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ment for tooth movement and minimize

patient discomfort, treatment of tooth dis-
crepancies in the initial malocclusion requires
wires of low stiffness to produce gentle forces as
the teeth are leveled and aligned. Biomechani-
cal considerations require that archwire stiffness
be an important criterion, upon which rests the
relationship between orthodontic force and de-
flection within the elastic working range.'?
Burstone! stated that the major reason the orth-
odontist should select a particular wire size is its
stiffness or load-deflection rate. Stiffness is di-
rectly related to cross-sectional size and shape.
However, with the introduction of titanium-
based alloys and multistrand wires, stiffness can
be reduced without reducing cross-sectional size
or shape.*¢

In order to optimize the biological environ-

O'Brien’ defined stiffness as the slope of the
straight line in a bending plot or the amount of
force required per unit of activation. Some fac-
tors that affect wire stiffness include wire mate-
rial, hardness, state of heat treatment, size, and
cross-sectional shape. Wire stiffness is also af-
fected by bracket width, interbracket distance,
length of wire, and the incorporation of loops.’28

Studies of nickel-titanium alloy wires have
demonstrated a linear loading and unloading
characteristic for some single-phase nickel-tita-
nium alloys.”"® However, newer alloys have been
shown to demonstrate nonlinear loading and
unloading behaviors with relatively constant
force levels throughout their midregions of de-
activation.”’ Hence, it is impossible to obtain a
single value for stiffness or slope of the bending
plot for these nonlinear wires." Quantifying the
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Treatment of horizontal and vertical tooth discrepancies requires wires of low stiffness to produce forces as the teeth are
leveled and aligned. In this investigation, the stiffness characteristics of several solid and multistrand nickel-titanium and
stainless steel orthodontic wires were determined at selected clinically relevant deflections. Twenty specimens of 24 different
wires were tested in both three-point and three-bracket bending modes. The unloading force deflection plot of each wire was
described by a polynomial regression from which wire stiffnesses were obtained by mathematical differentiation. Graphs of
the functional relationship between stiffness and deflection are presented. The results of this investigation show that wire
stiffness can be altered not only by changing the size, but also by varying the number of strands and the alloy composition.
An equally important finding was the dependence of stiffness on deflection for most of the wires measured. Comparisons
were also made between the stiffness values obtained in three-point bending and the three-bracket bending systems.
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Table 1
All 24 wires from this study classified by alloy, number of strands, wire size, and commercial name
Round Square Rectangular
Alloy type  Strands Size Comm. name Size Comm. name Size Comm. name
Stainless 1 solid 0.016" Permachrome* 0.016"x0.016" Permachrome* 0.017"x0.025" Permachrome*
steel 0.018" Permachrome* 0.021"x0.025" Permachrome*
Stainless 3-stranded 0.0175" Wildcat** 0.016"x0.016" Quadcat** 0.017"x0.025" Quadcat**
steel 0.0215" Wildcat** . 0.021"x0.025" Quadcat**
Stainless 6-stranded 0.0175" Respond***
steel 0.0215" Respond***
Stainless 8-stranded 0.016"x0.016" 8 Strand* 0.017"x0.025" D-Rect**
steel 0.021"x0.025" D-Rect™
Stainless 9-stranded 0.017"x0.025" Force 9**
steel 0.021"x0.025" Force 9**
Nickel- 1 (solid) 0.016" Nitinol SE* 0.016"x0.016" Nitinol SE* 0.017"x0.025" Nitinol SE*
titanium 0.018" Nitinol SE* 0.021"x0.025" Nitinol SE*
Nickel- 9-stranded 0.017"x0.025" Turbo***
titanium 0.021"x0.025" Turbo***
* Unitek Corporation/3M, Monrovia, Calif ** GAC International, Inc, Central Islip, NY *** Ormco Corporation, Glendora, Calif
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magnitude of orthodontic forces at varying de-
flections is not only necessary for these newer ti-
tanium alloys but for the recently introduced
multistrand nickel-titanium wires as well.

In the past, researchers have evaluated the stiff-
ness properties of wires in cantilever*'? and other
bending modes.*** This information cannot be
directly applied to clinical situations because (1)
the bracket slot constrains the longitudinal shape
of the deflected wire, and (2) friction and bind-
ing at the bracket-wire interface affects force de-
livery characteristics of the wire.

The specific objectives of the current study were
(1) to measure the unloading force-deflection be-
havior of selected single- and multistrand nickel-
titanium and stainless steel orthodontic wires via
conventional three-point free-end bending and
via a simulated clinical bracket setup; (2) to plot
the unloading data for each wire in a force-de-
flection diagram and use a polynomial regres-
sion procedure to fit the patterns of these data;
(3) to compute and plot the derivatives of the
polynomials to describe the stiffness-deflection
character for each wire type; and (4) to compare
stiffnesses with respect to mode of testing, wire
size, alloy composition, and number of strands.

Materials and methods
Wires and their designations

The wires tested included single-strand and
multistrand nickel-titanium and stainless steel
orthodontic wires. They are listed in Table 1 ac-
cording to alloy, number of strands, wire size,
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and commercial name. Wires composed of stain-
less stee] alloy and single-strand cross-sections
are denoted by size only. For example, the nota-
tion 016 refers to a single-strand 0.016 inch di-
ameter stainless steel wire. Wires with
multistrand cross-sections are denoted by the
number of strands. The letter N is added to dif-
ferentiate nickel-titanium wires from stainless
steel ones. For example, a 0.0175 x 0.025 inch
nine-strand stainless steel wire would have the
abbreviation 17x25 9s; the same wire made of
nickel-titanium alloy would be denoted as N
17x25 9s. Whenever possible, specimens were
obtained from the manufacturer in straight
lengths. If straight lengths were not available,
preformed arches were obtained and the straight
posterior segments were employed for testing.
The specimen length for all tests was 30 mm. A
sample consisted of 20 specimens. Twenty-four
wire samples were tested in each of two modes
of bending, resulting in 960 tests.
Three-point bending test

Two testing methods were employed in this
investigation. The first method, a three-point
bending test, was employed as a physical prop-
erty test. The three-point bending apparatus used
simple, free-end beam theory. A stylus was con-
nected to the crosshead of an Instron Universal
Testing Machine (Model # 1135, Instron Corpo-
ration, Canton, Mass) and centered at the
midspan of each wire specimen. The span was
13 mm. Figure 1 shows the actual test area of the
apparatus with a wire specimen in its deflected



state. From top to bottom, the stylus, a deflected
wire, and a linear variable displacement trans-
ducer (LVDT) are visible.
Three-bracket bending test

The second method of testing involved a three-
bracket bending system. This apparatus em-
ployed a partially restrained bending mode.
Figure 2 shows the actual test area and depicts a
wire specimen in its partially restrained and de-

flected state within the three-bracket system..

This apparatus consisted of a customized device
to which the three-bracket system was affixed,
as shown near the middle of Figure 2. A displace-
ment plate affixed to this device contacted the
tip of an LVDT, shown at the left of the figure.
Deflection of the three-bracket system was mea-
sured by the LVDT and force was measured by
the Instron load cell. The brackets employed
were 0.022-inch slot maxillary premolar univer-
sal brackets with 0° angulation and torque with
a bracket width of 3 mm (351-0506, Twin Mini,
Ormco Corp, Glendora, Calif). The wire speci-
mens were ligated into each bracket with elastic
ligatures (0.110 grey, Power “O” modules,
Ormco Corp, Glendora, Calif) using a ligature
placing gun (Straight-Shooter, TP, Inc, LaPorte,
Ind). For comparison of the stiffness character-
istics, the three-bracket test system also em-
ployed 13-mm spans, measured as the shortest
distance between each peripheral bracket. The
interbracket distance in the three-bracket test sys-
tem was 5 mm. It is important to note that the
stiffness values reported are those from the three-
bracket system and not specifically the physical
properties of the wires themselves.
Data acquisition and analysis

An Instron Universal Testing Machine was
used to deflect all wires. The crosshead rate was
0.05 inches/minute, or 1.27 mm/minute. The
load cell registered the force placed on the wire
specimen and transmitted this value to a com-
puter as a DC analog voltage signal. In both
bending modes, a linear displacement gauging
transducer (Model #GCD-121-250, Lucas
Schaevitz, Inc, Pennsauken, NJ) measured deflec-
tion and also transmitted values to a computer
as a DC analog voltage signal. Specimens tested
in both modes were loaded to either a deflection
of 3 mm or to a load reaching the maximum ca-
pacity of the load cell (5 Ibs for three-point, 10
Ibs for three-bracket bending), whichever came
first, and then unloaded. The load cell and trans-
ducer voltage signals were stored as ASCII files
via a data acquisition system. This system com-
prised a multifunction data acquisition board
(Model #CIO-DAS08-PGL, Omega Engineering,

Figure 1 Figure 2
Inc, Stamford, Conn) and accompanying soft-
ware (Lablog2, Omega Eng). Figure 3A shows
the raw loading and unloading data plotted for
the 20 N 016 wire specimens.

The unloading plots for each of the wire speci-
mens were selected for analysis rather than the
loading plots because the unloading behavior of
a wire represents the force delivery characteris-
tic of that wire during function in an orthodon-
tic appliance. The stiffnesses were derived for all
test wires from the slopes of the elastic unload-
ing load-deflection plot. The raw unloading data
from each trial were subjected to a polynomial
regression procedure to generate an equation de-
scribing the force-deflection character of the un-
loading curve, seen as a solid line in Figure 3B.
For each of the wire samples with the exception
of solid stainless steel, a quartic (n=4) polynomial
regression was used to describe the force-deflec-
tion character of the unloading. This equation
can be expressed in terms of four coefficients and
one intercept as described by Miller and
Freund:*

y=b,+bx+b,x®+by®+bx*

where b, to b, represent the coefficients of the
polynomial and b, represents the intercept. A
fourth power regression was used because it fit
the force-deflection data noticeably better than
the third power regression, and the fifth power
did not show any appreciable improvement in
fitting the distribution of data. For instance, the
regression analysis (SAS Institute Inc, Cary, NC)
of the 0.016 inch solid nickel-titanium force-de-
flection data in the three-bracket mode of bend-
ing showed R? (coefficient of determination)
values of 0.72859 for n = 1, 0.80972 for n = 2,
0.91577 for n = 3, 0.95028 for n= 4, 0.95248 for n
=35, and 0.95665 for n = 6. The stiffness as a func-
tion of deflection, the derivative (slope) of this
polynomial, was subsequently calculated using
the equation:

Y(x) = (0)b, + (1)b, + (2)b,x" + (3)b,x? + (4)b,x?

This derivative was then plotted as the stiffness
for each wire sample in order that the stiffness-
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Figure 1

Three-point bending
apparatus with the
specimen deflected

Figure 2
Three-bracket bending

apparatus with the
specimen deflected
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Force- and stiffness-deflection plots for 0.016-inch nickel-titanium wire.
A: Raw loading and unloading force deflection data for 20 trials in three-

bracket bending mode.

B: Polynomial regression of unloading force-deflection data (solid line).
C: Derivative of polynomial (broken line) representing stiffness as a function

of deflection.
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deflection profiles could be graphically dis-
played. The stiffness of each wire sample can be
viewed as the dashed line in the force-deflec-
tion/ stiffness-deflection plot shown in Figure
3C.

The unloading curves for the solid stainless
steel wires demonstrated nearly linear force-de-
flection characteristics. Therefore, a linear (n=1)
regression was found to best describe these
wires. Although the mean R? value for the first
power polynomial (0.93594) was slightly lower
than that of the fourth power (mean R? =
0.99001), it was still considered to be an accurate
predictor of the force-deflection character of
these wires.

Polynomial and derivative equations were cal-
culated for each wire sample. The values for
stiffnesses at specific deflections x were obtained
by substitution into the derivative equation of
x=3, x=2, and x=1, such that means and standard
deviations for stiffnesses could be calculated at
high (3 mm), medium (2 mm), and low (1 mm)
deflections, respectively.

The means and standard deviations from the
20 trials for each of the 24 wire samples were
analyzed statistically by a General Linear Model
to test for statistically significant differences
among the stiffnesses of the different wire
samples at 1, 2, and 3 mm of deflection. Statisti-
cally significant differences (P < 0.05) were than
analyzed by Bonferroni (Dunn) #-tests with re-
spect to test mode, wire type, alloy, wire size,
number of strands, and amount of deflection.

Results

Stiffness values for some of the test samples
could not be derived directly from the unload-
ing force-deflection data at certain deflections be-
cause either the maximum capacity of the load
cell was reached prior to maximum deflection or
plastic deformation occurred to such an extent
that the test ended prior to 1 mm of deflection.
Such samples included 016, 016x016, 017x025,
and 018 at 1 mm, and 021x025 at 2 and 3 mm in
the three-point bending mode and 016, 016x016,
and 018 at 1 mm, 017x025 at 2 and 3 mm, and
021x025 at 1, 2, and 3 mumn in the three-bracket
bending mode. The stiffnesses of the single-
strand stainless steel wires were determined to
be constant, since the unloading curves for these
wires were highly linear (R>=94). Therefore, these
wires were analyzed with a regression procedure
wheren=1.

To enable the reader to determine the stiffness
of each wire sample, the coefficients of the de-
rivative of the polynomial are given in Table 2.
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Table 2
Coefficients of the derivative of polynomial used to describe stiffness-deflection character of
each wire in three-point and three-bracket bending
(N - nickel-titanium, s - number of strands)
Wire type Three-point bending mode Three-bracket bending mode
B1 B2 B3 B4 B1 B2 B3 B4
016 324.8 N/A N/A N/A 795.4 N/A N/A N/A
N 016 67.5 45.6 -56.3 13.5 188.6 300.7 -4054 102.0
016x016 505.6 N/A N/A N/A 1284.7 N/A N/A N/A
N 016x016 230.3 -204.9 69.1 -5.0 527.5 -347.9 -30.6 375
016x016 3s 816 1157 -65.4 8.3 -2035.3 4244.3 -2359.7 407.6
016x016 8s 39.3 47.6 -33.8 5.5 -97.7 6518 -461.8 91.4
0175 3s 54.3 72.0 -56.2 9.3 -486.4 1589.8 -1054.3 198.6
0175 6s 28.0 58.0 -41.5 7.3 -327.6 9955 -674.6 1347
017x025 959.7 N/A N/A N/A 4429.8 N/A N/A N/A
N 017x025 389.3 -355.3 116.8 -8.3 1081.9 -982.9 184.6 205
017x025 3s 94.0 300.3 -176.5 27.0 -3625.9 7581.3 -4306.5 770.0
017x025 8s 79.2 87.7 -60.0 8.8 -372.9 1581.3 -1089.1 217.0
017x025 9s 55.7 87.3 -52.5 8.0 -2560.3 1187.3 -821.6 167.7
N 017x025 9s -43.0 1013 -53.1 8.9 -85.2 3109 -226.6 47.9
018 493.2 N/A N/A N/A 1263.9 N/A N/A N/A
N 018 168.2 -109.0 30.1 -1.6 856.9 -602.8 -18.3 49.9
0215 3s 344 3644 -286.9 58.8 -947.6 2859.6 -2054.7 457.8
0215 6s 115.1 47 -6.3 -2.1 -317.8 1360.2 -1011.8 2175
021x025 2510.6 N/A N/A N/A 8861.5 N/A N/A N/A
N 021x025 795.3 -9859 4699 -69.7 8575 366.4 -1286.8 429.9
021x025 3s 2695 246.3 -130.1 11.5 -411.1  2339.7 -833.6 14.2
021x025 8s 67.9 1845 -117.3 18.4 -2708.4 59825 -37325 726.5
021x025 9s 56.5 203.7 -1324 23.3 -2385.6 5623.0 -3613.8 717.9
N 021x025 9s -37.6  138.7 -90.3 18.4 -128.3 7734 -7216 1737

Using equation #2, the stiffness of each wire type
can be determined at any deflection between 0
and 3 mm. The y’(x) in the equation is the stiff-
ness, x is the amount of deflection, and b, is the
coefficient. Table 2 shows that for single-strand
stainless steel wire a single coefficient, b,, is suf-
ficient to describe the linear behavior. However,
for all other wires, four b values are provided
consistent with the n = 4 polynomial used to de-
scribe their nonlinear unloading curves. The stiff-
ness data at 1, 2, and 3 mm of deflection for all
wires tested are given in Table 3 for the three-
point bending mode and Table 4 for the three-
bracket bending mode.

Discussion
Stiffness comparisons
Mode of testing (three-point bending vs. three-
bracket bending)

In general, the stiffness from the three-bracket
bending system for a given wire was about 1.5
to 4 times the value for the same wire in the

three-point bending test at 1 and 2 mm of deflec-
tion. An exception to this pattern was the nickel-
titanium wire in three-bracket bending at 2 mm
of deflection, where point-bending values ex-
ceeded the bracket-bending values. At 3 mm of
deflection, the stiffness values in bracket-bend-
ing exceeded the stiffness values in point-bend-
ing by 7.5 to 40 times.

Figure 4 shows the stiffness-deflection plots for
the single-strand 016 stainless steel wire in both
the three-point and three-bracket bending tests.
For the stainless steel wire, the stiffness in the
bracket setup exceeded the stiffness in three-
point bending by 2.4 times. The use of brackets
created a more constrained mode of bending
than that of the three-point bending mode, pos-
sibly due to friction and binding inherent at the
bracket-wire interface.

Certain nickel-titanium wires exhibit behavior
on unloading such that changes in deflection are
not accompanied by significant changes in force
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Table 3
Mean stiffness values (gm/mm) arranged from lowest to highest for all 24 wires at 1, 2, and 3 mm of deflection
in three-point bending test (N - nickel-titanium, s - number of strands). Groupings are based on wire
stiffnesses that are not significantly different. Means with the same letter are not significantly different at P<0.05
1 mm 2 mm 3 mm
Wire type Mean SD Grp. Wire type Mean SD Grp. Wire type Mean SD Grp.
N 017x0259s 162 9.7 A N 017x0259s 183 26 A 0215 6s 120 43.0 A
N 021x0259s 30.1 42 B N 021x0259s 26.1 32 AB 01756 3s 210 752 A
0175 6s 519 36 C 0175 6s 369 40 BC 0175 6s 243 216 A
016x0168s 585 1.8 CD N 016 413 25 C 016x016 8s 249 134 A
N 016 70.0 3.1 DE 016x016 8s 430 20 C N 017x0259s 269 192 A
0175 3s 798 111 EF 0175 3s 478 182 CD 017x025 8s 398 159 AB
N 018 877 3.0 FG N 016x016 568 43 D 017x025 9s  57.1 14.8 AB
N 016x016 894 36 FG N 018 583 24 D . 021x0258s 58.6 23.9 ABC
017x0259s 985 18 G N 017x025 796 50 E N 016 61.6 165 ABCD
0215 6s 1112 6.0 H 0215 6s 825 82 E 016x016 3s 62.0 46.3 ABCD
017x025 8s 115.6 3.2 H 017x0259s 843 2.0 E N 021x0259s 649 18.2 ABCDE
016x016 3s 1416 4.8 | 017x0258s 849 32 E N 018 66.3 20.2 ABCDE
N 017x025 1425 40 J 0215 3s 858 259 E 021x025 9s 995 32.6 BCDEF
021x0259s 1511 50 J 021x025 8s 1158 29 F N 016x016 103.4 22.3 BCDEF
021x025 8s 1543 3.8 J 016x016 3s 1175 83 F 017x025 3s 126.5 753 CDEFG
0215 3s 1706 217 K 021x025 9s 120.7 52 F 021x025 3s 129.4 80.3 DEFG
N 021x025 2096 83 L N 021x025 1462 6.2 G 0215 3s 131.9 226.1 EFG
017x025 3s 2486 51 M 017x025 3s 2041 119 H N 017x025 1495 206 FG
016 3249 24 N 016 3249 24 | N 021x025 1840 266 G
021x025 3s 4008 75 O 021x025 3s 334.7 126 | 016 324.9 24 H
018 4935 30 P 018 4935 30 J 018 493.5 3.0 |
016x016 505.7 6.2 Q 016x016 505.7 6.2 J 016x016 505.7 6.2 |
017x025 960.9 205 R 017x025 960.9 205 K 017x025 9609 205 J
021x025 25187 320 S 021x025 2518.7 320 L 021x025 25187 320 K
level. This phenomenon has been referred to as  deflection, constraint of the longitudinal shape
superelasticity. Behavior of this sort was observed  of the wire especially from a facial perspective,
in the three-bracket bending system for nickel- and wire stiffness. Increasing force with decreas-
titanium wires (Figure 3B-C). ing deflection was observed, yielding a negative
At 3 mm of deflection, the wires with larger value for the slope.
cross-sections generally showed differences in  In general, the lowest stiffnesses were delivered
stiffness between the two modes of bending. The by the N 017x025 9s wire sample and the high-
differences in stiffness of the same wire types est by the 021x025 sample. The lowest stiffnesses
between the two test modes were generally 2to  were generally delivered by the multistrand
9 times greater at this deflection than at either 1  nickel-titanium wires regardless of the bending
or 2 mm of deflection. mode employed. This was not surprising, con-
Wire type and size sidering that the modulus of elasticity for nickel-
Table 4 reveals four stiffness values at 2 mm titanium is roughly one-fourth that of stainless
deflection that are negative (N 021x025, N steel and that the introduction of multiple
021x025 9s, N 018, N 016). On the contrary, no strands into nickel-titanium wire configuration
negative values are seen in Table 3. The values further lowered stiffness. The three- and six-
in Table 3 reflect the stiffness properties of the strand round stainless steel wires, as well as the
wires, and one would not expect to measure 016x016 eight-strand stainless steel wire and the
negative values. However, in the three-bracket 016 and 018 nickel-titanium wires, were also very
system, the “stiffness parameter” measured re- low in stiffness, regardless of the mode of bend-
flects the combined effects of friction, binding, ing employed. Due to the greater variability of
214 The Angle Orthodontist Vol. 67 No.3 1997
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Table 4
Mean stiffness values (gm/mm) arranged from lowest to highest for all 24 wires at 1, 2, and 3 mm of deflection
in three-bracket bending test (N - nickel-titanium, s - number of strands). Groupings are based on wire
stiffnesses that are not significantly different. Means with the same letter are not significantly different at P<0.05
1 mm 2mm 3 mm

Wire type Mean SD  Grp. Wire type Mean SD Grp. Wire type Mean SD Grp.

N 017x025 9s 46.3 93 A N 021x025 2112 2142 A N 017x025 9s 111.4 513 A

N 021x025 9s 96.2 9.8 AB N 021x025 9s -77.9 13.2 AB 016x016 8s 153.3 129.8 A
0175 6s 127.6 13.7 ABC N 018 -19.8 37.5 ABC 0175 3s 160.3 1604 A
016x016 8s 182.7 104 ABCD N 016 -16.0 129 ABC N 016x016 185.2 782 A

N 016x016 184.7 9.6 ABCD N 016x016 11.5 151 ABC N 016 199.3 639 A

N 016 186.3 77 ABCD N 017x0259s 124 75 ABC N 018 2113 1426 A
0175 3s 248.1 19.1 BCDE N 017x025 18.8 15.2 ABC 0175 6s 2205 123.7 AB
0215 6s 259.5 54.0 BCDE 0175 6s 43.1 16.8 ABC N 017x025 339.9 101.5 AB
016x016 3s 280.9 71.1 CDE 0175 3s 653 29.5 ABC N 021x025 9s 376.8 63.7 ABC

N 018 284.3 112 CDE 016x016 8s 91.2 20.4 ABC 017x025 8s 416.9 1749 ABC
017x025 9s 285.3 17.8 CDE 0215 6s 96.3 56.4 ABC 016x061 3s 4314 1924 ABCD

N 017x025 3035 11.8 DEF 021x025 8s 141.5 113.9 BCD 017x052 9s 434.7 2358 ABCD
021x025 9s 330.2 161.9 DEF 021x025 9s 146.7 82.0 BCD 0215 6s 503.3 341.7 ABCD
017x025 8s 338.1 15,5 DEF 017x025 8s 170.7 249 BCD 016 795.7 15.0 ABCDE
0215 3s 367.4 3274 EF 017x025 9s 180.5 291 BCD 017x025 3s 1130.6 314.8 BCDE
021x025 8s 373.5 408.3 EF 0215 3s 2339 184.8 BCD 021x025 8s 1132.0 681.2 BCDE

N 021x025 4549 1613 F 016x016 3s 276.0 27.0 CD 018 1263.5 245 CDE
017x025 3s 459.7 1723 F 017x025 3s 468.7 61.3 DE 016x016 1285.3 246 CDE
016 7957 150 G 016 795.7 150 E 021x025 9s 1331.5 602.6 DE
018 1263.5 245 H 018 1263.5 245 F 0215 3s 14744 11629 E
016x016 1285.3 246 H 016x016 1285.3 246 F N 21x025 3564.4 33141 F
021x025 3s 1307.9 2548 H 021x025 3s 2083.5 1376.1 G 017x025 4489.3 1211 G
017x025  4489.3 1211 | 017x025 44893 1211 H 021x025 8896.3 148.8 H
021x025  8896.3 148.8 J 021x025  8896.3 148.8 |

Note: The stiffness for wire 021x025 3s was not reported at 3 mm of deflection because several of the test specimens reached the capacity of

the load cell prior to reaching 3 mm, thus influencing the polynomial regression at this deflection.

stiffness values obtained in the three-bracket
mode, there were fewer significant differences
among the wire samples. For single-strand wires
of both alloys, stiffness increased with an in-
crease in wire size. The exception was for the
nickel-titanium wires at 2 mm of deflection in the
three-bracket bending test in which stiffness did
not change. For multistrand wires, there was a
trend for higher stiffness values with increase in
wire size, but it was not consistent.

Generally, when the alloy and number of
strands were held constant and the size of the
wire increased, stiffness also increased. How-
ever, this trend weakened with incorporation of
multiple strands. The single-strand 016x016 and
the 018 stainless steel wires had near equal
stiffnesses that were not significantly different
from each other (P<0.05) in either bending mode.
In the three-point bending mode, with respect to
the stiffness of the 016 wire, the 016x016 and 018
wires were about 1.5 times as stiff, the 017x025

about 3.0 times, and the 021x025 about 7.8 times
as stiff. These results were similar to those of
Kusy and Dilley.? In the bracket-bending mode,
the 016x016 and 018 wires were 1.6 times as stiff
as the 016 wire, about 5.6 times for the 17x025,
and about 11.2 times for the 021x025 wire. Dif-
ferences in stiffness were greater in the bracket
mode of bending when comparing large cross-
section wires with 016 than for the same com-
parisons made in three-point bending mode.

In three-point bending at 1 and 2 mm of deflec-
tion, the rank order of nickel-titanium wires by
stiffnesses closely followed that of cross-sectional
area, similar to results from stainles steel wires.
However, at 3 mm of deflection, this order var-
ied slightly in that stiffnesses of the 016 and 018
wires were not significantly different. For the
same nickel-titanium wires tested in the bracket
bending mode, an increase in stiffness with an
increase in cross-sectional size was seen only at
1 mm of deflection. At 2 mm, there was no sig-
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Figure 4 nificant difference with an increase in size, and titanium alloys. With respect to stiffness, Kusy

Comparison of force-
and stiffness deflec-
tion plots between
three-point and three-
bracket bending
modes of 0.016-inch
stainless steel wire
during unloading from
3.0 mm to 0.0 mm.

Figure 5

Comparison of force-
and stiffness deflec-
tion plots between
0.016-inch stainless
steel and nickel-tita-
nium wires in three-
point bending mode
during unloading from
3.0 mm to 0.0 mm.
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at 3 mm, the mean stiffness values showed an
increase with increasing size.
Alloy (stainless steel vs. nickel-titanium)

The stiffnesses of the stainless steel wires were
significantly greater than those of the nickel-ti-
tanium wires, regardless of size or number of
strands. When comparing stainless steel and
nickel-titanium alloys of similar sizes and num-
bers of strands, the stiffnesses of stainless steel
wires were significantly greater than those of the
nickel-titanium wires by 3.5 to 7 times. Figure 5
compares the force- and stiffness-deflection plots
for single-strand stainless steel and nickel-tita-
nium 016 wires from the three-point bending
test. Other investigators have reported similar
results. Goldberg et al.* found the flexure modu-
lus of elasticity of stainless steel to be about 4
times that of nickel-titanium. In addition, Kusy
and Stevens® also reported the elastic moduli of
stainless steel to be 3 to 5 times that of the nickel-

Vol. 67 No. 3 1997

and Dilley,® who used a three-point bending test,
found the stiffness of 0.016 inch stainless steel to
be 5.7 times that of an 0.016 inch nickel-titanium
wire.
Number of strands

Generally, as the number of strands increased,
the stiffness decreased, regardless of the test
mode employed or the amount of deflection. Ex-
ceptions included the eight- and nine-strand
stainless steel wire samples from which the
stiffnesses were not significantly different from
one another, and from those of the nickel-tita-
nium wires. Figure 6 compares the force- and
stiffness-deflection plots for solid and nine-
strand 021x025 nickel-titanium wires in the
three-point bending test. Figure 7 compares the
force- and stiffness-deflection plots for the three-
and nine-strand 017x025 stainless steel wires in
the three-bracket test.
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Figure 6

Summary and conclusions

Unloading curves were nonlinear for many of
the multistrand stainless steel and for all the
nickel-titanjum wires. It was not possible to de-
fine a single value of stiffness or slope of the
bending plot for these wires. These results have
supported the use of the polynomial regression
method used in this investigation to determine
the stiffnesses of these wire samples over a range
of deflections. This methodology allows the
evaluation of the instantaneous stiffness in stan-
dard mechanical tests and for orthodontic appli-
ance systems. '

The results of this investigation have shown
that wire stiffness can be altered not only by size
but also by varying the number of strands and

Figure 7

the alloy composition of the wire. This supports
the concept of variable modulus orthodontics,
which suggests changing stiffness by changing
the elastic modulus rather than changing the
wire size. The stiffnesses noted at different de-
flections for the multistrand stainless steel wires
were variable in contrast to the constant
stiffnesses recorded for the single-strand stain-
less steel wires. Wire selections in clinical prac-
tice should include considerations of the alloy
type, wire cross-section, and number of strands.
All three factors are found to have a profound
influence on wire stiffness.
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Figure 6

Comparison of force-
and stiffness-deflec-
tion plots between
solid and nine-strand
0.021 x 0.025 nickel-ti-
tanium wire in three-
point bending mode
during unloading 3.0
mm to 0.0 mm.

Figure 7

Comparison of force
deflection and stiff-
ness deflection plots
between three-strand
and nine-strand 0.017
X 0.025 inch stainless
steel wire in three-
bracket bending mode
during unloading 3.0
mm to 0.0 mm.
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