,s, t are the localvcoordinates o ‘v“ kX “‘ ” |
hk(r) are the one-dimensional interpolation functions

xk'Yk'zk are the global coordinates fof_“7f_1f i;i;,(
’ak'bk are the cross-sectional dimensions .l, :“: ER
Vtxkvvtykrvtzk are the components of the %nit vector Vtk in f
the direction t at node k Tl L e e

V

XK,V yk,vszk are the components of the unit vector k in.‘

f the direction 3 at node k ;,;}f}‘fﬂfﬂxff;"
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’ The coordinate systems and vectors are shown in Figure 3;3

A ’schematicvf diagram‘ illustrating this‘ p coordinate
'interpolation is shown in Figure 3. 4‘. The figure 'shows a’
two-node element in the r-t plane Conbidering the’ pointp‘

(r,s,t) = (0 o, 1), the X coordinate of the point is given
K, g

e

“using 1inear interpolation fuactions as'g '_“ S

x(0,0,1) = 0.5(1°r))%; + 0.5(14ry)x,

1+ 0.5a,(24x,) v, 2 )

= 0.5 (x1 +x2 + 0. 5[a1vtx1 + azvtxz] )

)”The displacement components at time t and the incremental

displacement components are given by

-

-

'Substituting the geometry interpolations yields expressions o

:‘tor the displacement components in terms"of the nodal

'ldisplacements and differences in the direction cosines of

,the nodal vectors ,f‘gf

.,.‘

ui - i nk tui * ; z akhkﬂ(tvti °v k)

B (g - °"si"’
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. I ! | ' "‘ ‘ | » ) .K . ‘ ‘ ‘
Figure 3.3 Coordinate .systems and position vectors
for isoparametric beam element
-} -
*2 |

Figure 3 4’ \gvo-dimensional, two-node illustration
- Lo b 4 coordinate interpolations el



taty K -ty k
T Vs T Vg

“where | B I\

A}

vk o thaty k _ ty k.
B¥ei™ = T VgiT = Vegt o
It is desired to expreagfthe displaéementé\in terms of the
nodal displacements and rotations. The difference‘ vectors'
AVti and av i are therefore written in terms of’ rotatioﬂg
'about the global axes T \\\ k’f\ s
e " P 1 ‘- " ‘\‘ \ 1
R T U SN
AR T R Qk CE
These relations are accurate providing that th rotatiohs

are ‘small. In order to allow for large rotations the

directions of the new nodal vectors are calculated as. f_;\,*‘

PEratyek = ByKot foag x vk

. ‘Tmess rélations sre the hasic interpolations: used to,



‘fevaluate the strain-displacement interpolation metricee for

fthe incremental formulation. The calculation of mﬁhe' e

necessary matrices is.described in [20].



4. TEST RESULTS’

“In this chapter the details and results of the
,numefical‘ aud"'experimental studies that Qere“ done are
giueni ' Two studies wereueompleted to obtain avcombarison
between‘ numericali and experimental results. Further“
e*pgrimeﬁtal studies were carried out te investigatesthe
effeees of varying certain qeometiical perameters on T
springs; toiobtaiﬁ'furthef insight into fhe behaviour ef
thede appliances.

SN 4
4.1 Comparative Studies

case ]

[l

T?e' . first 'sprin? to be studied was the
non-pre&ctivated sprfﬁ% of Figure 4.1. This appliance had
been tested and modelled previously by Koenlg et al. (8].
| The spr.ing was bent from .010 x .020Ain.‘C%95 X .51mm)
stainless steel wire;' The values for Young'sv modulus
~and Poisson! s ratio fof the material were . assumed to be
177 GPa and 0.30 [22](3 all springs were made using pliers-q
aﬁa matched templates to within 0.25 mm. Visual inspection :
revealed the out-of-plane error to be less than 0.5 mm. The
~;i)ring was clamped\at an'interbracket distance of 7~mm,and
the ende were displaced in the =~z direction to -an’

interbracket distance of 9 - mm., '.Theltest was carried out:

a2



Wy OC

/

Figure 4.1 T spring with no pre—activatiorll

)

2 mm

Figure 4.2 Original ;and‘ deformed finite éie’mént mésh

43.
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using the same spring four.times. ‘ \

The finite element mesh is shown in ‘figureﬂ4.2.
.Because of svmmetry only half the spring was modelled.
Four-node }soparametric beam elements were' used. "The
boundary conditions used specified - no rotation and no
vertical translation at the%clamped end.and no rotation and‘
no. horizontal translation at the midplane end.. In order'to
obtain a measure of the convergence towards the actual
force-deflection relationship the program was run using
,meshes consisting of 21 and’26 elements. A linear analysis ‘
was followed by a geometrically nonlinear analysis with
the displacement applied .in eight increments. BFGS:
iteration was used until the'ratio of out—of—balance energy
to incremental energy fell below: 0.001. When equilibrium
was checked using the fotrces and moments at either end of
the half-spring the out-of-balance forces were found to be
‘less than 0.007 N and the out—of-balance moments were less.
than 0.10 N-mm. ' | | |

| Figures 4.3 and" 4.4 are summaries of the
rorce-deflection‘and moment-deflection relationships that
were calculated and. measured. All experimental results are
‘tabulated in the appendix.r The standard deviations of the.‘
:orce and. ‘moment data fell below 2.5 and 3. 1 percent
respectively;- The. calculated values obtained using’
“the 26 elementv“modeI‘ differed from the results obtained
using the coarser model by less than 1 percent.t The

calculated and measured curves given by Koenig et al. [8)
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-are-also shown.. The results show good agreement between‘

the calculated and neasured values considering the‘

variations possible‘ in constructing and mounting the

spring.’DirZZfences “in the stainless steel wire could

account for me of the differences between ‘the previous
‘ S S -
study and these results.

M

- Case 2

—

g «
An experimental and theoretical comparison was also

performed for the pre-activated spring of Figure 4. 5. The

spring was bent from .017 'x .025 in. (,43. X .64 mm) TMA .

Wwire. The Values'for' YOung s modulus and_Poisson's -ratio*

were taken to be 69 GPa and 0.31 [23]
| The spring was clamped at an interbracket distance of
19 mm, deformed into the neutral position (at the neutrgl
position both ends of the spring have thp same slope and“
the spring experiences a pure bending moment) and. then5
activated in the -z direction to increase the interbracket
distance by 7 mm. The prescribed end rotation 'and{
displacement applied to the finite element model are shown:
in Figure 4. 6. The program was run up to ‘the neutrall
position to calculate the end displacement, which w&s foundil
to be 5 89 mm.‘ It was then restarted and the prescribed"
displacement of -3 5 mm was applied. e "‘ '_ o
The.complete loadingugas applied in 160 increments as'“

this resulted in the most economical solution to satisfy.f
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‘ the convergence requirements.i The convergence difficultiesi
‘ with this problem were a result of nonlinear effects in the
.spring Istiffness due. to the large displacements f"nd“
Yrotations'involved. Relaxing the convergence tolerance wasT
not a suitable alternative as it resulted in fluctuations‘v
tin the -numerically small axial end force.. Approximately |
‘Uone third of the solution time was spent in updating the.‘
:inverse of the stiffness matrix and the remainder was' spent
on’ equilibrium iterations. | . - o 8 ”R
The finite element mesh is shown in Figure '4.7L.‘The
. model was restrained from vertical translation at thel
‘ clamped end and restrained from rotation and horizontalf'
translation at the midplane end. The model contained 26”
Jfour node beam elements.: BFGS iteration was used until the
Euclidean norm of the out of balance load vector fell below'
"o 01 N., This resulted in lout-of-balance forces of less»}
‘ than 0. 002 N and out-of-balance moments of I’“E than O,osgl
N-mm for the model. N | . | ‘ B |
The calculated end displacement at the x-neutralhu
3position was 5~89'mm (Figure 4, 6) The displacement wastf
lmeasured to be 5 7 mm. The calculated and measured forcesf
kand‘moments versus deflection from the neutral position arefl
shown in Figures 4 8 9‘] The model over-estimated theu;
‘{maximum force by 15 percent and the maximum moment by B:f

percent. Inaccuracies in the assumed material propertiesfﬁ

tmay be partially responsible for these differences."

Finally, a linear analysis was:also;;performed.h TheQ}
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i calculated linear and ,nonlinear forces vand‘moments-are"
shown in Figures 4 10, 11 Due' to the large displacementsi
and rotations involved, ‘poor agreement was seen between the
linear vand nonlinear results The values for the moment
at the neutral position however, differ by only l percent*‘
(the moment-rotation relation to the neutral position that‘

was calculated with the nonlinear analysis ‘was found toil
depart from linearity by less than "1 percent) ,ifhef;
;\calculated end displacement ‘at the neutral position‘
however,_was 2 76 mm compared to 5.89 mm for the nonlinear.“
analysis. . P o o |

'4.2?JParametricgstudies‘

The geometric parameters that were varied were spring
height, activation angle, centering between brackets ‘and
the addition of helices., All of the appliances that werev

-tested were constructed from 0 017 x 0 025 in. TMA wire.

o This study investigated the effect of spring height,@“ﬁ
Four springs cfﬁ 5, 6 7 and 8 mm gbh-preactivated heightff;

were tested.“‘The springs are shown in Figure 4 12.‘7i”v;43;33

Each[spring was clamped at a distance of 2 mm from the,fi
SN o
ést the ends, deformed into thetg;

activation #bends"n‘w

.@position lanfhiﬁ‘en activated to,ﬂincrease the,ﬂﬁ
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interbracket‘distance by 7 mm. Four tests were conducted
for each spring: Tne neutral position of each spring was
determined by varying the interbracket distance'so that t;e
forces=7were-close to sero; The interbracket distances
at the neutralvpositiOn were found to be 10.5, 11.5, 12.0
and 12.5 mm in order of increasing spring height.

Figures 4.13,4.14 and 4.15 show the horizontal ' force,
moment and moment to force ratiO‘versus deflection'from the

..}
neutral position. The results‘indicate a larger increase in

force delivery than moment‘ﬁ :h decreasing spring height

At an activation.of 4 mm the force delivered by thie 5 mm‘
‘spring was 2.8 times as large as the force exerted by the 8
mm spring. The corresponding.. increase in‘ moment was 30
'percent‘ consequéntly the moment to force ratio varies
considerably with spring height. Finally,~the abrupt change
in slope of the force ‘and moment curves for the 5 mm spring
indicates that the spring yielded at a deglection from the

neutral position of ‘between 4 and 5 mm

-
<

g‘ i z ) ' . ' . o -
. ' . . . .

- - N

The effect of varying the activation angles was also
studied.. Fov.fr springs based on the B mm spring of the
previous study were constructed. Ths springs are shown in’
Figufe 4 15,., The o and g engles, originally at 30° were
changed as follows & vas increased by 30°; a was increased

by 60': a wag”increased by 30° and B was decreased by 30°;
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finally.a was increased by‘30° and g was decreased'by 60°.’
The springs will be referred to as springs 1 through 4l

| IThe 'springs ‘were ‘mounted. and tested as. previously
described however due to the asymmetry of these springs
‘the reactions at both ends were measured. Three tests were
conducted\for each end. The two 'ends of a spring will be
'referred to as the a«a end and the B end Ideally, there
should be a difference in moments at the a and 8. end which
is equal to the product of -a vertical force times the'
interbracket distance. The interbracket distances at ' the
neutral position were found to be 10, 8, 10 ahnd 15 mm."
Figures 4.17 to 4.22 s the horizontal force,
vertical force, a moment,.pg mom:::i\a/moment to H%rizontal
force ratio and g moment to horizontal force ratio) Figure
4.17 showsAthat the horizontal force was not'effected to -a
large extent for the first, third and’ fourth springs; at a
7 mm deflection the force exerted by these three springs
was .93,.88 and .82 times the force exerted by the 8 mn’
spring of the previous study. Increasing the a~ang1e by-60°'
’however caused the force to increase by 60 percent at a‘
deflection of 2 mm. This spring began‘ to.yield at.ailv
deflection of 1. 5~ 2 mm. . | i | l
- —The first spring (which possessed the‘least asymmetry)
exerted the lowest vertical force and had the Iowest‘w
difference in end noments (Figures 4.19 _'and 4 20)

Decreasing the B angle caused . the vertical force “to. -

increase considerably, although the third spring exerted a ..
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B

‘larger ‘vertical‘force‘ thanvthe ‘fourth As mentioned it

iwas also seen that the interbracket distances for spring 4‘

were 4 mm greater than for spring 3.

Referring to Figure 4.19, increasing the a angle from

“30° to 60° and 90° (springs 1 and 2) increased the a moment

[

: by 20 percent and 50 percent. Comparing springs l, 3 and 4

‘ireveals that decreasing the B angle also caused an. increase

in '« moment however - th .,effect is not directly

proportional.~ From Figure 4 20 it is seen that decreasing

the p angle from 30° to o° and -30°‘ (springs 3, 4) lowers'

the B moment by 80 and 125 percent respectively. Comparing-

~springs 1 and 2 and the symmetric 8 mm 'spring from the‘

Vprevious study reveals that increasing the a angle causesfi

{unchanged between springs fig and 2.
?decreasing the ﬂ angle past zerogis seen in the negativ

jmoment to forcewratios for springsle;n gz.x;j;;;;g_V

less than ‘a 5 percent change ‘in the p moment.‘“

| The @ moment to horizontal force ratio is shown in v

"Figurer4 21._ It can be seen that the effect of increasingy

the a angle was to increase the K3 moment to force ratio (at.

higher vactivations) : Also, decrea:ﬁng the ﬁ angle raisedyﬁ

lthe ratio but had little effect once the ﬂ angle became‘i

wnegative. ff{

The ﬁ moment to horizontal force ratio is shown innf

5Figure_ 4. 22. t The large difference in horizontal forcef’
;delivered by spring 2 was responsible for lowering theﬁf

*moment to force ratio )as the ﬂ moment was essentially;;

'iThe effeot
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Finally, equilibrium was' cheCRed. V-3 the vertical,i
forces were most susceptible to misalignment errors in‘:
‘vertioal : force ‘vare most : likely 'the‘ source : of
iunon-equilibrium The difference in moments at the a and p‘~
;ends was. divided by the correspondin terbracket distanceli
‘yand subtracted from the vertical force ‘ The maximum\
"out-of-balance i vertical forces for springs 1 through 4

‘were .136, _.278, .098 and .153 N.‘ Expressed as’ ‘ra

‘percentage error ‘of the »corresponding vertical force. the

‘values are 25, 19, 11 and 7 percent.- The ”’standard'
deviations of the vertical force data remained below 7‘
percent. The value from deadweight tests was under 2
,percent indicating that most .of the repeatability error.
iencountered ‘was gdue’”'t c misalignment : and improperuﬁ
positioning of the springs in the instrument. |
.gﬁsg'gz
Vertical forces and moment differences are also*'
ﬂobtained when symmetric springs are not centered.betweenff

_brackets.; The effect of spring offset was studied by}f

gtesting the 8 mm spring clamped at a distance of 6 mm from}f

fthe activation‘bends and subsequently offset bY 2 and ey mm_f
e S T ' interbracketf;ﬂ
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Lo

‘ vertical force, a moment B moment, ‘a moment to - horizontal
force ratio and B moment to horizontal force ratio.‘ Figure‘

4.24 indicates that the horizontal force was unchanged by‘
£} i

‘the 2 mm offset andiis decreased by only 8 percent with the‘

A mm offset The vertical force resulting from a2 nmm

1,

offset was approximately 40 percent of the force delivered‘

with a 4 mm offset throughout the activation (Figure 4. 25).

The a and B moments are shown in Figures 4 26 'and ‘

n

wd.;?. The 2 mm and 4 ‘mm offsets resulted in increases in a
moment of. 40 and 62 percent at a7 mm dd&lection from the7
neutral position. The B (mément experienced 25 and 55

percent decreases respectively. From Figures 4, 28 and 4.29

(Y

the 2 and 4 mm offsets increased the a‘moment <to force
" f& t

ratios by 20 and 45 . percent. The p moment to force ratdos .

P
P

were decreased by 25 and 32 percent S ﬁi"

Equilibrium was bhecked in the same manner as before.

The largest out-of-ggiance ‘vertical forces for the two

’

“a

placements were 04 and 06 N//pr 13 and 10’ percent.v

- oA ‘V‘-‘

'i;;- The final parameter that was studied was the additionﬁ
of helices.’ Two springs based on the 6 and E‘mm springs of"
the first study were conptructed with single turns &t eachf{

of the upper bends. The springs are shown in Figure 4 39, f

;Each spring was clamped 2 mm from the activation bendsf?

and tested as previously described.‘ Four tests];wersﬁ:
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conducted. for each spring. The‘interbracﬁet distanc;e‘at .
the neutral pcsition were found to'be 12 andvi3 mm.

The - norizontal force, moment and moment to force
‘ratios are show in Figures 4. 31 to 4.33. The resnlts show

d

that the addition of helices at these locations lowers the
force and moment delivered gply slightly; at a 3 mm
activation the forces were reduced by 4 and 9 percent and
the,moments‘by 4. and 7"percent:for the.s and 8 mm springs
reséectively.\ o
'figure 4.33 shows that the moment to force tatio is
efﬁectively unchanged by the addition of these helices. It'
has generally been found that - the addition of helicee
.tends to further reduce the moment to force ratio at higher
activations. It is expected that the addition of helices
‘at -the activation bends would result - in a more noticddble K

effect. .ot
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£ 5. CONCLUSIONS
. ‘\@

The focus of this study has beenytolapply and evaluate
experimental‘and numerical techniques. for determining the
force ‘systems‘ generated. by orthodontic ’appliances. A
further obﬁective was to gain insight into the effects of
certain geo?etrical variations in the design of arT loop
retraction spring. The"following conclusions are drawn.

1. The‘instrument that was developed proved to be capable.
of measuring ‘the force systems generated with sufficient.7
accuracy and repeatability_ The accuracy as determined

from deadweight"tests was 3. 4 percent full scale. The

standard deviations of data from spring tests remained~
below 7 percent, while the value from deadweight tests wasl
under 2 percent.‘ | _ | |

2.‘ Results from the finite element study have"indicated f
that the method is an eQ‘Fctive tool for modelling the‘
*appliances,‘ however the cost of the analysis increﬁses

° LR

'greatly as larger displacements and rotations are involvea\\a

l3.t~ From the parametric study of a T loop design the
'foliowing conclusions , may be drawn‘: 3The._reduction;orff
height resulted in a larger increas inﬁhorisontal'fdrceft
3generation than moment. Changing thégkctivation angles as J
~described did afrect the horizontal forces by a large‘j‘

y)

;amount,' while creatingn a relatively large ditference inf‘

.vertical forcesf'nd moments. fncreasing one of the angles}ji

‘and"decreasing | the other resulted in ? the qreetfeth;
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‘ 'ésymmmtry Incrﬂeasing‘-the o'’ angle by 60° caused a ‘similar |
increase in the a. moment as increasing the a angle by 30°°

\and decreasing the B angle by 30° (and .60°) . Finally,
increasing the o angle had very little effect on thefxp‘
moment, and decreasing the §# anglei reduced the Bimoment |
Hproportionally;‘Mounting the spring further towards‘ the o
bracket resulted in little‘ change in the horizontal force

: and proportional increases in the vertical force and moment
at the o - end. The addition of helices at the ‘top of the
spring served to lower the forces and moments by only minor
amounts. o o .»‘”}' “

Most of the: repeatanility error encountered was due to
misalignment and improper positioning of the spring in the*
instrument An improvement in alignment would increase the.'
accuracy and .ease in gathering data. ‘This ‘could be *
achieved by designing a base for the‘instrument upon which
the displacement transducers could be permanently mounted.
Once the initial alignment ‘was completed the instrument
lcould be*easily zeroed without having to rely on. optical

.methods such as thevuse of a cathetometer. The problem of 1\

mounting the 'spring at exactly the right position and

dfientation*would however, still remain.y'“ e :‘:ﬁggu""

x“,

';similar | level of convergence.~‘h‘ more ‘f
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-economical alternative for this case may lie in the use of
fewer elements. or -simpler elements such as the straight
Hermitian beam element, although this would result in» ar‘
compromise of accuracy. . ""_“‘j - |

Future areas of study include the testing and

-—

modelling of the appliance-tooth connection conditions at
‘the” bracket . An experimental study ‘6f the entire,
fappliance-tooth;support-structure“ system is difficult due;
.to‘problems encountered in" the preparation of artificidl;l
materials to match the-mechanical progerties of. biqlogical -
“tissues._' An | experimental study ﬂéinvolving only thera'

appliance‘ and' brackets ‘cculd be conducted hcwever, to‘

determine the actual force systems delivered to the tooth

Cah

WP
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) AVERAGE * VALUES STANDARD  DEVIATIONS
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Table A.5 Results from helices study



