Orthodontic forces generated
by a simulated archwire
appliance evaluated by the
Finite Element Method

By Pete G. Fotos, DDS, PhD; Constantine C. Spyrakos, MS, PhD;

and Dennis O. Bemard, DDS, MSD

ne of the essential concerns of ortho-

dontic tooth movement is the magni-

tude and direction of orthodontic forces
exerted on abutment teeth. Overstressing den-
tal abutments can result in osseous cavitation,
root resorption, and residual mobility, while low
force applications often can be responsible for
prolonged treatment time, predisposing patients
to dental caries or periodontal disease. There-
fore, knowledge of the magnitude of forces gen-
erated on abutment teeth during orthodontic
treatment can be useful to practitioners. A num-
ber of dental investigations have been carried
out utilizing finite element theory examin-
ing implant-bone interactions,' ceramic-metal
bonds,’ thermal expansion in dental restora-
tions,> and tooth loading > Several preliminary
studies have focused on orthodontic applications
including tooth movement,” and the relation-
ships of orthodontic movement to supporting
tissues.®' The purpose of this research was
to study one way in which the finite element
method (FEM)** might be applied to an ortho-

dontic problem to evaluate initial forces gener-
ated by an orthodontic appliance on a simulated
dental malocclusion.

Materials and methods

The FEM was employed to determine the
intensity and direction of forces stress distribu-
tion generated on teeth by the initial placement
of a preangulated, pretorqued, (bracket-type)
orthodontic appliance (Unitek Twin Torque,
Monrovia, CA) utilizing rectangular titanium-
nickel alloy archwire (Unitek Nitinol, Monrovia,
CA; Elastic modulus = 4 x 106 psi) of thick-
nesses ranging from 0.016 x 0.025 to 0.024 x
0.025 in. The FEM analysis was based on
a direct stiffness method formulation, which
allowed for efficient treatment of the highly
statically indeterminate configuration. The wire
was modeled as a space-frame composed of beam
elements with 6 degrees of freedom per node.
Figure 1 portrays a representative beam element
and the associated positive nodal forces and dis-
placements with respect to the local Cartesian
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The finite element method has been used to determine the stress distribution generated by the initial placement of a simu-
lated preset bracket-type orthodontic appliance utilizing titanium-nickel alloy archwire.
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Figure 1

Figure 2

Figure 1

Space-frame beam ele-
ments with nodal de-
grees of freedom.

Figure 2

Pre- and post-treatment
maxillary casts used
for deriving abutment
locations.
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system (X,Y,Z). The bracket wire contact was
simulated as a three-dimensional connection al-
lowed to freely displace along the plane tangent
to the bracket-wire line of contact. The element
stiffness was developed under the assumption
of linear theory and small deformations. In order
to minimize the computational effort and input
data maintaining finite element method model-
ing requirements, one beam element between
two adjacent abutments was used to model the
alloy wire.

A maxillary pre-treatment gypsum model of
a malocclusion case was selected for this study
and was mounted on a Hanau articulator. The
three-dimensional coordinates of all abutment
teeth bracket positions were located. After cor-
rection, the post-treatment abutment locations
were identified from a model and recorded (Fig-
ure 2). The change in spatial location for each
abutment tooth was derived by comparing re-
spective global positions of bracket locations on
pre-treatment and post-treatment casts. This
data along with the wire physical properties,
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and bracket settings, provided the input for the
FEM procedure on an IBM 3081-GX Mainframe
computer.

The appliance selected to simulate this ortho-
dontic treatment model included preset bracket
torques, angulations, and slopes as available
from the manufacturer (Table 1).

Results

The analysis revealed initial abutment tooth
vector forces ranging from 0.21 to 6.92 New-
tons (1 Newton = 102 grams/forces). The direc-
tion of the net forces with reference to the
global Cartesian system can be evaluated from
the direction cosines given by cos(F,x;)=/(F,>+
F,2+F,2)1/2 where Fi (i=1,2,3) denote the com-
ponents of the net forces with respect to the x1,
x2, and x3 axes respectively. At the joints of
each beam element, the local magnitude and
direction can readily be evaluated from the com-
ponents of the net forces through standard finite
element procedures. The range of each direc-
tional force produced by archwire applications
of various dimensions on abutment teeth is
shown in Table 2. Displacements included
mesio-distal, facial-lingual, intrusion-extrusion,
two-dimensional tilting, and axis rotation.

An examination of the net forces produced
on each abutment tooth are shown in Table 3.
As the thickness of the wire increased, the net
forces on the abutment teeth correspondingly
increased. However, the net direction of forces
exerted by this appliance on the dental arch
were not significantly affected by different wire
dimensions within the treatment load range ex-
amined in this case.

Discussion

The case examined in this project exhibited a
Class I molar relationship with maxillary crowd-
ing reflecting an arch length deficiency. The
appliance selected for this simulated treatment
plan has been previously described. Given the
initial coordinates of the abutment teeth and
the proposed abutment positions, it was pos-
sible to calculate the forces generated on abut-
ment teeth from the initial appliance placement.

An optimum load range for movement of a
tooth varies with several considerations such as
the number of roots, gross size, the movement
distance and direction, and other frictional re-
quirements. However, a reasonable range might
be from 20 to 300 grams™ beyond which dam-
age to the supporting tissues or root resorption
may become a problem. Vector facial-lingual
tilting forces were generally of low magnitude,
perhaps due to the fact that the appliance bracket
presetting was 0°all cases. However, since sev-
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Orthodontic forces

TABLE 1
Pre-Treatment Post-Treatment
Coordinates Coordinates
Appliance Pre-set
Tooth X Y y4 Torque Angle Slope X Y Zz
3 257 16.5 33 -10- (0h 0 25.9 15.7 46
4 239 245 26 -7° 0 0 239 251 37
5 221 30.9 27 -7 0° 0 216 31.8 40
6 19.4 38.9 54 0- 0 0° 17.0 391 39
7 114 429 32 0- 8° 0° 115 442 34
8 52 458 39 14- 5° 0° 45 488 4.1
9 37 453 40 14~ 5° 0° 42 489 45
10 10.0 431 47 0° 8° 0° 122 449 34
1 194 386 6.0 0° 0° 0° 17.7 38.2 4.7
12 218 311 44 -7° 0° 0° 224 308 38
13 24.0 247 38 -7° 0° 0° 247 231 30
14 252 16.2 41 -10° 0° 0° 269 14.6 47
TABLE 2

Directional Forces (Newtons)

Angle Moment Rotational
Tooth X-axis Y-axis Z-axis (N-m) Moment
3 0.398to0 1432 0.066tc 0217 0286t0 0426 -0.016to-0.006 -0.246 1o -0.075
4 -2557t0 -0.864 -0.500to0 -0.151 -1.52810-1.093 -0.043t0 -0.025 -0.089to 0.001
5 1.928t0 4796 0.439to0 1275 1341to 1960 0.017to 0.059 -0.361to -0.089
6 -5235t0 -1.970 -3.928t0 -1.261 -0.004to 0288 0.159t0 0.399 -0.024t0 0.054
7 -0.07210 0.063 -1.889to -0.581 -1.613t0-1.209 0.027to 0204 0436t0 1.412
8 044510 1636 1.924t0 5522 2819to 3.875 0.338t0o 0621 0.122t0 0.525
9 -0.91210 -0279 0.133to 1.206 -3.21410-2029 0432toc 0691 -0.428t0 -0.170
10 0378t0 0698 -0.613t0-0.158 0994to 1.363 0.160to 0.245 -0.431t0-0.128
11 1.700t0 3415 -1.679t0-0.583 -3609t0-2.393 -0034t0 0.029 0.224to 0.259
12 -2162tp -1.522 0.076t0 0096 2320t0 3517 -0256t0-0.139 0334to 0.669
13 -1.325t0 -0405 0.106to 0355 -1.751t0-0.286 0.024to0 00439 0.013to0o 0.095
14 0.128t0 0.285 -0.040to -0.012 0.186to 0.276 -0.027to -0.013 -0.0461t0 -0.014
Table 1 Table 2
Spatial (global)pre-and Force ranges globally
post-movement abut- produced using nickel-

ment locations with
appliance bracket

titanium alloy archwire

- of varying dimensions

presettings. (0.016 x 0.025 to 0.024
x 0.025 in).
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TABLE 3
TOOTH
Wire Dimension

(sq.in.) 3 4 5 6 7 8 10 11 12 13 14
0.016 x 0.025 021 128 277 298 107 205 343 133 227 237 154 0.29
0.017 x 0.025 023 137 284 322 112 220 375 142 272 266 160 057
0.018 x 0.025 026 147 312 348 119 237 412 155 315 297 169 067
0.019x 0.025 027 157 329 374 124 253 448 168 361 330 186 078
0.020 x 0.025 030 168 346 402 131 271 490 180 412 366 205 089
0.022 x 0.025 034 193 380 460 146 309 582 212 526 444 246 1.10
0.024 x 0.025 39 258 411 522 164 353 692 247 653 532 300 150
Median Forces 030 193 344 410 135 279 517 190 440 384 227 0.89

eral abutments were tipped, net forces on such
teeth might still be expected to reflect active
abutment stresses in this direction. The wire
dimensions used in this study were varied to
demonstrate this effect on forces applied to the
abutment teeth (Table 3). Maintaining preset
bracket angles and inclinations would signifi-
cantly alter the magnitude of net forces while
the direction of those forces is largely unaffected.
Conversely, varying the inclination or angula-
tion of the brackets while maintaining wire size
would be expected to alter both the direction
and magnitude of riet forces. Where wire size
changes are undesirable, the use of a wire with a
different elastic modulus could be employed.
For example, when this same study was repeated
with stainless steel (Permachrome) archwire, all
net forces were notably increased (data not
shown).

In this study, only initial forces were meas-
ured. One can assume that immediately after
appliance placement, these forces would be some-
what dissipated by interligamentary movement
allowing for limited wire relaxation. However,
if one examines the forces generated on tooth
#9 (Table 3), it is evident that extreme forces
would be generated at wire dimensions of 0.018
x 0.025 in or more @ven with some anticipated
relaxation of initial forces. This data can also be
calculated for any point on the appliance wire
given the initial and proposed (final) treatment
coordinates.

The effect of archwire curvature to the
straight beam element equation was not stu-

Table 3

Net forces produced
on each abutment x
changes in archwire di-
mensions in Newtons
(1 Newton =102 grams/
force).
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died in this work. This aspect can be addressed
with the proposed technique by introducing
more than one beam element between adjacent
abutments with coordinates of the common joint
measured from the pretorqued-preangulated
orthodontic appliance. The significance of such
an effect together with more evolved modeling
of the abutments (more than two wire contact
points) should be further investigated in con-
junction with a large deformation linear theory
and FEM analysis. While the model utilized in
this pilot study presents some limitations, it is
capable of providing a feel for the range of force
magnitudes anticipated to develop on the appli-
ance and abutments thus setting the basis for
more elaborate FEM procedures. At the joints
of each beam element, the local force magnitude
and direction can readily be evaluated from the
components of the net forces through FEM.
Additional dynamic force interactions might also
be important in some cases when considering
occlusal relationships with the mandibular arch.
Such additional considerations could modify the
actual forces exerted on the abutments. The
influence of intra-arch interproximal contact
points and the effects of buttressing might also
be a point for concern when considering longi-
tudinal abutment stresses and directions of
movement which deviate from FEM predictions.

Future studies are planned to delineate the
effects of these interactions utilizing the FEM
procedure. An examination of initial force relaxa-
tion allowed by the periodontal tissues is another
area requiring further study. Modeling of the



periodontal membrane and supporting alveolar
bone has been studied with FEM.™ Since the
resistance to tooth movement exerted by peri-
odontal supporting tissues is known to vary
considerably due to endogenous factors such as
age, sex, race, etc., this continues to be a major
consideration in appliance selection, design, and
treatment programming. Future development
of this research will require that the influence
of these variables be approximated and provided
as input for FEM evaluations of specific clinical
case studies. Adaptation of such a model coupled
with an appliance analysis similar to the simu-
lated case described in this study could produce
a powerful utility for predicting general re-
sponses to orthodontic therapeutic modes.
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