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Superelasticity and force plateau of nickel-titanium
springs: an in vitro study
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Objective: This paper analyzed whether nickel-titanium closed coil springs (NTCCS) have a different superelastic
(SE) behavior according to activation and whether their force plateau corresponds to that informed by the manufacturer.
Methods: A total of 160 springs were divided into 16 subgroups according to their features and activated proportionally to
the length of the extensible part (NiTi) of the spring (Y). The force values measured were analyzed to determine SE rates and
force plateaus, which were mathematically calculated. These plateaus were compared to those informed by the manufacturer.
Analysis of variance was accomplished followed by Tukey post-hoc test to detect and analyze differences between groups. Re-
sults: All subgroups were SE at the activation of 400% of Y length, except for: subgroups 4B and 3A, which were SE at
300%; subgroups 4E and 4G, which were SE at 500%; and subgroup 3C, which was SE at 600%. Subgroup 3B did not
show a SE behavior. Force plateaus depended on activation and, in some subgroups and some activations, were similar
to the force informed. Conclusions: Most of the springs showed SE behavior at 400% of activation. Force plateaus are
difficult to compare due to lack of information provided by manufacturers.

Keywords: NiTi. Superelasticity. Force plateau.

Objetivo: o presente artigo analisou se as molas helicoidais fechadas de niquel-titanio apresentam superelasticidade (SE),
de acordo com a ativagio, e se o platd de forca medido corresponde ao informado pelo fabricante. Material e Méto-
dos: 160 molas foram divididas em 16 subgrupos, de acordo com suas caracteristicas, e foram ativadas proporcionalmente
ao comprimento da parte extensivel (NiT1) da mola (Y). Os valores de for¢a obtidos foram analisados para determinar as
taxas de SE e os platds de forga, os quais foram calculados matematicamente — sendo esses platos comparados aos infor-
mados pelos fabricantes. Uma andlise de variancia foi realizada, seguida do teste post-hoc de Tukey, para detectar e analisar
as diferengas entre os grupos. Resultados: todos os subgrupos apresentaram SE em ativa¢io de 400% do comprimento
Y, com exce¢io dos subgrupos 4B ¢ 3A (que apresentaram SE a 300%), dos subgrupos 4E ¢ 4G (com SE a 500%) ¢ do
subgrupo 3C (que apresentou SE na ativagio de 600%). O subgrupo 3B nio apresentou comportamento supereldstico.
Os platds de forga dependeram da ativagio e em alguns subgrupos, em determinadas ativagdes, foram semelhantes a forga
informada pelo fabricante. Conclusdes: a maioria das molas apresentou comportamento supereldstico na ativagio de
400%. Os platos de forca sio dificeis de ser comparados, devido 2 falta de informagdes por parte dos fabricantes.

Palavras-chave: NiTi. Superelasticidade. Patamar de forca.
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INTRODUCTION

In the 1980’s, two new nickel-titanium alloys
were suggested for orthodontic use, the “Chinese
NiT1”" and the “Japanese NiTi”.? These alloys had
some advantages over the already existing nickel-
titanium alloy used at the time, termed Nitinol;’
one was the fact that they did not obey Hooke’s Law
which determines proportionality between load and
deflection of metals.

This is due to a transformation in the crystallograph-
ic structure from a martensitic to an austenitic phase,
which can be induced by changes in temperature and/or

stress.*>0

Since each of these two phases presents an in-
herent load-deflection rate, these alloys will behave dif-
ferently depending on at which phase they are. Below
a particular temperature termed “austenitic start” (A ),
inherent to each alloy, the structure is completely mar-
tensitic; whereas above a second temperature termed
“austenitic final” (A) the structure is completely aus-
tenitic. At a given temperature above A, a phase trans-
formation could be induced by stress, transforming part
of the alloy which is in austenitic phase into martensitic
phase, e.g., when a nickel-titanium spring 1s activated,’
changing the alloy’s properties.

When this transformation occurs, producing
different load/deflection rates, and, when upon re-
moval of stress, a reverse transformation takes place,
producing a plateau in the curve of load/deflection,
it is said that superelasticity (SE) occurred.

In Orthodontics, itis desired for a nickel-titanium
closed coil spring (NTCCS) to be SE, in which the
elastic modulus is low and the force is mostly con-
stant. In this context, several manufacturers have
produced NTCCS of different lengths and plateaus,
but they need enough activation to produce suf-
ficient stress to induce transformation or they will
not be SE. Even though there is plenty of articles on
NTCCSs,”"" they lack information on how much
activation is needed to induce SE.

Therefore, the aim of the present study is to deter-
mine the minimal activation for NTCCSs to be SE
and to verify if the force plateaus measured are consis-
tent with those informed by manufacturers.
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MATERIAL AND METHODS

Four groups of NTCCSs were created, according
to the manufacturer, and further divided into 16 sub-
groups of ten NTCCS from the same batch, according
to the length and plateau informed (Table 1).

The size of each spring was measured with a digi-
tal caliper (Mitutoyo model SC-6, Suzano, Sio Paulo,
Brazil), in order to obtain the total length of the spring
(from eyelet to eyelet, made of stainless steel) (X), as
well as the length of the extensible part (NiTi) of the
spring (Y) (Fig 1).

Hooks adapted to a mechanical testing machine
(EMIC DL2000, Sio José dos Pinhais, Brazil) were
submerged in water at 37+ 1°C (Fig 3)," controlled
with a heater (Termodelfim, Sio Paulo, Brazil) and a
thermostat (Alife, Sio Paulo, Brazil).

Previously to each test, NTCCSs were adjusted
at every 0.1 mm, so as to avoid any looseness that
could compromise correct activation measurements.

The NTCCSs were activated to 100% of Y, deacti-
vated and reactivated to increments of 100% until 1000%
of Y. Tesc Software (EMIC, Sio José dos Pinhais, Brazil)
registered deactivation forces at 20 mm/min in . raw format.

The plateau was the segment determined by two
inflexion points calculated in the deactivation curve
of the force data obtained (Fig 2). The value of the
plateau was determined by the segment’s midpoint!®
and averages were compared to the information pro-
vided by the manufacturers, which were considered
similar within a variation of 10%.

The first and second derivatives of force in relation to
deformation were calculated in MATLAB R12™ soft-
ware (The MathWorks Inc., Massachusetts, USA). The
first derivative was located in the beginning of the deac-
tivation curve, while the second one was located in the
plateau — being determined in = 20% of the plateau to
minimize errors (Fig 2)." These values were exported to
Microcal Origin 8.0™ software (OriginLab, Northamp-
ton, USA) in which SE rates were calculated by dividing
the first by the second derivative. NTCCSs were consid-
ered SE when the rate was above eight.

Since data were normally distributed, averages
were calculated for SE rates and ANOVA with
Tukey or Tamhane’s T2 post hoc tests were used for
comparison, performed with the aid of SPSS Soft-
ware v.16.0 (SPSS Inc., Chicago, IL, USA).
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Table 1 - Commercial brands and groups division.

Commercial brand Length* X Y Force plateau (gf) Subgroup n
7 mm 86 mm 2.3 mm 250 1A 10
Group 1 (Morelli Ortodontia, 9 mm 10.3 mm 39 mm 250 1B 10
Sorocaba, Brazil) 12 mm 133 mm 6.8 mm 250 1C 10
15 mm 16.3 mm 9.8 mm 250 1D 10
Group 2 (Orthometric Imp. Exp. 7mm 6.8 mm 21 mm 175 2A 10
Ltda., Marilia, Brazil) 9 mm 89 mm 41 mm 250 2B 10
9 mm 89 mm 3.25mm 80 3A 10
Group 3 (Ormco Co.,
9 mm 9.0 mm 31 mm 200 3B 10
Glendora, USA)
12 mm 12.0 mm 6.0 mm 150 3C 10
10 mm 8.5 mm 3.2 mm 25 4A 10
10 mm 85mm 3.2mm 50 4B 10
Group 4 10 mm 8.5 mm 32mm 100 4c 10
(GAC International Inc., 10 mm 8.5 mm 3.2 mm 150 4D 10
Bohemia, NY, USA) 10 mm 85 mm 32mm 200 4E 10
10 mm 8.5 mm 3.2 mm 250 4F 10
10 mm 8.5 mm 3.2 mm 300 4G 10

X = total length of the spring (from eyelet to eyelet); Y = length of the extensible part of the spring; * = length informed by the manufacturer.
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6 ; 'I4 é Ili 1‘0 1‘2 1’4 1‘6
Deflection (mm)
Figure 1 - Nickel-titanium coil spring, the X dimension corresponds to the Figure 2 - General load/deflection graph of a superelastic (SE) alloy. Indication
total length of the spring (from eyelet to eyelet, made os stainless steel) and oftheinflection pointsand SE plateau (+ 20%) and the firstand second derivative
the Y dimension is the length of the extensible part (NiTi) of the spring. (dF,/dD, and dF,/dD,, respectively). Source: adapted from Segner et al,"* 1995.

Figure 3 - Glass aquarium attached to the testing machine.
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RESULTS

Only at 400% of Y activation (9.3 mm; 15.7 mm,;
27.4 mm; 39.1 mm for subgroups 1A, 1B, 1C, and
1D, respectively) the NTCCSs of Group 1 were SE.
They maintained that behavior up to 1000% of Y (Ta-
ble 2 and Fig 4).

In Group 2, NTCCSs were SE at 400% of activation
(8.4 mm and 16.6 mm in subgroups 2A and 2B, respec-
tively) and above that activation (Table 3 and Fig 5).

NTCCSs of Group 3 behaved very differently. While
in subgroup 3A they were SE at 300% of activation
(9.7 mm), in subgroup 3C, a minimum of 600% of ac-
tivation (18.5 mm) was required. NTCCSs in subgroup
3B were not SE (Table 4 and Fig 6).

NTCCSs in subgroup 4C were SE at 300% of
Y (9.6 mm) and above, while in subgroups 4A, 4B,

4D, and 4F SE started at 400% of Y (12.8 mm). Sub-
groups 4E and 4G were SE from 500% of activation on
(16.0 mm) (Table 5 and Fig 7).

In general, SE rate increased with activation, but
in subgroup 1A, it decreased at 1000%; in subgroup
1C it decreased at 900%, and in subgroup 1B, the
rate decreased at 900% and increased at 1000%.
In subgroup 2A, SE rate began to decrease at 900%,
and in subgroup 2B at 700%. In subgroup 3B, SE rate
did not decrease, while in subgroup 3C it began to
decrease at 900%. In subgroup 3A, the rate showed a
different behavior, in which it decreased from 800%
and increased again at 1000%. In subgroups 4A, 4D,
4E, and 4G, the SE rate decreased at 10009, while
in subgroup 4C, it did not decrease. In subgroup 4B,
the SE rate decreased at 900% and increased again

Table 2 - SE rate and force plateau values, mean (SD), of Group 1. Comparisons were only made for SE behavior.

Subgroup 1A Subgroup 1B Subgroup 1C Subgroup 1D
Activation SE rate Force plateau SE rate Force plateau SE rate Force plateau SE rate Force plateau
(of) (of) (of) (of)
100% 0.7*% 214141 0.8* 193.7 (4.1) 0.8* 1886 (4.1) 0.8* 188.6 (5.1)
200% 2.2%% 216.2 (5.1) 1.9* 214.1(4.1) 2.1 209.0 (4.1 2.1 209.0 (5.)
300% 4.1%* 2111 (4.1) 54*x* 214.1 (4.1) 4.0%* 209.0 (4.1) 3.5%* 2161 (4.1)
400% 8.9xx* 209.0 (3.0 9.1**x 212.1 (4.0 10.5%** 2141 (5.0 10.6%** 2161 (5.1
500% 19.1%** 1999 (3.0 16.8*** 206.0 (5.04 20.0%** 206.0 (4.1)8 13.9%** 206.0 (4.1)®
600% 21.7%** 190.7 (5.1)¢ 25.9%** 189.7 (5.1)® 23.9%** 204.0 (4.1° 30.9%** 1917 (3.1)¢
700% 24 1% 171.3 (5.1)° 27.9%** 1764 (4.1)° 29.8*** 186.6 (4.1)° 32.7%x* 1764 (4.1)°
800% 26.3%** 150.9 (4.1 22 4x** 144.8 (5.1)° 36.1%** 154.0 (5.1)° 34.3%%x 153.0 (4.1
900% 33.7%%* 128.5 (3.0)° 19.2%** 1275 (4.1 28.95%** 1285 (4.1)F 41 1xx* 1234 (5.1)°
1000% 30.0%** 110.1 (4.2)¢ 28.1%x* 1071 (4.0)"° 23.2%%* 1071 (5.7 40.9%** 938 (5.1)¢
p-value <0.001 <0.001 <0.001 <0.001
*Non-SE behavior; ** Tendency to SE behavior; ***SE behavior. Similar groups show similar superscript letters
Subgroup 1A Subgroup 1B Subgroup 1C Subgroup 1D
900
800 1/
700 }’1’ /
600 ) \""‘,
g 500 g L/ /'.
; 400 v
g 300
-
200
100 7
Au 0 23 46 69 92 115 138 161 184 207 23 0 73.9 78 11.7 156 195 234 273 312 351 39 0 68 136 204 272 34 408 476 544 612 68 0”"9’.8 ‘{9.6 294 392 49 588 686 784 882 98 mm
B 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 %
C 0 109 132 155 17.8 201 224 247 27 293 316 0 142 181 22 259 208 337 376 415 454 493 0 201 269 337 405 473 541 609 67.7 745 813 0 261 359 457 555 653 751 849 947 105 114 mm
Deflection (mm)

Figure 4 - Load/deflection graph of one average spring of Group 1 (100 to 1000% of activation). On the axis of deflection, the amount of activation of the
springs (mm) can be seen on the first line (A), the amount of activation corresponding to Y's percentage is on the second one (B), and the amount of activation

of the springs added to its size is on the third line (C).
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at 1000%; while in subgroup 4F, the SE rate started
to decrease at 700% and increased again at 800% and
1000% (Tables 2, 3, 4 and 5).

During 800% of activation, one NTCCS ruptured in
subgroup 2A, two in subgroup 1D, and five in subgroup
2B. At 900% of activation, one NTCCS in subgroup
4G, two in subgroups 2A and 1D, four in subgroup 2B,
five in subgroup 3A and eight in 3B ruptured. At 1000%,
one NTCCS ruptured in subgroups 1D, 1B, 2B, and 3B,
two in subgroups 3A and 4G, three in subgroup 2A, four
springs in subgroup 3C, and five springs in subgroup 1C.

There were differences between all SE plateaus in

Superelasticity and force plateau of nickel-titanium springs: an in vitro study

Group 1 (Table 2). In subgroup 2A, the plateaus showed
similar forces when activated at 4009, 500% and 600%
of Y; at 600%, 700% and 800%, the plateaus were also
similar, and at 900% and 1000%, the plateaus were dif-
ferent from themselves and from the other activations
(Table 3). In subgroup 2B, the plateaus were the same
from 400% to 600% of activation and from 500% to
800% of activation; and in subgroup 3A, the plateaus sys-
tematically decreased (subgroup 3B was not compared,
since it was not SE) (Table 4). In Group 4, nearly all acti-
vations produced similar SE plateaus in lower activations
and different SE plateaus in higher activations (Table 5).

Table 3 - SE rate and force plateau values, mean (SD), of Group 2. Comparisons were only made for SE behavior.

Aetvation Subgroup 2A Subgroup 2B
SE rate Force plateau (gf) SE rate Force plateau (gf)

100% 1.0* 1234 (10.2) 0.9* 134.6 (10.2)
200% 16* 209.0 (15.3) 2.6%* 255.9 (20.3)
300% 2.37%* 217.2 (18.3) 6.8** 2447 (20.3)
400% 12 4x** 210.0 (15.3)* 19.2%** 240.6 (18.3)*
500% 29.1%** 196.8 (12.2)* 19.5%** 2294 (15.3)®
600% 334%** 188.6 (15.3)8 27.6%** 219.2 (15.3)"
700% 45.9%** 1764 (10.2)%¢ 21.3%** 210.1 (15.3)®
800% 46.7%** 160.1 (10.2)¢ 19.3%** 206.0 (20.3)8
900% 39.1%*x 1377 (12.2)° 24.9%** 144.8 (1.0)*
1000% 27.9%** 130.5 (10.2)° X X

p-value <0.001 <0.001

*Non-SE behavior; ** Tendency to SE behavior; ***SE behavior. X = all springs ruptured, # not included on statistic due to n < 2.

Similar groups show similar superscript letters.

Figure 5 - Load/deflection graph of one average
spring of subgroup 2A (100 to 1000% of activation)
and of subgroup 2B (100 to 900% of activation).
On the axis of deflection, the amount of activation of
the springs (mm) can be seen on the first line (A), the
amount of activation corresponding to Y's percentage
is on the second one (B), and the amount of activation
of the springs added to its size is on the third line (C).

Subgroup 2A Subgroup 2B
1
/
’c‘
/
/
/
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]
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©
o
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A 0 21 42 63 84 105 126 147 168 189 21 0 41 82 123 164 205 246 287 328 369 41 mm
B 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 %
cC 0 89 11 131 152 173 194 215 236 257 278 0 13 171 212 253 294 335 376 417 458 499 mm
Deflection (mm)
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Table 4 - SE rate and force plateau values, mean (SD), of Group 3. Comparisons were made only among activations that induced superelasticity (according to
the SE ratio) — subgroup 3B was not analyzed because NTCCSs did not show high enough SE rates.

Subgroup 3A Subgroup 3B Subgroup 3C
Activation
SE rate Force plateau (gf) SE rate Force plateau (gf) SE rate Force plateau (gf)
100% 1e* 1275 (10.2) 0.9* 173.3(8.1) 0.8* 150.9 (15.3)
200% 3.8%* 1244 (10.2) 0.9* 2039 (8.1) 1.1* 156.0 (15.3)
300% 12.7%*%* 1224 (8.1 14* 2875 (10.2) 1.8* 172.3(15.3)
400% 32.0%** 109.1 (15.3)® 1.8* 2549 (10.2) 3.7%* 184.6 (15.3)
500% 41 4xx% 92.8 (15.3) K 249.8 (8.1) 6.8** 173.3(10.2)
6007% 62 4xx* 79.5 (15.3)<P 4.5%% 249.8 (10.2) 8.3xx* 167.2 (10.2*
700% 82.1%** 59.1 (15.7)°¢ 5.2%* 2396 (8.1) 14.7%%* 157.0 (15.3)%®
800% 58.9%** 489 (12.2) 5.3%* 222.3(15.3) 17.2%%* 143.8 (15.3)5¢
900% 59.5%** 275 (12.2)f 6.9%* 2345 (10.2) 16.4%** 130.5 (15.3)¢
1000% 88.5%** 18.3 (10.2)5 7.9%* 2386 (2.0) 16.5%** 112.2 (15.3)¢
p-value <0.001 <0.001
*Non-SE behavior; ** Tendency to SE behavior; ***SE behavior. Similar groups show similar superscript letters.
Subgroup 3A Subgroup 3B Subgroup 3C
1000
900
800
700
600 / !
< o ; /_i/
o AN
= a0 7
°
[
3 300
200
100
| v/ %
A 0 325 650 975 1300 1625 1950 2275 26.00 2925 3250 0 6.0 120 180 240 30.0 360 420 480 540 600 O 31 62 93 124 155 186 207 248 279 31 mm
B 0 100 200 30 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000 %
C 0 1210 1535 1860 2185 2510 2835 31.60 3485 38.10 4135 0 180 240 300 360 420 480 540 60.0 660 720 0 121 152 183 214 245 276 307 338 %9 40 mm
Deflection (mm)

Figure 6 - Load/deflection graph of one average spring of each of the subgroups of Group 3 (100 to 1000% of activation). On the axis of deflection, the amount
of activation of the springs (mm) can be seen on the first line (A), the amount of activation corresponding to Y's percentage is on the second one (B), and the

amount of activation of the springs added to its size is on the third line (C).

The SE plateaus informed by the manufacturers
(Table 1) of Group 1 and subgroup 3C did not cor-
respond to the values observed in this study. For sub-
groups 3A, 4E, and 4A, NTCCSs produced a similar
plateau to the informed one at 600%, 500%, and 400%
of activation, respectively. In subgroups 2A, 2B, 4B, 4C,

© 2016 Dental Press Journal of Orthodontics
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4D, 4F, and 4G, the plateaus corresponded to the val-
ues provided by the manufacturer from 600% to 800%,
400% to 500%, from 600% to 8002, from 400% to
700%, 4009% to 600%, from 400% to 600%, and from
500% to 700% of 1nitial activation, respectively.
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Table 5 - SE rate and force plateau values, mean (SD), of Group 4. Comparisons were only made for SE behavior.

Activa- Subgroup 4A Subgroup 4B Subgroup 4C Subgroup 4D Subgroup 4E Subgroup 4F Subgroup 4G
tion SE rate Force SErate Force SErate Force SE rate Force SE rate Force SErate Force SErate Force

plateau plateau plateau plateau plateau plateau plateau
(of) (of) (of) (of) (9f) (of) (gf)

100% 1.9* 40.8 (3.0 16* 775(3.0) 24*  1142(20) 22* 1682(51)  20* 2121(51) 22* 2875(41) 14 3783(610)
200% 47 326(20) 56 663(30) 62** 1071(20) 45 1631(51) 36** 2090(51) 40** 2845(41) 28** 3580 (51)
300% 74%% 285(20)  69** 632(20) 98%* 1050 (2.0 64** 1580(51) 71 206041 67 2824(41 2.8* 3467(51)
400% 15.7%** 214 (3.0)* 111*** 591(3.0)* 16.0*** 1020 (41 99*** 1570 (51" 70** 206.0(41) 9.3*** 2702 (41" 66** 336.5(4.1)
500% 18.0*** 183 (2.0)" 21.8*** 581(2.0)" 24.9*** 999 (20)° 20.9*** 1499 (6.1 14.1*** 1886 (3.0)" 155%* 2519 (41)° 10.3*** 2906 (4.1
6007% 414*** 163 (2.0)° 30.3*** 540 (2.0° 30.2*** 969 (208 29.8*** 1427 (51)° 16.9*** 1764 (3.0)° 20.3*** 2315(2.0)° 11.6*** 2794 (5.1)°8
700% 436%**  122(30)° 419%** 489 (41)° 341** 918(2.0)° 3L5¥* 1315(51)° 253%* 1621 (41)° 19.7*** 209.0 (41)° 16.1%** 236.6 (4.1)
800% 4717*  61(L0O)°  704*** 449 (30)° 372*** 897 (1.0) 388*** 1173 (5.1)° 275%** 1397 (5.1)° 21.8*** 1601 (3.0 19.0*** 168.2 (5.1)°
900%  136.8*** 20 (LO)F 62.1%* 367 (20)° 5L3*** 714(20° 4L0*** 999 (51)°F 29.3** 1275(51)° 175%* 1152 (517 21.2*** 1326 (5.1)°
1000%  103.8*** 1.0 (LO)E 1055*** 296 (2.0)F 558*** 571(2.0)F 334** 846(6.0)" 279*** 0969 (417 29.0*** 846 (51)° 194*** 104.0 (4.1
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

*Non-SE behavior; ** Tendency to SE behavior; ***SE behavior; X = all springs ruptured. Similar groups show similar superscript letters.

0 Subgroup 4A Subgroup 4B Subgroup 4C

ﬁ;— =

o BVFireF— _ 8 5
A 0 32 64 96 128 160 192 224 256 288 220 0 32 64 96 128 160 192 224 256 288 320 0 32 64 06 128 160 192 224 256 288 IO mm
B 0 10 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 %

C 0 170 1430 1810 2130 2450 2770 3090 410 3730 4050 0 1170 1430 1810 21.30 2450 2770 3090 .0 3730 4050 O 11.70 14.90 18.10 21.30 24.60 27.70 30.90 34.10 37.30 4050 ™

Deflection (mm)

o Subgroup 4D Subgroup 4E Subgroup 4F Subgroup 4G

0 = e
A 0 32 64 965 128 60 192 24 256 288 320 0 32 64 96 128 160 192 224 256 288 320 0 32 64 96 128 160 192 224 256 288 320 0 32 64 06 128 160 192 224 256 288 320 mm
B 0 10 200 300 40 500 600 700 800 90 1000 0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 €00 700 OO 900 1000 O 100 200 300 400 500 600 700 800 900 1000 %

C 0 1170 1480 1810 2130 2450 27.70 3090 3410 3730 4050 0 1170 1490 1810 21.30 2450 27.70 3090 3410 37.30 4050 0 170 14,90 1810 2130 2450 2770 3000 3410 3730 4050 0 19,70 14.90 18.10 21.30 24.50 27.70 30.90 34.10 37.30 40.50 mm

Deflection (mm)

Figure 7 - Load/deflection graph of one average spring of each of the subgroups of Group 4 (100 to 1000% of activation). On the axis of deflection, the amount
of activation of the springs (mm) can be seen on the first line (A), the amount of activation corresponding to Y's percentage is on the second one (B), and the
amount of activation of the springs added to its size is on the third line (C).
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Figure 8 - Graph of stress/temperature of SE alloys. M, = martensitic fi-
nal temperature, M_ = martensitic initial temperature, A_ = austenitic initial
temperature, A, = austenitic final temperature, M, = temperature in which
it is not possible for martensitic transformation to occur through stress.
Source: adapted from Otsuka, Wayman, 1998.2°

DISCUSSION

In most subgroups (10/16), the springs were SE above
400% of activation. It should be reminded that the per-
centage of activation used does not regard the total length
of the NTCCSs, as the majority of the papers published,
but regards the length of the extensible part of the spring.
Despite the knowledge that stress is a critical factor in us-
ing and measuring nickel-titanium, the literature does
not describe how much NTCCSs should be activated in
order to induce martensitic transformation by stress and,
consequently, obtain a SE behavior." This information is
critical, since low activation may not induce SE,7-!0:1415.16
which is in agreement with the present findings. Clini-
cally, this is very important, since small springs, such as
in subgroups 1A and 2A, will produce a plateau with
smaller activations than what is normally used in Ortho-
dontics (the average distance from canine to first molars
1s 23 mm),"” and even if'a 1000% of activation equals to
23 mm, as in subgroup 1A, reverse transformation oc-
curs only after some deactivation, only producing a pla-
teau after 10 mm of deactivation (Fig 4). For that reason,
NTCCS should be longer, but with non-SE materials,
1.e., increasing the size of the eyelets. In medium length
NTCCSs, such as subgroups 1B, 2B, 3A, 3C and all of
Group 4, they should be overactivated as they are being
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engaged, returning to a smaller activation and securing
them in place. On the same given example, a Group 4E
NTCCS should be engaged, overactivated to 32 mm, re-
turned to 23 mm and secured in place. Even then, some
NTCCS would not produce a clear plateau and should be
increased in size with non-SE materials, because 23 mm
might fall a little short of the plateau, as in subgroup 3C
at 1000% of activation. Long springs, such as subgroups
1C and 1D, should be hard to manipulate; in the same
situation, they should be activated around 500-600% and
upon return to 23 mm, engaged on the wire. Large acti-
vations would make the plateau end too soon, i.e., before
the 7-mm space closure, while smaller activations would
not produce SE. Since the NTCCS tested is very differ-
ent, manufacturers should supply SE plateaus lengths,
starts and finishes related to the amount of activation.
NTCCSs in subgroup 3B were not SE. This was
possibly due to the fact that their alloy has transition
temperatures higher than 37 °C. Since nickel-titanium
martensitic transformation is a thermo/stress dependent

11819 whenever it cannot be induced, it

phenomenon,
1s possible that either activation was insufficient to in-
duce transformation (present results show SE rates in-
creasing with activation), or that the temperature was
lower than the required for a transformation to be
stress-induced (M) and also lower than the tempera-
tures in which SE may be induced by transformation
(A)* (Fig 8). Even with the American Dentistry Asso-
ciation (ADA) regulating that all SE material should be
tested at 37 “C,”*!' NTCCS may not exhibit SE at this
temperature. Therefore, manufacturers should be able to
control transition temperatures properly. Even though
an activation larger than 1000% of the NTCCSs of this
subgroup (3B) could induce phase transformation, the
possibility of rupture would be high (only one spring
did not rupture at that activation).

Only 4% of the springs in Group 4 ruptured, com-
pared to 80% of rupture in Group 2, 67% of rupture in
Group 3, and 17% of rupture in Group 1. These findings,
along with the activation required to produce phase trans-
formation, limit the amount of activation of the NTCCSs.
This has not been reported by the literature, even though
rupture may not be the only factor limiting activation.

The minimum percentage values that create enough
stress to cause stress-induced martensitic transformation
can be calculated back into NTCCSs length and round to
the next millimeter, if clinicians want to use those values
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clinically in order to use the springs’ SE properties. It
should be reminded that those values are the least amount
that NTCCSs need in order to be activated, and that they
should also be overactivated in order to avoid the fast drop
of force that occurs upon the start of the reverse transfor-
mation from martensite back to austenite just before the
plateau starts (Fig 2). Subgroup 1A NTCCSs (7 mm in
length) should be activated at least 9.2 mm; subgroup 1B
(9 mm), 15.6 mm; subgroup 1C (12 mm), 27.2 mm; and
subgroup 1D (15 mm), 39.2 mm. Subgroup 2A (7 mm)
should be activated at least 8.4 mm and subgroup 2B
(9 mm) at least 16.4 mm. Subgroup 3A (9 mm) should
be activated at least 9.75 mm and subgroup 3B (12 mm),
36 mm. Finally, Group 4 (10 mm) should be activated at
least 12.8 mm on subgroups 4A, 4B, 4D and 4F, 9.6 mm
on subgroup 4C and 16 mm on subgroups 4E and 4G.
It should be noted that longer NTCCSs will need activa-
tions that will be too large for the orthodontic parameters
and will not have superelastic behavior in the oral cavity.

SE rate increased with activation in all subgroups,
but above certain activations in few subgroups, it either
maintained itself or decreased (Table 3). When analyz-
ing this table along with the load/deflection plots of av-
erage NTCCSs from each group (Figs 4, 5, 6 and 7), it
can be observed that the lighter NTCCSs in Groups 3
and 4 showed higher rates with very smaller activations.
That is probably due to thermal treatment which is
commonly used to increase M .*"** This procedure will
decrease the stress required to start martensitic trans-

formation,® thereby producing a lower SE plateau. 2!
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SE plateaus varied with activation and, while these
values did not correspond to the information supplied
by manufacturer in some groups, in other groups it
corresponded only at specific activations. This could
be a problem when using nickel-titanium because, as
demonstrated (Tables 2, 3, 4, and 5), plateaus change
at different activations and the manufacturers do not
provide the information of which activation will pro-
duce the plateau informed. The need for this infor-
mation was suggested in the literature® and is essen-
tial, so that orthodontists and researchers could select
the most adequate NTCCS.

CONCLUSIONS

1) Most subgroups showed a SE behavior above
400% of activation, except for subgroups 4B and
3A which exhibited it above 300%. Subgroups 4E
and G, and subgroups 3C were SE above 500% and
600% of activation, respectively.

2) Subgroup 3B was not SE.

3) SE rates increased with activation, while force pla-
teaus decreased.

4) Force plateaus provided by the manufacturers
are difficult to compare, since initial activation alters
it. Manufacturers should provide more specific infor-
mation on their nickel-titanium CCSs.

5) NTCCSs are not always superelastic, especially
at low activations. If SE is desired, NTCCSs must be
activated at least 5 to 6 times the length of active part
of the spring.
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