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ABSTRACT

Objective: To examine the mechanical properties and the usefulness of titanium-niobium-aluminum (Ti-Nb-Al) wire in
orthodontic tooth movement as compared with nickel-titanium (Ni-Ti) wire.

Materials and Methods: The load deflection of expansion springs was gauged with an original jig. The gradient of the
superelastic region was measured during the unloading process. Expansion springs comprising the two types of alloy wires
were applied to upper first molars of rats. The distance between the first molars was measured with micrometer calipers.

Results: The force magnitude of the Ti-Nb-Al expansion spring was lower than that of the Ni-Ti expansion spring over the
entire deflection range. The initial force magnitude and the gradient in the superelastic region of the Ti-Nb-Al expansion
springs were half those of the Ni-Ti expansion springs. Thus, Ti-Nb-Al expansion springs generated lighter and more
continuous force. Tooth movement in the Ni-Ti group proceeded in a stepwise fashion. On the other hand, tooth movement in
the Ti-Nb-Al group showed relatively smooth and continuous progression. At 17 days after insertion of expansion springs,
there were no significant differences between the Ti-Nb-Al and Ni-Ti groups in the amount of tooth movement.

Conclusions: These results indicate that Ti-Nb-Al wire has excellent mechanical properties for smooth, continuous tooth
movement and suggest that Ti-Nb-Al wire may be used as a practical nickel-free shape memory and superelastic alloy wire
for orthodontic treatment as a substitute for Ni-Ti wire.
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Shape memory alloys (SMAs), as typified by nickel-titanium (Ni-Ti) alloy, exhibit the unique properties of shape memory and



superelasticity.22 Superelasticity is a phenomenon in which stress value remains fairly constant up to a certain point of wire deformation.
At the same time, when deformed wire rebounds, the stress value again remains fairly constant.2 Since the development of Ni-Ti alloy wire
for orthodontic appliances in 1971, this wire has been used widely in orthodontic treatment.2:2:6

In orthodontic treatment, optimal force produces efficient tooth movement without discomfort to the patient or causing tissue damage..
Such tooth movement is generally considered to be brought on by the light continuous force generated by superelastic wire.2 Moreover, the
shape memory properties of this wire have already been applied in heat-activated wire and are also useful in tooth movement.2=1%

At present, the Ni-Ti alloy is the only practical SMA in medical use. However, this alloy contains a high proportion of nickel. Ni-Ti wires
may thus induce nickel hypersensitivity, and nickel-sensitive patients are recommended to avoid this wire.2213 Moreover, recently
numerous animal studies concerning the carcinogenicity of nickel have been reported,14=18 though some early studies suggested that

nickel did not give rise to cancer in animals.1Z

Titanium-molybdenum alloy has been used for a nickel-free orthodontic wire. However, this wire does not have shape memory and
superelastic property.L€ Biocompatible superelastic alloys lacking nickel have therefore been expected in medical use. To reduce the
harmful effects of nickel, various nickel-free shape memory and superelastic alloys have been developed.12:29 Nickel-free titanium-based
SMAs composed of nontoxic elements have been systematically investigated.2L Titanium-niobium-aluminum (Ti-Nb-Al) alloy,2L which has
the best mechanical performance among these nickel-free shape memory and superelastic alloys, was recently developed as a result of
advances in processing technology. The aim of this study was to examine the mechanical properties and the usefulness of Ti-Nb-Al wire in
orthodontic tooth movement as compared with Ni-Ti wire.

MATERIALS AND METHODS Return to TOC
Ti-Nb-Al and Ni-Ti Wire

Ti-Nb-Al round wires (73 mol% titanium, 24 mol% niobium, and 3 mol% aluminum) of 0.012-inch diameter were made by Furukawa
Techno Material Co Ltd, (Kanagawa, Japan). As a reference material, Ni-Ti round wires of 0.012-inch diameter were obtained (Nitinol, 3M
Unitek, Monrovia, Calif).

Load-Deflection Measurement of Expansion Springs

The shape of the standardized expansion spring is shown in Figure 1 ©=. An original jig was produced with rat maxilla to gauge the
load-deflection relationship of the expansion springs (Figure 1 ©=). The original jig was designed based on the assumption that generated
force changes according to expansion spring displacement during molar expansion.

A compression test was carried out on the expansion springs with a creep meter (RE2-33005S; Yamaden Corp, Tokyo, Japan) fitted
with a 2-kgf compression load cell calibrated in the 200-gf range with an original jig. The test machine was operated at a crosshead speed
of 0.05 mm/s, and analogue output signals of load and displacement were passed to a CA-3305 autoanalyzing system (Yamaden Corp).
Each compression test was carried out five times, with a new piece of expansion spring for each repetition. Expansion springs were loaded

in the buccolingual direction on the original jig and were tested at 26°C.2
Evaluation of Load-Deflection Curves

The mechanical properties of the expansion springs were assessed based on the load-deflection curve obtained from the compression
test. The force magnitude at a deflection of 2 mm during the unloading process was measured. The E-point was defined as the inflection
point between the superelastic region and the elastic region during the unloading process. The gradient of the superelastic region during
the unloading process was calculated between the E-point and the point at +0.5 mm deflection from the E-point (Figure 2 ©=).22:23

Animals

Ten male Wistar rats (6 weeks of age) were used in this study. All rats were housed in cages (2 or 3 rats per cage) in an air-conditioned
and lighted environment according to the guidelines for Animal Research of Tohoku University. Before appliance placement, rats were
acclimatized for 1 week and were fed a laboratory chow with water. Body weight was recorded and oral and systemic conditions were
monitored during the acclimatization and experimental periods.

Tooth Movement in Rats
Both the right and left upper first molars of rats were moved to the buccal with standardized expansion springs.24 Rats were categorized

into two groups: five were fitted with Ti-Nb-Al expansion springs (Ti-Nb-Al group), and five were fitted with Ni-Ti expansion springs (Ni-Ti
group).



Tooth Movement Measurement

Precise plaster models were scanned with a flatbed scanner (CanoScan 5200F, Canon, Tokyo, Japan) and were magnified to 1000x by
digital imaging software (Photoshop, Adobe systems, San Jose, Calif). Digitized images were printed with a laser printer (microline5200,
Oki Electric Industry Co Ltd, Tokyo, Japan) and were traced. Distances between the mesial lingual cusps of the right and left first molars
were measured with micrometer calipers, and displacement was calculated.

Statistical Analysis

All data were subjected to two-way analysis of variance followed by Student-Newman-Keuls test and Student's t-test. Statistical
calculations were carried out by Microsoft Excel 2004 (Microsoft Co, Redmond, Washington).
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Load-Deflection Properties of Springs

The load-deflection curves for Ti-Nb-Al and Ni-Ti expansion springs are shown in Figure 3 @=, The force magnitude of Ti-Nb-Al expansion
springs was lower than that of Ni-Ti expansion springs over the entire deflection range. The initial force magnitude (load at 2.0 mm
deflection during the unloading process of the load-deflection curve) is shown in Table 1 @=. The initial force magnitude of Ti-Nb-Al
expansion springs was half that of Ni-Ti expansion springs. Gradients of the superelastic region during the unloading process are shown in
Table 1 ©=. The gradient in the superelastic region for Ti-Nb-Al expansion springs was half that for Ni-Ti expansion springs.

Health Condition of Rats

Animal weight in each group showed a gradual increase within normal limits. During experimental period, there were no significant
pathological changes (ie, metal pigmentation, inflammation, and swelling in the maxillary mucosa).

Tooth Movement

Rat first molars were moved to the buccal by Ti-Nb-Al and Ni-Ti expansion springs. The amount of tooth movement in the Ti-Nb-Al and
Ni-Ti groups is shown in Figure 4 @= and Tables 2 @= and 3 ©=. Tooth movement in the Ni-Ti group showed no significant changes from
day 1 to day 10 and from day 14 to day 17. Tooth movement in the Ni-Ti group proceeded in a stepwise fashion. Tooth movement in the Ti-
Nb-Al group showed no significant change from day 1 to day 7. Tooth movement in the Ti-Nb-Al group showed relatively smooth,
continuous progression. At day 17, after insertion of expansion springs, there were no significant differences between Ti-Nb-Al and Ni-Ti
groups regarding amount of tooth movement.
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Biocompatibility of Ti-Nb-Al Alloy Composing Elements

Titanium is used for many dental applications and instruments, such as orthodontic wires, endodontic files, dental implants, and cast
restorations. The popularity of titanium is primarily due to its good mechanical properties, its high corrosion resistance, and its excellent
biocompatibility.22 Niobium has been reported to have good cytocompatibility by in vitro studies.282Z There are also many reports about
good biocompatibility of this element in animal experiments.28:22 Although it was mentioned that aluminum might play a role in the
pathogenesis of Alzheimer's disease, 2231 some recent investigations denied this relationship.22:23 On the other hand, there are few

reports about aluminum hypersensitivity.
Load-Deflection Characteristics of Expansion Springs

The unique property of a superelastic alloy is that its curve during the unloading process differs from its curve during the loading process,
that is, reversibility has an associated energy loss, or hysteresis.2.6.34 Because the force during unloading causes tooth movement, the
unloading curve must be examined for orthodontic use. The force magnitude at 2 mm deflection for the Ti-Nb-Al expansion spring was
about half that for the Ni-Ti expansion spring. Ti-Nb-Al wire thus generates lighter force than does Ni-Ti wire.

The load-deflection curve for superelastic alloy wire has a plateau phase along the deflection of the wire. The Ti-Nb-Al expansion spring
exerts a lighter force without substantial attenuation when compared with the Ni-Ti expansion spring. Ti-Nb-Al expansion spring can
generate more constant force during application of the wires. The maintenance of initial force has advantages in tooth movement. For these
reasons, in the same deflection range, Ti-Nb-Al wire generates lighter and more continuous force than does Ni-Ti wire.



Application to Tooth Movement

The amount of tooth movement on day 1 in the Ni-Ti group was 1.64-fold greater than that in the Ti-Nb-Al group. The difference in tooth
movement between the two groups is consistent with the difference in the initial force magnitude of the two expansion springs. Previous
experimental studies have confirmed larger displacement immediately after wire application. This larger displacement is explained by the
compression of the periodontal tissue space in proportion to the initial force magnitude.Z previous histological studies have also shown that
the degree of periodontal tissue compression influences the pattern of bone resorption, leading to the pattern of tooth movement.&:35:36
Moderate compression leads to direct bone resorption in periodontal tissue, and excessive compression leads to undermining bone
resorption. Lighter forces are advantageous for tooth movement without inducing tissue damage. Ti-Nb-Al wire, which exhibits small initial
displacement, may exert optimal initial force and thus reduce tissue hyalinization.

Time courses of tooth movement showed a smooth, continuous displacement pattern in the Ti-Nb-Al group and a stepwise displacement
pattern in the Ni-Ti group. The lag phase in the Ti-Nb-Al group was shorter than in the Ni-Ti group. The difference in displacement pattern
may have been caused by differences in bone resorption. Undermining bone resorption delays tooth movement until the bone adjacent to
the root can be removed, thus giving a stepwise pattern. On the other hand, direct bone resorption, which is induced by steady
compression, results in smooth continuous tooth movement.2 In the present study, the lighter force generated by the Ti-Nb-Al expansion
spring resulted in smooth, continuous tooth movement.

Clinical Advantages

The Ti-Nb-Al alloy is able to exert light continuous force without substantial attenuation. These mechanical properties facilitate torque
control from initial treatment stages, thus shortening the treatment period.18.37.38 \joregver, the use of this alloy in place of Ni-Ti may have
clinical advantages for patients such as the extension of treatment intervals and the reduction of pain and invasiveness for periodontal
tissue through the use of lighter force 22

CONCLUSIONS Return to TOC

. The Ti-Nb-Al expansion spring exerted lighter and more continuous force and facilitated safe and efficient tooth movement.
. The tooth movement pattern was smooth because of the mechanical properties of Ti-Nb-Al alloy.

. The present results suggest that the Ti-Nb-Al wire can be used as a nickel-free shape memory and superelastic alloy as a
substitute for Ni-Ti alloy wire for orthodontic treatment.
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Table 1. Force Magnitude of 2 mm Deflection and Gradient of Su perelastic Region During the Unloading Process (Mean + SD)*

Ti-Nb-Al Springs Ni-Ti Springs

(n = 5) (n = 5) P Valuet
Force magnitude (gf) 11.62 = 2.03 24.34 = 1.82 <.0001
Gradient (gf/mm) 6.08 = 1.17 1164 = 1.05 <.0001

* Ti-Nb-Al indicates titanium-niobium-aluminum; Ni-Ti; nickel-tita-
nium.
1 P value indicates probability of unpaired Student’s f-test.

Table 2. Comparison of Tooth Movement (mm) Between Titanium-Niobium-Aluminum (Ti-Nb-Al) and Nickel-Titanium (Ni-Ti) Groups
(Mean + SD)*

Ti-Nb-Al Group Ni-Ti Group
Day (n=05) (n = 5) P Valuet
0 0+0 0+0 NS
1 0.57 = 0.19 0.91 = 0.14 <.05
3 0.66 = 0.1 0.92 = 0.17 <.05
7 0.71 = 0.14 1.14 = 019 <.01
10 0.94 + 0.19 1.23 = 0.25 NS
14 1.28 + 0.14 1.78 + 0.32 <.05
17 1.67 + 0.28 1.9 = 0.31 NS

* NS indicates not significant.
1 P value indicates probability of unpaired Student’s f-test.

Table 3. Comparison of Tooth Movement (mm) Among Days (Mean £ SD)*



Ti-Nb-Al Group Ni-Ti Group

Day (n = 5) P Valuet (n = 5) P Value
0 0+0 00

1 0.57 = 0.19 <.01 0.91 = 0.14 <.01
3 0.66 = 0.1 NS 0.92 £ 0.17 NS

7 0.71 = 0.14 NS 1.14 = 0.19 NS
10 0.94 = 0.19 <.05 1.23 = 0.25 NS
14 1.28 = 0.14 <.01 1.78 = 0.32 <.01
17 1.67 = 0.28 <.01 1.9 = 0.31 NS

* Ti-Nb-Al indicates titanium-niobium-aluminum; Ni-Ti, nickel-tita-
nium; and NS, not significant.
T P value indicates probability of Student-Newman-Keuls test.
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Figure 1. Schematic view of standardized expansion spring and load-deflection measurement with original jig
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Figure 2. Evaluation points for load-deflection curve
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Figure 3. Load-deflection curves for titanium-niobium-aluminum and nickel-titanium expansion springs
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Figure 4. Time-courses of tooth movement in titanium-niobium-aluminum and nickel-titanium groups
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