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     ABSTRACT 
��������������������The purposes of this study were to compare the mechanical properties of Thai 
commercial NiTi wires both in horizontal and vertical dimensions, to investigate the 
relationship between the wire dimension and the deactivation force delivery and to investigate 
the effect of temperature on the deactivation force delivery by each commercial NiTi wire. 

�The study was done by analyzing load-deflection characteristics from a three-point 
bending test of 10 brands of .016x.022 inch commercial NiTi wires in Thailand at room�
temperature for dry test, at ambient oral temperature, and at various intra-oral temperatures 
ranging from 10 to 60oC .  The NiTi wires tested included NiTi F (Flex wire, Flexwire), H 
(Highland, Highland Metals), T (Tiger, GAC), W (Wonder wire, Wonder wire), GH (SE 
NiTi, G&H), M (Elastinol, Masel), OT (Tru flex, Ortho Technology), OR (NiTi, Ormco), SS 
(Sentalloy, Tomy) and U (Nitinol SE, 3M Unitek).  
   The following results were obtained: �
1. Clinical selection of NiTi wires: 

Deactivation force:�

Based on the ability to provide low deactivation force to periodontal structure, wire 
ranking from low to high deactivation force for the movement of teeth in inciso-gingival 
direction was NiTi U, SS, M, G, OT, OR, H, F, T, W and wire ranking from low to high 
deactivation force for the movement of teeth in bucco-lingual direction was NiTi U, SS, 
M, OT, GH, OR, H, F, T, W 
 Deactivation length:  
Based on the ability to provide constant force over period of time and over different 
degrees of deflection, wire ranking from long to short deactivation length for the 
movement of teeth in inciso-gingival direction was NiTi U, SS, M, GH, OT, OR, W, F, 
H, T and wire ranking from long to short deactivation length for the movement of teeth in 
bucco-lingual direction was NiTi U, SS, GH, M, OR, W, F, OT, H, T 
Superelasticity:  
Based on the advantage of the superelasticity, wire ranking from high to low 
superelasticity for the movement of teeth in inciso-gingival direction was NiTi OT, OR, 
U, SS, M, GH, W, T, F, H and wire ranking from high to low superelasticity for the 
movement of teeth in bucco-lingual direction was NiTi OR, OT, U, SS, M, GH, W, T, F, 
H 

2. Although the deactivation forced delivery was increased with the increase in the wire 
dimension, it was found that the forces did not increase in the same proportions among 
commercial NiTi wires tested. 

3. There was a close relationship between temperature and loading and unloading curves 
with an increase of the plateau of delivery force with increasing temperature and a 
decrease of  the plateau of delivery force with decreasing temperature. 

KEY WORDS: MECHANICAL PROPERTIES/ NICKEL-TITANIUM WIRES 
165 P. ISBN 974-04-6450-5 
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CHAPTER  I 

INTRODUCTION 

 

 Nickel-titanium orthodontic wires have been of considerable interest to the 

specialty due to the very low modulus of elasticity, considerable elastic force delivery 

range and high springback.  This alloy provides the orthodontist with unique 

advantages compared with the stainless steel, cobalt-chromium-nickel and beta-

titanium wires.  Superelastic behavior was first specifically noted in the orthodontic 

literature for the Japanese NiTi alloy.  When the wire is subjected to tensile loading, 

appreciable activation and deactivation take place at nearly constant values of stress.  

Under bending conditions this superelastic behavior is less evident, although there is a 

substantial region of nearly constant bending moment during deactivation. 

 The superelastic property of some NiTi wires brands has been attributed to a 

phase transformation from the B2 cubic austenitic structure to the B19’monoclinic 

martensitic structure of NiTi when the stress reaches a certain level during activation 

(1).  Upon deactivation, the reverse-phase transformation from martensitic to the 

austenitic structure takes place when the stress is decreased to an appropriate level, 

which is somewhat less than that required to cause the forward transformation.  Thus, 

it is necessary for the wire manufacturing processes to leave the nickel-titanium alloys 

largely in the austenitic structure for superelastic behavior to occur, whereas the 

original Nitinol alloy and the other nonsuperelastic nickel-titanium wires have 

principally a work-hardened martensitic structure. 

 In the 1960s, a conventional nickel-titanium alloy was developed that exhibited 

a shape memory effect (SME).  This wire, marked by the Unitek Corporation under 

the name of Nitinol, had a relatively large working range and low elastic modulus 

compared with chrome-cobalt and stainless steel.  However, this first 50:50 

composition of nickel and titanium was a shape memory alloy in composition only.  It 

was a passive martensitic-stabilized alloy that was capable of being deformed, 

clamped, heated and cooled into a specified shape, so that when it was later deformed 

into a new shape and subsequently heated, the material remembered its previous post-
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heat shape.  Nickel-titanium (NiTi) orthodontic wires are especially well suitable for 

clinical situations that require flexibility and exceptional elastic memory.  Nickel-

titanium alloys have a low stiffness, large working range and produce very low forces.  

Nickel-titanium archwires, however, have limited formability, produce higher 

frictional forces and cannot be soldered (Table1). 

 
Table1: Comparison of some desirable clinical characteristics of orthodontic 
wires 

�

 Nickel Titanium alloys has made remarkable progress since the original work 

of Buehler for the Naval Ordinance Laboratory in the early 1960s. New and improved 

material are constantly being proposed to the orthodontist, however, no standard 

parameters and experimental settings have been used to analyze the performance of 

the alloys with different compositions and properties and several classifications have 

been suggested. 

 Within the last few years many new nickel-titanium orthodontic wire alloys 

have been introduced in Thailand with the large variety of the prices and only some of 

these new brands posses the property of superelasticity. 

 This present study will investigate the load deflection characteristics of 

available commercial NiTi wires in Thailand. 

 

 

 

Wire Springback Stiffness Formability 
Stored 
energy 

Biocompatibility and 
environmental stability 

Joinability Frication 

Stainless steel Low High Good Low Good Soldered Welded Low 

Cobalt-
chromium 

Low High Good Low Good Soldered* 
Welded 

Low-moderate 

Nickel-
titanium 

High Low Poor High  Not joinable Low-moderate 

Beta-titanium Average Average Good Average Good Welded High 

Multistranded High Low Poor High Good Soldered Welded Not known 
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The purposes of this study 

1. To compare the mechanical properties of available commercial NiTi wires in 

Thailand in a deflection test both in the horizontal and vertical dimensions.  

2. To compare the compositions and the transition temperature ranges of 

available commercial NiTi wires in Thailand. 

3. 7R� LQYHVWLJDWH� WKH� UHODWLRQVKLSV� EHWZHHQ� KRUL]RQWDO� DQG� YHUWLFDO� GHDFWLYDWLRQ�
IRUFHV� DQG� KRUL]RQWDO� DQG� YHUWLFDO� GLPHQVLRns� RI� DYDLODEOH� FRPPHUFLDO�1L7L�
ZLUHV�LQ�7KDLODQG�IRU�VXLWDEOH�FOLQLFDO�VHOHFWLRQ��

4. To investigate the effect of temperature on the horizontal and vertical force 

delivery by available commercial NiTi wires in Thailand. 

 
The expected benefit of the study 

1. The results from this investigation will guide and help the orthodontists for 

suitable clinical selection of Thai commercial NiTi wires. 

2. 7KH�UHVXOWV�ZLOO�EH�WKH�EDVHOLQH�GDWD�IRU�WKH�SURGXFWLRQ�RI�1L7L�ZLUHV�DQG�WKH�
LPSURYHPHQW�RI�WKH�TXDOLW\�RI�DYDLODEOH�ORZ�SULFH�1L7L�DUFKZLUHV��

 

 
�

�

�
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CHAPTER II 
LITERATURE REVIEW 

 
Mechanical properties and composition of nickel-titanium alloys 

�

Thermoelasticity and shape memory effect 

An ideal NiTi wire should retain a stable predesigned arch form at mouth 

temperature and yet be formable at a lower room temperature.  It should be possible to 

engage the wire into the brackets during a reasonable time interval and the wire 

should be able to recover its ideal arch form and apply light, predictable, constant and 

continuous force to the dentoalveolar structures.  Because of the most recent 

technological advancements, superelastic NiTi alloys that meet these requirements are 

finally available in the market. 

Superelasticity is determined by the typical crystallographic characteristics of 

NiTi; the tri-dimensional lattice of the alloy can be present in 2 phases: martensite and 

austenite.  In the martensitic phase, the lattice is monoclinic (B19’); in the austenitic 

phase, it is cubic (B2).  An intermediate rhombohedral “R” phase with a 

rhombohedral lattice has also been identified (Figure1).  In response to temperature 

variations, the crystal structure undergoes deformations in which molecular 

arrangement is modified without a change of the atomic composition so that the 

transformation is diffusionless.  The alloys essentially undergo a reorganization to 

meet the new environment conditions- a property that has earned them the designation 

of “smart materials’.  The transformation from the austenitic to the martensitic phase 

(thermoelastic martensitic transformation) is reversible (pseudoshearing), whereas in 

metals and other alloys an equivalent amount of stress usually generates an 

irreversible shearing deformation (2, 3, 4, 5, 6). 

�

�
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�

�

Figure1: Typical crystallographic characteristics of NiTi 
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Each NiTi alloy has a specific temperature range in which the phase transition 

takes place- the TTR.  Ideally, the crystal structure of the alloys should be confirmed 

by means of either radiographic diffraction or differential scanning calorimetry.   

However, because austenite and martensite present different amounts of resistance to 

the passage of electrical currents, it is possible to infer the phase transformation 

temperatures through the study of resistivity (5, 7, 8). 

The diagram in Figure 2 illustrates the resistivity of a superelastic NiTi alloy 

as it relates to the temperature (resistivity/temperature curve).  Ms and Mf are the 

initial and final temperatures, respectively, at which the martensitic phase is formed; 

As and Af are the initial and final temperatures for the austenitic phase. 

 

 

 

 
 
 
 

 

 

 

Figure 2: Resistivity/temperature graph for superelastic NiTi alloys. 

Mf=martensitic final, Ms=martensitic start, As=austenitic start, Af=austenitic 

final 

 

At lower temperatures, the alloy is completely present in the martensitic phase 

(Mf to Ms) until the increase in temperature causes the progressive transformation 

into austenite (from Ms to Af).  At higher temperatures (beyond Af), the alloy exists 

exclusively in the austenitic phase (3, 4, 5, 9). 

However, another transformation can also occur between the austenitic and 

martensitic phases known as the R phase (10).  The R-phase has a rhombohedral 

symmetry and simple hexagonal lattice.  The space group of this structure is P31.  The 

A ->R transformation is first order with an enthalpy of transformation between 3 and 

4 J/g (11).  A shape memory effect and pseudoelasticity associated with austenite -> R 
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phase transition can be observed.  Structural changes with cooling and heating of NiTi 

alloys can involve three phases: austenite, R-phase and martensite.  On cooling the 

sequence is: 

- either austenite -> martensite and the sequence on heating martensite -> 

austenite 

- or austenite -> R phase -> martensite and the reverse transformation from 

martensite, on heating, can be associated with one or two transformations 

martensite -> austenite or martensite -> R phase -> austenite (12). 

The corresponding transformation sequences can be usefully studies by 

differential scanning calorimetry (DSC) which is a general technique to measure the 

enthalpy of a transition (martensitic transition).  Structural transformation is identified 

by a peak in the studied property versus temperature plot.  DSC provides rapid 

information on transition temperatures (13).  The R transformation can be improved 

by the addition of third element (such as Co, Fe) or by thermomechanical treatments. 

An interesting feature of these thermoelastic properties is the so-called shape 

memory effect, which has remarkable clinical applications.  Through deflection and 

repeated temperature cycles, the wire in the austenitic phase is able to memorize a 

preformed shape, including specific orthodontic archforms.  By lowering the 

temperature, the alloy is transformed into martensite and become pliable and easily 

deformed.  However, every time the temperature rises above Af to the austenitic 

phase, the wire will remember and recover the ideal arch form.  The technical name of 

the phenomenon is one-way shape memory effect, since only 1 of the 2 phases, in this 

case the austenite, retains a memorized shape (5, 14). 

A practical explanatory example of the behavior is a copper NiTi wire 

thermoactive at 40oC.  At room temperature, when the wire is martensitic or in a 

mixed phase, it is possible to introduce relatively sharp bends in the wire.  The 

original archform will be regained simply by heating the wire in hot water at a 

temperature above Af, in this specific case, above 40oC.   

Shape memory alloys may fulfill the concept of ideal archwire, but, 

unfortunately, the presence of the shape memory effect does not necessarily provide 

low and continuous delivery of forces.  In fact, for the memory property to be 

clinically detectable, the Af of the alloy has to be set slightly below oral temperature 
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so that the wire will be primarily austenitic intraorally and almost completely 

martensitic extraorally.  However, when the alloy is completely transformed into 

austenite (temperature above Af), the stress-stain curve follows the regular pattern of 

other alloys, such as stainless steel, with a direct proportionality between applied 

stress and resulting strain and basically lacking the typical superelastic plateau.  In 

other words, a NiTi alloy completely transformed into austenite is definitely more 

elastic than other alloys, but it is not superelastic, at least in the absence of stress.  The 

superelasticity of NiTi wires is, in fact, correlated to the coexistence of the 2 phases 

(15).  In Fig2, in the section of the curve including Ms and Af, the forces leading to a 

forward and a reverse transformation between the 2 phases are equal.  This particular 

atomic equilibrium gives the NiTi lattice the ability to absorb deflection stresses, and 

as a consequence, the modulus of elasticity of the alloy becomes typically low (3, 4, 

5).  As a general rule, the austenitic phase of a superelastic wire will be stiffer than the 

martensitic phase, but both will be stiffer than a superelastic wire in phase transition.  

Therefore, one of the objectives of research in this field should be the invention of 

new alloys, such as copper NiTi 40oC, with TTRs that correspond to the oral 

environment temperature and reach Af above the oral temperature.  Unfortunately, the 

natural charm of the shape memory effect still holds the interest of manufacturers and 

clinicians focused on austenitic alloys with Af below oral temperature, whereas 

characteristics such as magnitude and quality of force delivery have somehow lost 

priority. 

 Segner and Ibe (16) studies superelastic wires in bending and developed 

certain parameters to better describe the deactivation curve.  They expressed the 

distinctiveness of the deactivation plateau by the ratio of the slope of the final part of 

the deactivation curve to the slope of the plateau (SE ratio) (Figure 3).   According to 

this model, an ideal superelastic archwire should yeild a SE ratio of infinity, and 

stainless steel wires a ration of approximately 1.  The investigators suggested a 

definition of superelasticity as a ratio above 8 and superelastic tendency as a ratio 

between 2 and 8.  However, the validity of using an arbitrary limit of the SE ratio as a 

criterion remains debatable.  Their results showed that many superelastic wires either 

did not show any pseudoelastic properties at all or that the wire parameters were such 

that they did not give any advantage over conventional work hardened NiTi materials.  
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In many archwires the beginning of the plateau and thereby the desired characteristics 

began only when archwire was displaced 1 mm or more (in patients with very 

irregular dentitions).  For many archwires the force level of this plateau also proved to 

be rather high with values often above 500g.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Derivation of characteristic parameters from the deactivation curve. 

 

Whether such a rigid evaluation of the superelastic property of the alloys is 

truly necessary in clinical applications is still questioned.  The performance of any 

NiTi alloy is strictly influenced by its composition and manufacturing procedures.  

For example, in theory, it is possible that one specific alloy in its austenitic phase (or 

even in a work-hardened alloy) could deliver a biologically acceptable force, 

comparable to the force of a superelastic alloy in phase transition, especially when 

only moderate deflection is necessary.  Despite commonly accepted commercial 

claims, the low values of force delivery of most NiTi alloys are mainly hypothetical 

and still need to be precisely quantified and compared with the force delivery of other 

established alloys through properly designed experiments.  Other factors, such as 

stress, also have a strong influence on the phase transformation and, as a consequence, 

on the forces delivered. 

 

 

3ODWHDX�VORSH�

)LQDO�VORSH�
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Pseudoelasticity 

For most orthodontic alloys with an Af below oral temperature, austenite is 

prevalent phase intraorally, while only a small percentage of martensite (and the 

intermediate phase R) is present in the grain structure.  Because austenite has 

relatively higher stiffness compared with the transitional phase, greater quantities of 

martensite need to form in these austenitic wires to activate the superelastic 

properties.  Somehow, the martensite must form independently of temperature 

variations and fortunately, this can be done by the application of stress on the 

austenitic wire.  The deflection generated a local martensitic transformation and 

produces stress-induced martensite (SIM).  The highest temperature at which the 

martensite can form is referred to as Md, and in austenitic alloys Md is usually located 

above Af and above the oral temperature, allowing the SIM to form in the stressed 

areas even though the rest of the wire remains austenitic.  However, the SIM is 

unstable, and if the specimen is maintained at oral temperature it undergoes reverse 

transformation to the austenitic phase as soon as the stress is removed (5, 17).  In 

orthodontic clinical applications, SIM forms where the wire is tied to brackets on 

malaligned teeth so that the wire becomes noticeably pliable in the deflected areas, 

with seemingly permanent deformation.  Therefore, delivery forces will be lowered in 

the needed areas only.  In those areas, the wire will be superelastic until, after tooth 

movement, a self-controlled reduction of the deflection will restore the stiffer 

austenitic phase.  In summary, the formation of SIM partially compensates for the 

lack of a thermally induced martensite and contributes to the superelastic behavior of 

austenitic NiTi alloys. 

This property, termed pseudoelasticity, can be considered a localized stress-

related superelastic phenomenon (16, 18, 19, 1, 20, 21, 22).  However, for the SIM to 

form, the Af of the alloy can only be slightly lower than the oral temperature (23).  If 

Af is considerably lower than the oral temperature, the lattice will always have the 

tendency to reconvert to austenite, and too much energy (in the form of a deflective 

stress) would be necessary to counteract this tendency and maintain the presence of 

SIM.  Therefore, only in cases of very crowding will and austenitic alloy behave 

superelastically.  
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Some recent studies investigated as to whether the formation of SIM, as a 

modification of the lattice, could interfere or modify the temperature range of the 

phase transformation.  They found that SIM generates a shift of the preset TTR of the 

alloy toward higher temperatures because, as a result of the presence of the 

mechanical deformation of the lattice, more energy will be required (in this case in the 

form of heat) to reconvert SIM into austenite.  This implies that if the values of the 

TTR provided by the manufacturers are not calculated under proper conditions of 

deflection, those values might be underestimated and could fail to correspond to the 

actual TTR values existing in orthodontic application (15). 

In summary, the pseudoelastic (stress-related) and thermoelastic (temperature-

related) behaviors of NiTi alloys are more complex and interdependent than expected.  

The transformation temperatures provided by the manufacturers, however, are still 

generally calculated in the absence of deflection, that is, in experimental settings that 

do not adequately replicate the intraoral environment. 

 

Temperature transitional ranges of available alloys 

Numerous experiments have been performed in recent years to verify whether 

the TTRs of orthodontic alloys correspond to the values provided by the 

manufacturers.  As previously mentioned, the TTR of the alloy should be close to, or 

slightly below, the oral temperature to allow for the formation of SIM. 

The intraoral temperature fluctuates widely because of the ingestion of hot and 

cold food and beverages and because different areas of the oral cavity exhibit 

different temperatures.  Nevertheless, it can be reasonably approximated in 

experimental setting between 35oC and 37oC (24, 25, 26). 

Another source of variation in NiTi experiments is the complexity of the 

manufacturing procedures.  A great variation in wire properties within batches is a 

common finding that strongly limits the consistency of the experimental data.  Wires 

of similar composition can show very different TTRs, especially when they are 

manufactured by different companies.  As a result, the findings of different 

experiments reported are hardly comparable (21, 27).  Moreover, only some 

manufacturers provide accurate information about the TTRs of their NiTi products. 
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A review of published data reveals that not all of the NiTi wires available 

present clinically useful thermal behavior (Table 2). 

 

Table2: Transitional temperature values of orthodontic NiTi alloys 

�

Wire Manufacturer TT unloaded TT stress-related References 

Heat Activated Ni-Ti Highland Metals 24oC-68 oC - 36, 37 

Thermomemorial Leone  Af 24oC - 36, 37 
Reflex  
    Nitinol XL 

TP Orthodontics 3M 
Unitek 

Af 27oC - 36, 37 

27oC Superelastic 
    Copper. Ni-Ti 

Ormco Af 31oC 3 brackets bending test 
   6-mm deflection Af  33oC 

15 

35oC Thermo-Active 
    Copper. Ni-Ti 

Ormco Af 33oC 3 brackets bending test 
   6-mm deflection Af  39oC 

15 

40oC Thermo-Active 
    Copper. Ni-Ti 

Ormco  Af 39oC 3 brackets bending test 
   6-mm deflection Af  39oC 

15 

Sentalloy GAC Af 22oC 28oC 17, 16 

Neo Sentalloy GAC Af 28oC 36oC 17, 16, 20, 18 

Nitinol Heat 
Activated 

3M Unitek Af 36oC 3 brackets bending test 
   6-mm deflection Af  38oC 

15 

�

Yoneyama et al (22) using differential scanning calorimetry, found that most 

orthodontic wires have TTRs between 17oC and 32oC.  Therefore, such wire with the 

lowest Af are unable to exhibit superelastic behavior during clinical applications.  

Reflex wire (TP Orthodontics) presents an Af set at 27oC and 2 superelastic 

copper NiTi wires (Copper NiTi, Ormco, Orange) have Afs set at 27o and 35oC; such 

alloys can be safely classified as active austenitic.  Heat Activated NiTi alloy 

(Highland Metals) has an Af set at 68oC and Mf set at 24oC; this alloy has a 

considerably extended TTR, and the phase transition is present consistently during 

clinical applications.  40oC Thermo-Active Copper NiTi (Ormco) can be considered 

truly superelastic at oral temperature.  The Af of Sentalloy (GAC) is approximately 

28oC in the absence of loading (15).  Other manufacturers generally claim an Af set at 

a nominal oral temperature, approximately 35oC (3, 8). 
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Deflection setting 

In early experiments, uniaxial tensile tests were considered to be the most 

acceptable method for comparing the mechanical properties of different alloys.  In 

tensile tests the wire is usually attached at one end and stretched.  A stretch of more 

than 8% may be required to see the expression of superelastic properties in NiTi wire 

(28, 1, 29).   Tensile force, however, are not usually observed in clinical orthodontic 

applications.  Furthermore, tensile tests generally produce values of the modulus of 

elasticity, which are significantly lower than those obtained through deflection tests, 

such as cantilever bending test (Figure 4). 

In flexural tests using a cantilever configuration, delivery forces are evaluated 

as bending moments and are expressed in grams per millimeters.  The deflection 

generated is measured in degrees.  The cantilever-type test is, at present, the standard, 

ADA approved method testing the mechanical properties of alloy, according to ADA 

specification number 32.  It must be taken into consideration, however, that a single 

direction deformation induced by unilateral bending tests (including tensile, 1-point or 

even 3-point cantilever bending models) may simulate superelastic behavior even if 

the alloy does not posses superelastic properties (1).  Unilateral bending models are 

based on the free-end beam principle, according to which, the wire is allowed to slide 

unrestrained over the supporting devices.  The friction generated when the wire slides 

over the supports increase the loading force so that superelastic behavior can be 

simulated even in non-superelastic wires, especially if the wire presents a high 

coefficient of friction, as do titanium-molydenum alloys (30, 31).  Also, nonrestrained 

tests do not take into consideration the loading effect of the friction generated by the 

ligatures and are therefore unable to properly reproduce the clinical constraint of the 

wire in the bracket slot. 
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ADA approved specification number 32: cantilever-type test 
 
 
 

 
 
 
 
 
 
 
 
 

3-point bending test 
 

Figure 4: Unilateral bending test (1-point, 3-point bending test) 

 

Wilkinson et al (32) demonstrated that the load-deflection performance of 

alignment wires depends on the design of the test model, including wire, bracket type, 

the amount of deflection, and temperature.  Twistflex and 5 brands of heat-activated 

superelastic NiTi wires produced a range of broadly comparable results, and NiTi 

gave the highest unloading values.  Model rankings indicated that self-ligating Twin-

Lock brackets produced lower friction than regular edgewise brackets.  The authors 

concluded that wire ranking from 3-point bending test were not consistently 

representative of those with other model designed; thus this test may have limited 

applicability to clinical conditions.  They also recommended using the rankings from 

the mechanical test simulations as in their study to predict possible clinical 

performance of archwires.  

To obtain reliable and valuable data, researchers must design experimental 

models that simulate as closely as possible the orthodontic intraoral clinical setting.  

The method of ligation of the wire to the brackets should be consistent.  The 



Fac. of Grad. Studies, Mahidol Univ.                                                                  M.Sc. (Orthodontics) /�

�

15 

interbracket distance, type of bracket used, and length of the wire specimen should be 

consistent as well.  The results obtained in a laboratory should ultimately be compared 

with the results of analogous clinical trials (33).   

The 3-bracket bending test (Figure 5) is a partially restrained model that 

should provide immediately useful results for orthodontic clinical needs.  This model 

has been used in some recent laboratory experiments performed on austenitic 

superelastic wires.  

 
 

 
 

Figure 5: 3-bracket bending test 

 

  A common finding of those studies is a relatively high stiffness obtained if the 

wire is deflected less than 2 mm. (34, 16, 31, 4).  Because of the lack of formation of 

stress-induced martensite (SIM), austenitic NiTi presents a stiffness of 0.28 for small 

deflections, a value surprisingly higher than the 0.20 stiffness of a classic work-

hardened alloy like Nitinol (28).  If the threshold of 2 mm. of minimum activation has 

to be considered reliable, a superior performance of superelastic austenitic NiTi 

during the alignment phase of treatment seems to be limited to cases of severe dental 

crowding.  This peculiar behavior of austenitic superelastic wires can be more easily 

explained through the analysis of stress-strain curves (Figure 6). 

 

 

 

 

 

 

 



Subongkoch  Tongkoom  Literature Review /  

�

16 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Stress-strain curve for stainless steel, Nitinol and NiTi 
 

When the austenite is transformed into SIM, a horizontal plateau appears as an 

indicator of the expression of superelastic or, more properly, pseudoelastic properties 

(35, 36, 37, 38).  In general, a consistent presence of martensite in the alloy, either 

thermally generated or stress-generated, is responsible for the lowering the delivery 

force.  Martensite is, infact, the low stiffness phase and presents a modulus of 

elasticity of 2,000,000 psi; austenite is the higher stiffness phase with an elastic 

modulus of 8,000,000 psi.  The relative concentration of the 2 phases in the alloy will 

determine the resultant stiffness of the wire and the amount of force delivered.  The 

modulus of elasticity of a work-hardened martensitic wire (original Nitinol, 3M, 

Unitek) is 4,800,000 psi, and can be used as a comparison (39, 40). 

Superelastic compounds generally present a high stiffness in the initial 

segment of the slope of the stress-strain graph when the deflection of the wire is still 

minimal.  The initial activation force required for austenitic NiTi can be 3 times 

greater than the force required to deflect a classic work-hardened martensitic wire.  

However, once the SIM is formed, the horizontal plateau appears and the alloy 

“ absorbs” any additional load stress and releases it in constant amounts during the 

deactivation phase.  Actually, the linear region corresponding to the deactivation 

plateau is lower than the activation plateau and parallel to it.  This phenomenon is call 

hysteresis.  The main clinical interest of hysteresis is that the force delivered to the 

periodontal structures is lower than the force necessary to activate the wire.  Low 

stiffness or load deflection rates provide the ability to apply lower forces, amore 
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constant force over time as the appliance experiences deactivation, and greater ease 

and accuracy in applying a given force. 

Inconsistent data arises when the different experimental setting designed are 

used. Moreover, some variability in force delivery has also been noticed in work-

hardened alloys like the classic Nitinol.  A work-hardened alloy should, theoretically, 

be insensitive to modifications of experimental design because it should not undergo 

any noticeable phase transformation.  However, Nitinol delivered a higher force 

(215g/mm.) in 3-bracket bending test versus the 3-point bending test (307g). 

The inconsistency of the results available for Nitinol limits the reliability of 

the conclusions regarding superelastic alloys.  This inconsistency has, in the past, led 

to a certain skepticism regarding the advantage of using NiTi during the alignment 

phase when compared, for example, with well-established multistranded stainless 

steel wires.  

 

Temperature settings 

Force delivery of thermoelastic compounds such as austenitic NiTi and copper 

NiTi is strictly dependent on the temperature (Figure 7).  The control of the 

temperature in the experimental setting requires proper equipment such as thermostat 

and insulated chambers (15).  As a simpler alternative approach, numerous 

experiments have been performed at room temperature.   However, one has to 

consider that wires with a temperature transitional range (TTR) located at average oral 

temperature (35oC) are partially martensitic, so that in mechanical tests conducted at 

room temperature they will perform as superelastic wires and deliver low forces.  At a 

higher oral temperature, because of the tendency of the grain structure to be 

reconverted from martensitic to austenite, a sufficient formation of martensite and 

SIM may be prevented in these wires. 

 The highest temperature at which SIM can form is conventionally defined as 

Md.  In active austenitic orthodontic alloys, Md is usually greater than the austenite 

final, or Af; Af is located slightly below the oral temperature.  The so-called 

martensitic active wires have a TTR located at oral temperature, so that a greater 

amount of martensite is constantly available.  This type of alloy presents both 

thermoelastic and pseudoelastic properties and can be considered the long-awaited 
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NiTi alloy hypothesized by Andreasen and Brady (41), Andreasen and Hilleman (42) 

and Otsubo (23). 

 
 
 
�

 

 

 

 

 

 

 

Figure 7: Response of a superelastic alloy: variations with local temperature (Ts 

= permanent deformation temperature) 

 

  A general explanatory example of the combined thermal and mechanical 

behavior of austenitic orthodontic alloys is provided by 3-point bending tests 

performed at nominal mouth temperature (35oC).  With the use of this test, Tonner 

and Waters (21) found an increase of the plateau of the delivery forces with the 

increasing temperature (Figure 8).  For Sentalloy light .016-inches wire (GAC), the 

deactivation force increased from 77cN at 35oC to 108 cN at 50oC.  For .016-inches 

Ormco NiTi, the deactivation plateau increased from 102 cN at 35oC to 112 cN at 

50oC.  Although the results might not be directly applicable to clinical situations (a 3-

bracket test would have been more appropriate), the authors confirmed the decrease of 

SIM with the increase in temperature.  They also confirmed that superelastic alloy 

wires require a deflection of at least 2 mm. over a span of 13 mm. before superelastic 

behavior is detected (Figure 9).  Austenitic alloys are therefore superelastic mainly 

when used for the correction of gross misalignments of teeth (21,49). 
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Figure 8: Load deflection cycles over 3 mm. at different temperatures for 

Sentalloy 0.016L wire (21) 

 
 

 

     
 

Figure 9: Five load-deflection cycles for maximum deflections of 1-5 mm. at 24oC 

for Sentalloy 0.016H wire (21) 

 

The amount of deactivation forces 

An orthodontic force can be defined as heavy or light according to the ratio 

between the magnitude of the force applied and the affected root-bone surface. 

Because of the surface areas of the periodontal structure involved, an ideal 

archwire should be able to deliver differential forces to the arch segments.  The force 

should range from about 70g to 80g in the incisor area and gradually increase toward 

the posterior segments, up to 300g (43, 44, 45, 46, 47, 48). 
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Forces below the threshold of 100 g are, in general, released by very small 

diameter multistranded stainless steel wires and by superelastic wires under specific 

conditions of phase transition from austenite to martensite.  However, not all the 

experimental settings are able to trigger proper superelastic behavior in superelastic 

wires.  Therefore, there should be properly designed, published studies that provide 

data with immediate clinical usefulness. 

Unloading force values available from previous studies, with a brief 

description of the experimental setting, are reported in Table 3. 
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Table 3: Force delivery characteristics of some of the commercially available 

NiTi alloys 

Wire Manufacturer Force delivery (loading/unloading)  Experimental setting References 
Japannese NiTi Furukawa 

Electric 
Heavy .016 280 g 
Medium .016 170g 
Light .016 70g 

3-point bending test 
2-mm deflection 

1 

Thermomemoria Leone .016 312/60 g/mm 
.018 452/87 g/mm 
.018 x .025 916/130 g/mm 
.019 x .025 1018/1140 g/mm 

3-point bending test 
1.6-mm deflection 

52, 15 

Nitinol SE 3M Unitek .016 x .022 
300 g/mm  

3-point bending test 
2-mm deflection  
Unloading 
37oC 

31 

  .016 x .022 
203 g/mm  

3-bracket bending test 
Unloading 
2-mm deflection  
35oC 

16 

Nitinol Classic 3M Unitek .017 x .025 
79.6 g/mm 
.016 x .022 
307 g/mm 

3- bracket bending test 
2-mm deflection  
Room temperature 
3-point bending test 
2-mm deflection  
Unloading 
37oC 

34 
 
 

31 
 
 

  .016 x .022 
203 g/mm  

3- bracket bending test 
Unloading 
2-mm deflection  
35oC 

16 

  .016 
790 g 

3- bracket bending test 
2-mm deflection 

1 

27oC 
Superelastic 
Copper Ni-Ti 

Ormco .016 x .022 
137 g  

3-point bending test 
Unloading 
2-mm deflection  

31 

35oC Thermo-
Active 
Copper Ni-Ti 

Ormco .016 x .022 
80 g  

3-point bending test 
Unloading 
2-mm deflection  
37oC 

31 

40oC Thermo-
Active 
Copper Ni-Ti 

Ormco .016 x .022 
87 g  

3-point bending test 
Unloading 
2-mm deflection  
37oC 

31 

�
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Table 3. Cont’d 

�

�

�

�

�

Wire Manufacturer Force delivery 
(loading/unloading) 

 Experimental setting References 

Ni-Ti Ormco .016 x .022 
313 g  

3-point bending test 
Unloading 
2-mm deflection  
37oC 

31 

  .016 
102 cN at  35oC 
112 cN at  50oC  

3-point bending test 
Unloading 
3-mm deflection  

50 

Sentalloy GAC International Heavy .016 x .022 
293 g 
Medium .016 x .022 
193 g 
Light .016 
73 g 
Light .016 62 cN at 50oC  
20 cN at  50oC 
Heavy .016 108 cN at 50oC 
77 cN at  35oC 
Heavy .016 x .022 
879 g/mm 
Medium .016 x .022 
695 g 
Light  
203 g 

3-point bending test 
Unloading 
2-mm deflection  
37oC 
 
 
3-point bending test 
Unloading 
3-mm deflection  
3- bracket bending 
test 
2-mm deflection 
37oC 
 

31 
 
 
 
 
 
 
 
 
 

50 
 
 
 

16 

Neo Sentalloy GAC International F240 .016 x .022 
143 g 
F80 
120 g 
F100 180 g/mm 
F200 250 g/mm 
F300 250 g/mm 
F240 .016 x .022 
36 g/mm 
F80 
48 g/mm 
F160 
42 g/mm 

3-point bending test 
2-mm deflection  
Unloading 
37oC 
37oC 
Unloading 
 
3- bracket bending 
test 
2-mm deflection 
Unloading 
35oC 
 
 

31 
 
 
 
8 
 
 

16 

Heat Activated 
NiTi 

Highland metals g/mm loading 
20 C = 432 
36 C = 480 

 52.15 

Reflex Heat 
Activated 

TP Orthodontics .016 x .022 159.5 g/mm 
.016 x .022 178 g/mm 

1-mm deflection 52.15 
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Because of difficulties in manufacturing procedures, great variability of elastic 

properties is found among austenitic wires provided by different distributors and even 

among wires from different batches from the same distributors.  Some authors have 

suggested that the distributors should at least quantify the elastic parameters of each 

batch if they are not able to improve the standardization of the mechanical properties 

of the wire (49). 

As mentioned before, sometimes the variability in data can be partly due to the 

different experimental designed used in the studies.  For instance, numerous data are 

available on Sentalloy, one of the most popular alloys.  In a 3-point bending test at 

35oC, a .016X.022 inch Sentalloy medium wire delivered 193 g/mm., whereas in a 3-

bracket bending test, the same wire released 695 g/mm.  The discrepancy between the 

data is evident.  If, for particular reasons, the clinician must use this type of austenite 

alloy with a low TTR, then, in order to maintain the level of delivery forces 

below100.g, it will be necessary to select a wire with a smaller diameter, such as .016 

inch round wire.  Such a wire delivers 73 g of force in a 3-piont test (31) or, according 

to other studies, 20 cN (equivalent to 20.6 g/mm. (50, 51). 

For Neo Sentalloy (GAC), the data available on forces produced are more 

consistent with clinical orthodontic situations.  In 3-point bending test at 37oC, a 

.016X.022 inch wire, type F240, delivers a force of 143 g/mm. (31).  In a 3-bracket 

test, the same wire delivers a much lower and more physiologic force of 36 g/mm., as 

long as at least 2 mm. of deflection are applied (16). 

As an alternative to austenite NiTi, ternary alloys like Copper NiTi (Ormco) 

have been recently proposed.  Rectangular Copper NiTi wires, .016X.022 inches in 

diameter and superelastic at 35oC and 40oC, seem to consistently produce light forces 

in the range of or below 100 g/mm., when tested in a 3-bracket bending system at oral 

temperature (37oC).  Because of the more distinct temperature-related reconversion of 

SIM in austenite, 27oC Superelastic Copper NiTi (Ormco) releases a higher force of 

137 g/mm. (Segner and Ibe 1995).  Therefore, for 27oC Superelastic Copper NiTi, as 

for Sentalloy, it will be necessary to select a small diameter, preferably round wire. 
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CHAPTER III 

MATERIALS AND METHODS 
 

Materials 

$�VHFWLRQ�RI� ����[����� LQFK� UHFWDQJXODU�1L7L�ZLUHV�����PP�� ORQJ�SLHFHV�� FXW�
IURP�WKH�QHDUO\�VWUDLJKW��SRVWHULRU�VHFWLRQ�RI�WKH�SUH-IRUPHG�DUFKZLUHV�ZDV�XVHG�WR�WHVW�
WKHLU� PHFKDQLFDO� SURSHUWLHV�� � 7KH� VDPSOH� FRPSULVHG� ��� EUDQGV� RI� 1L7L� DOOR\�
RUWKRGRQWLF� ZLUHV� QRZ� FRPPHUFLDOO\� DYDLODEOH� LQ� 7KDLODQG� IURP� ��� PDQXIDFWXUHUV�
FODVVLILHG�E\�WKH�SULFH�RI�HDFK�FRPPHUFLDO�1L7L�ZLUHV���7DEOH�4�� 
�

7DEOH�4��&ODVVLILFDWLRQ�RI�WKH�FRPPHUFLDO�1L7L�ZLUHV�WHVWHG�E\�WKH�SULFH�� 
�

Classification 1L7L�ZLUH Manufacturer 3ULFH��%DKW�ZLUH� 
/RZ�SULFH� )OH[�ZLUH: Superelastic NiTi ��)� Flexwire, USA �� 

 +LJKODQG: Superelastic NiTi���+� Highland Metals, USA ���

 7LJHU��7�� GAC, USA �� 

 :RQGHU�ZLUH��:�� Wonder wire USA �� 

0RGHUDWH�SULFH� �SE NiTi Europa Form I�*+� G & H wire company, USA �� 

 (ODVWLQRO��0�� Masel, USA �� 

 �Tru Flex �27� Ortho Technology, USA �� 

+LJK�SULFH �1L7L� Preformed Archwire��25�� Ormco, Mexico ��� 

 �6HQWDOOR\��66� Tomy, Japan ��� 

 �1LWLQRO�6(��8� 3M Unitek ��� 

 

 

�

�
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Instruments 

1. (QHUJ\�DLVSHUVLYH�ScDQQLQJ��('6��

2. 'LIIHUHQWLDO�6FDQQLQJ�&DORULPHWHU��'6&��

3. 8QLYHUVDO�7HVWLQJ�0DFKLQH�1R�������

4. (OHFWULFDO�9HQHHU�

�

Methods 

&RPSRVLWLRQ�RI�WKH�ZLUH�

&RPSRVLWLRQ� RI� HDFK� FRPPHUFLDO� ZLUH� ZDV� REVHUYHG� E\� XVLQJ� 6FDQQLQJ�
HleFWURQ�microVFRSH� & energy-dispersive X-ray�microanalysis W\SH�6EM-EDS: JSM-

����/9�� � JEOL LTD, Tokyo, Japan �)LJXUH� ����� $� VHFWLRQ� RI� ����[����� LQFK�
UHFWDQJXODU�1L7L�ZLUHV�� �-��PP�� ORQJ� SLHFHV�� FXW� IURP� WKH� QHDUO\� VWUDLJKW�� SRVWHULRU�
VHFWLRQ� RI� WKH� SUH-IRUPHG� DUFKZLUHV� ZHUH� XVHG� WR� WHVW� WKHLU� FRPSRVLWLRQ�� For this 

purpose, wire segments were bonded to aluminium stabs, vacuum coated with a thin 

layer of conductive carbon, and examined under an SEM unit.�Spectra were obtained 

at two randomly selected regions on the surface of the wires under the following 

conditions: 20 kV accelerating voltage, 50 ? A beam current, 500 X original 

magnification with a 0.26 x 0.026 mm. sampling window, 120 seconds acquisition 

time. Data was� WUDQVIHUHG� E\� VHFRQGDU\� HOHFWURQ� DQG� EDFNVFDWWHUHG� HOHFWURQ� DQG�
DQDO\VHG�E\�('6�V\VWHP�IURP�[-UD\���&RPSRVLWLRQ�LQ�SHUFHQW�ZDV�UHSRUWHG����

�

�

�

 

�

)LJXUH�����Energy Dispersive Scanning�
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7UDQVLWLRQDO�WHPSHUDWXUH�range 

7UDQVLWLRQDO�WHPSHUDWXUH�range RI�HDFK�FRPPHUFLDO�ZLUH�ZDV�REVHUYHG�E\�XVLQJ�
diIIHUHQWLDO�scDQQLQJ�calRULPHWHU� �)LJXUH������)RXU�RU�ILYH�VHFWLRQV�RI� ����[����� LQFK�
UHFWDQJXODU�1L7L�ZLUHV�����-��PP��ORQJ�SLHFHV��FXW�IURP�WKH�QHDUO\�VWUDLJKW��SRVWHULRU�
VHFWLRQ� RI� WKH� SUH-IRUPHG� DUFKZLUHV� ZHUH� ODLG� LQ� WKH� SODWH� DW� WKH� WHPSHUDWXUH� UDQJH�
IURP� ��� WR� ��� � &�� � 7KH� ZLUHV� ZHUH� KHDWLQJ� DW� WKH� UDWH� RI� � ��� � &�PLQ�� DQG� OLTXLG�
1LWURJHQ�ZDV�XVHG�IRU�FRROLQJ���7KH�WUDQVLWLRQ�WHPSHUDWXUHV�ZHUH�SUHVHQWHG�LQ�JUDSKV�
DQG� UHDGLQJ� LQ� � &�� � Transition temperature values were derived from the intercepts 

between baseline of the DSC curve and the line fitted to the curve during phase 

transformation    �

 

 

 

 

 

 

 

 

 

Figure 11: Differential Scanning Calorimeter 

 

Mechanical properties from load-deflection curves 

To examine the relationships between the deflection and the load in the 

bending of wires, a three-point bending test using the universal testing machine 

(Instron no. 5566) was used (Figure 12).  Each wire sample was held in a metal jig 

which constructed by two round stainless- steel bars each 1 mm. in diameter placed 

apart with the distance of 14 mm. between their respective centers, so that they could 

serve as supporting points. This is the average distance between the labial centers of a 

lower lateral incisor and first premolar.  For the three-point bending test, the center of 
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the sample wire was laid across the two supporting points and deflected with a 100-

newton compression load cell at a cross-head speed of 0.5 mm./min.  Each specimen 

was loaded on both horizontal dimension (in gingivo-occlusally direction) on flat-wise 

side and vertical dimension (in buccal-lingually direction) on vertical side to measure 

both horizontal and vertical load-deflection curves.  The load-deflection curves were 

measured from the passive position to an activation of 2.5 mm., then back to zero with 

the same cross-head speed. The loaded and unloaded forced will be registered by the 

load cell and plotted against displacement on an X-Y recorder.  Activation for each of 

10 commercial wires was repeated 3 times with new wire used. 

7KH� DFWXDO� VL]H� RI� HDFK� FRPPHUFLDO� ZLUH� ZDV� PHDVXUHG� E\� XVLQJ� HOHFWULFDO�
YHQHHU��7KH�PHDVXUHPHQW�ZDV�UHSHDWHG���WLPHV�ZLWK�QHZ�ZLUH�XVHG���

�

�

�

�

�

�

 

�

 

 

 

 

)LJXUH�����8QLYHUVDO�7HVWLQJ�0DFKLQH��,QVWURQ����� 

�
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,Q� RUGHU� WR� HYDOXDWH� WKH� HIIHFW� RI� WHPSHUDWXUH� RQ� WKH� FKDUDFWHULVWLFV� RI� 1L7L�
ZLUHV�� WKUHH� WHVW�VSHFLPHQV� IURP�HDFK�ZLUH� W\SH�ZHUH� WHVWHG�DW� WKH� URRP�WHPSHUDWXUH�
���� �� � � &�� IRU� WKH� GU\� WHVW�� DW� ����� � &� DPELHQW� WHPSHUDWXUH� IRU� WKH� LQWUDRUDO�
WHPSHUDWXUH��DQG�DW�YDULRXV�LQWUD-RUDO�WHPSHUDWXUHs oI����������������DQG��� � &�LQ�WKH�
WHPSHUDWXUH-FRQWUROOHG�FKDPEHU�WR�VLPXODWH�DQ�LQVHUWHG�DUFKZLUH�WKDW�ZDV�VXEMHFWHG�WR�
FROG�DQG�KRW�GULQNV�RU�IRRG�GXULQJ�PHDO��������)LJXUH����LOOXVWUDWHG�WKUHH-SRLQW�EHQGLQJ�
WHVW�LQ�WKH�WHPSHUDWXUH-FRQWUROOOHG�FKDPEHU��

��

�

 

�

 

�

�

�

 

 

 

 

 

 

 

 

 

)LJXUH�����TKUHH-SRLQW�EHQGLQJ�WHVW�LQ�WKH�WHPSHUDWXUH-FRQWUROOHG�FKDPEHU 
�
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The measurements 

Means and standard deviations (n=3) of the mechanical properties of both 

horizontal and vertical load-deflection curves of each commercial wire were 

calculated. To compare the different materials more objectively certain parameters for 

the mechanical properties on the load-deflection curves were measured including 

actual wire size (mm.x mm.), start stiffness (N/mm.), final stiffness (N/mm.), 

activation force (N), activation length (mm.), deactivation force (N), deactivation 

length (mm.). superelastic ratio (initial slope to plateau slope) and superelastic length 

(mm.).  The method for measuring the mechanical properties of each commercial NiTi 

wire was described in Figure 14. 

The distinctiveness of the plateau was expressed by the ratio of the slope of the 

final part of the deactivation curve to the slope on the plateau (16).  These slopes 

corresponded to the stiffness of the wire.  A conventional material such as stainless 

steel or work-hardened NiTi was given a ratio of around 1, while and ideal pseudo-

elastic material was given a ratio of infinity.  By definition a material was called 

superelastic if the ratio was above 8 and if the ratio was above 2 it was said to have 

superelastic tendencies. 

%HFDXVH�RI�WKH�GLIILFXOW\�LQ�ORFDWLQJ�WKH�SRLQW�RQ�WKH�ORDG-GHIOHFWLRQ�FXUYH��WKH�
ORFDWLRQ�RI�WKH�SRLQW�ZDV�GHWHUPLQHG�DV�WKH�LQWHUFHSW�EHWZHHQ�WZR�OLQH�ILWWHG�WR�FXUYH�
DQG� GLYLGHG� WKH� DQJOH� E\� WZR�� � 7KH� OLQH� ILWWHG� WR� WKH� FXUYH� ZDV� GUHZ� E\� XVLQJ� WKH�
KLJKHVW�RU�ORZHVW�SRLQW�DV�WKH�UHIHUHQFH�SRLQW�DQG�GUHZ�WKH�OLQH�ILWWHG�WR�WKH�FXUYH�DV�
PXFK�DV�SRVVLEOH� 

� The results were presented in both horizontal and vertical mechanical 

properties.  Horizontal mechanical properties represented the mechanical properties of 

the NiTi wires on horizontal dimensions, whereas, vertical mechanical properties 

represented the mechanical properties of the NiTi wires on vertical dimensions.   

�
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'HILQLWLRQ�RI�WKH�PHFKDQLFDO�SURSHUW\�PHDVXUHPHQWV�

 

6WLIIQHVV 
- 6WDUW� VWLIIQHVV�� VWLIIQHVV� RI� WKH� 1L7L�ZLUH� IURP� WKH� FRPSUHVVLRQ� RI� ORDG� FHOO��

VORSH��<�;��DW�SRLQW�$��1�PP� 
- )LQDO�VWLIIQHVV��VWLIIQHVV�RI�WKH�1L7L�ZLUH�GXULQJ�XQORDGHG��VORSH��<�;��DW�SRLQW�

*��1�PP� 
)RUFH 

- $FWLYDWLRQ� IRUFH�� FRQWLQXRXV� DQG� FRQVWDQW� IRUFH� IRUP� WKH�FRPSUHVVLRQ�RI� WKH�
ORDG�FHOO��DYHUDJH�RI�IRUFH�DW�SRLQW�%�DQG�&��<�D[LV���1 

- 'HDFWLYDWLRQ�IRUFH��FRQWLQXRXV�DQG�FRQVWDQW�IRUFH�GXULQJ�XQORDGHG��DYHUDJH�RI�
IRUFH�DW�SRLQW�(�DQG�)��<�D[LV���1 

)RUFH�OHQJWK 

- AFWLYDWLRQ� OHQJWK�� WKH� GLVWDQFH� RI� FRQWLQXH� DQG� FRQVWDQW� IRUFH� IURP� WKH�
FRPSUHVVLRQ�RI�WKH�ORDG�FHOO��DYHUDJH�RI�WKH�GLVWDQFH�DW�SRLQW�%�DQG�&��PP� 

- 'HDFWLYDWLRQ� OHQJWK�� WKH�GLVWDQFH�RI�FRQWLQXRXV�DQG�FRQVWDQW�XQORDGLQJ� IRUFH��
DYHUDJH�RI�WKH�GLVWDQFH�DW�SRLQW�(�DQG�)��PP� 

6XSHUHODVWLFLW\�

- 6(�UDWLR��WKH�UDWLR�RI�WKH�VORSH�RI�WKH�ILQDO�SDUW�RI�WKH�GHDFWLYDWLRQ�FXUYH�WR�WKH�
VORSH�RQ�WKH�GHDFWLYDWLRQ�SODWHDX��VORSH�RI�WKH�OLQH�IURP�SRLQW�(�WR�SRLQW�)� 

- 6XSHUHODVWLF� OHQJWK�� WKH� GLVWDQFH� RI� FRQWLQXRXV� DQG� FRQVWDQW� GHDFWLYDWLRQ�
SODWHDX��DYHUDJH�RI�WKH�GLVWDQFH�DW�SRLQW�(�DQG�)��PP���� 

�

�

 

�

 

�
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)LJXUH�����LoaG�–GHIOHFWLRQ�FXUYH�

 

5HOLDELOLW\�RI�WKH�PHDVXUHPHQW 
$�VLQJOH� H[DPLQHU� SHUIRUPHG�DOO� WKH�PHDVXUHPHQWV�� �$OO�PHDVXUHPHQWV�ZHUH�

WDNHQ�WKUHH�WLPHV�RQ�the same�ORWV�RI�WKH�VDPH�W\SHV�RI�ZLUHV��DQG�WKH�PHDQ�YDOXH�ZDV�
DGRSWHG��
 

9DULDEOHV�XVHG�LQ�WKH�VWXG\ 

7KH�SXUSRVH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�PHFKDQLFDO�SURSHUWLHV�LQFOXGLQJ�
VWDUW� VWLIIQHVV�� ILQDO� VWLIIQHVV�� DFWLYDWLRQ� IRUFH�� GHDFWLYDWLRQ� IRUFH�� DFWLYDWLRQ� OHQJWK��
GHDFWLYDWLRQ� OHQJWK�� VXSHUHODVWLFLW\� DQG� VXSHUHODVWLF� OHQJWK� RI� DYDLODEOH� FRPPHUFLDO�
1L7L�ZLUHV�LQ�7KDLODQG�LQFOXGLQJ�ORZ�SULFH�1L7L�ZLUHV��1L7L��)��+��7��:���PRGHUDWH�
SULFH�1L7L�ZLUHV��1L7L�*+��0��27��DQG�KLJK�SULFH�1L7L�ZLUHV��1L7L�25��66��8����7KH�
LQGHSHQGHQW� YDULDEOHV� ZHUH� FRPPHUFLDO� 1L7L� ZLUHV�� � 7KH� GHSHQGHQW� YDULDEOHV� ZHUH�
VWDUW� VWLIIQHVV�� ILQDO� VWLIIQHVV�� DFWLYDWLRQ� IRUFH�� GHDFWLYDWLRQ� IRUFH�� DFWLYDWLRQ� OHQJWK��
GHDFWLYDWLRQ�OHQJWK��VXSHUHODVWLFLW\�DQG�VXSHUHODVWLF�OHQJWK� 
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Statistical analysis 

All statistical calculations were performed with the SPSS for Windows version 

10.0 

 

To analyze the measurements of the NiTi wire dimensions 

 

1. 0HDQ and� VWDQGDUG� GHYLDWLRQ ZHUH� FDOFXODWHG� IRU� HDFK� PHDVXUHPHQW� RI� HDFK�
FRPPHUFLDO�1L7L�ZLUH� 

 

To analyze the measurements of the mechanical properties: VWDUW� VWLIIQHVV�� ILQDO�
VWLIIQHVV�� DFWLYDWLRQ� IRUFH�� GHDFWLYDWLRQ� IRUFH�� DFWLYDWLRQ� OHQJWK�� GHDFWLYDWLRQ�
OHQJWK��VXSHUHODVWLFLW\�DQG�VXSHUHODVWLF�OHQJWK�RI�FRPPHUFLDO�1L7L�ZLUHV�DW�URRP��
RUDO�DQG�YDULRXV�oral tHPSHUDWXUHV 
 

1. 0HDQ, VWDQGDUG� GHYLDWLRQ, standard error, miQLPXP� DQG� PD[LPXP� YDOXHV� ZHUH�
FDOFXODWHG�IRU�HDFK�PHDVXUHPHQW�RI�HDFK�FRPPHUFLDO�1L7L�ZLUH� 

2. Kruskal Wallis ZDV�SHUIRUPHG�WR�DVVHVV� WKH�GLIIHUHQFH�of measurements RFFXULQJ�
DPRQJV� WKH� FRPPHUFLDO� 1L7L� ZLUHV� WHVWHG� DQG� multiple comparison was� XVHG� WR�
LGHQWLI\� ZKLFK� SDLU oI� 1L7L� ZLUHV� Zas VLJQLILFDQWO\� GLIIHUHQW�� � The level of 

statistical significant difference was considered at the 0.05 level. 
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CHAPTER IV 

RESULTS 
 

1. Composition of the NiTi wire 

From the energy dispersive scanning, each commercial NiTi wire had Ni 

(nickel), Ti (titanium), Cu (copper), Cr (cromium), Al (aluminium) and Fe (iron) in the 

shell in the different percentage.  The composition of each commercial NiTi wire was 

presented in Table 5.  The percentage of Ni element was ranged from 50.57% to 

58.5%, whereas, the percentage of Ti element was ranged from 38.2% to 46.92%. 

 

Table 5: The composition of each commercial NiTi wire  

 

Element %  
Wire 

Ni Ti Cu Cr Al Fe 

F 58.50 38.20 1.35 0.05 1.72 0.18 

H  54.08 42.64 1.47 0.03 1.71 0.07�

T 52.67 44.27 1.48 0.03 1.44 0.11�

W 52.34 43.98 1.36 0.08 1.71 0.54�

GH 50.57 46.92 1.14 0.04 1.31 0.02�

M 52.31 45.15 1.14 0.05 1.28 0.07�

OT 51.91 45.41 1.28 0.03 1.34 0.03�

OR 51.88 45.45 1.08 0.18 1.28 0.14�

SS 51.88 45.02 1.12 0.07 1.75 0.16�

U 51.71 46.77 1.06 0.05 0.40 0.01�

 

�
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2. Transition temperature range 

The phase transformation temperatures of Thai commercial NiTi wires were 

presented in Table 6.  Most of commercial NiTi wires tested in this study had TTRs 

between 20oC and 39oC except NiTi H with an Af set at 51.5oC.   

 

Table 6: Transition temperature values of each commercial NiTi wire  

 

Wire Mf M*peak Ms As A*peak Af 'T 

F 4.0 20.04 38.0 6.0 23.96 39.72  3.92 

H 14.0 32.70 49.0 17.5 35.30 51.5  2.60 

T 3.0 18.88 35.0 5.0 21.45 35.5  2.57 

W 1.0 13.05 33.0 6.0 18.61 39.0  5.56 

GH -3.35 7.89 23.5 -0.5 12.27 27.5 4.38 

M -4.5 6.88 19.5 -0.75 10.95 20.0 4.07 

OT -1.5 15.22 26.0 6.5 18.77 30.0 3.55 

OR -3.0 10.88 22.0 2.91 14.96 24.45 4.07 

SS 5-94 18.11 28.0 11.0 22.22 31.0 4.11 

U 3.0 13.39 31.5 7.0 18.60 32.0 5.21 

� �'XH�WR�EURDG�'6&�FXUYH��$I�FDQ�QRW�EH�VSHFLILHG�DQG should be lower than 

these values 

Transition temperature values were derived from the intercepts between baseline 

of the DSC curve and the line fitted to the curve during phase transformation     

 

This study used DSC to analyze phase transformation of each commercial NiTi 

wire.  DSC cooling and heating curve of each commercial NiTi wire was illustrated in 

Figure 15.  All of commercial NiTi wires tested were entirely or almost entirely 

austenite at oral temperature with Af set below oral temperature or the area below 

DSC curve predominantly located at temperature below oral temperature.  

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                                  �M.Sc. (Orthodontics) / �

�

35 

 

 

 

 

 

 

 

 

 

 

 

 

�

Figure 15a: DSC heating and cooling curves for NiTi F (Flex wire) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15b: DSC heating and cooling curves for NiTi H (Highland) 
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Figure 15c: DSC heating and cooling curves for NiTi T (Tiger) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15d: DSC heating and cooling curves for NiTi W (Wonder wire) 
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Figure 15e: DSC heating and cooling curves for NiTi GH (G and H) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15f: DSC heating and cooling curves for NiTi M (Masel) 
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Figure 15g: DSC heating and cooling curves for NiTi OT (Ortho-technology) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15h: DSC heating and cooling curves for NiTi OR (Ormco) 
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Figure 15i: DSC heating and cooling curves for NiTi SS (Sentalloy active) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15j: DSC heating and cooling curves for NiTi U (Unitek) 
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3. Mechanical properties of NiTi wires on horizontal and vertical dimensions at 

room and at oral temperatures 

3.1 At room temperature 

3.1.1 Stiffness 

3.1.1.1 Horizontal stiffness 

Table 7 showed the mean and standard deviation of start stiffness of each 

commercial NiTi wire.  NiTi M demonstrated the highest horizontal start stiffness 

(3.246186 N/mm.), whereas, NiTi U demonstrated the lowest horizontal start stiffness 

(1.889351 N/mm.).  When compared with the other commercial wires, the horizontal 

start stiffness of NiTi M had statistically significant differences with those of the other 

NiTi wires except NiTi OR (p < 0.05). When compared with the other commercial 

wires, the horizontal start stiffness of NiTi U had statistically significant differences 

with those of the other NiTi wires except NiTi F, H and SS (p < 0.05).    

Table 9 showed the mean and standard deviation of horizontal final 

stiffness of each commercial NiTi wire.  NiTi M also demonstrated the highest 

horizontal final stiffness (2.955379 N/mm.), whereas, NiTi U also demonstrated the 

lowest horizontal final stiffness (1.349850 N/mm.). When compared with the other 

commercial wires, the horizontal final stiffness of NiTi M had statistically significant 

differences with those of  NiTi F, H , SS and  U (p < 0.05). 

 

3.1.1.2 Vertical Stiffness 

 Table 39 showed the mean and standard deviation of vertical start 

stiffness of each commercial NiTi wire.  NiTi M demonstrated the highest vertical 

start stiffness (5.2337 N/mm.), whereas, NiTi U demonstrated the lowest vertical start 

stiffness (3.6467 N/mm.).  However, when compared with the other commercial wires, 

the vertical start stiffness of NiTi M and U had no statistically significant difference 

with those of the other commercial NiTi wires. (p < 0.05).  
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Table 41 showed the mean and standard deviation of vertical final stiffness 

of each commercial NiTi wire.  NiTi GH demonstrated the highest vertical final 

stiffness (5.2313 N/mm.), whereas, NiTi U also demonstrated the lowest vertical final 

stiffness (1.7927 N/mm.). When compared with the other commercial wires, the 

vertical final stiffness of NiTi GH had statistically significant difference with that of 

NiTi U (p < 0.05). 

 

3.1.2 Force 

 3.1.2.1 Force on horizontal dimension 

Table 11 showed the mean and standard deviation of activation force on 

horizontal dimension of each commercial wire.  NiTi W delivered the highest 

activation force (3.899274 N), whereas, NiTi U delivered the lowest activation force 

(1.857528 N).  When compared with the other commercial wires, the activation force 

of NiTi W had statistically significant differences with those of the other NiTi wires 

except NiTi H and T (p < 0.05).  When compared with the other commercial wires, the 

activation force of NiTi U had statistically significant differences with those of the 

other NiTi wires (p < 0.05). 

The mean and standard deviation of deactivation force on horizontal 

dimension of each commercial NiTi wire was showed in Table 13.  NiTi T delivered 

the highest deactivation force (2.688895 N), whereas, NiTi U delivered the lowest 

deactivation force (0.485865 N).  When compared with the other commercial wires, 

the deactivation force of NiTi T had statistically significant differences with those of 

NiTi H, GH, M, OT, OR, SS and U  (p < 0.05).  When compared with the other 

commercial wires, the deactivation force of NiTi U had statistically significant 

differences with those of the other NiTi wires (p < 0.05). 
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3.1.2.2 Force on vertical dimension 

Table 43 showed the mean and standard deviation of activation force on 

vertical dimension of each commercial wire.  NiTi W delivered the highest activation 

force (5.4533 N), whereas, NiTi U delivered the lowest activation force (2.8210 N).  

When compared with the other commercial wires, the activation force of NiTi W had 

statistically significant differences with those of NiTi GH, M, OT, OR, SS and U (p < 

0.05).  When compared with the other commercial wires, the activation force of NiTi 

U had statistically significant differences with those of the other NiTi wires except 

NiTi SS (p < 0.05). 

The mean and standard deviation of deactivation force on vertical 

dimension of each commercial NiTi wire was showed in Table 45.  NiTi W delivered 

the highest deactivation force (3.7313 N), whereas, NiTi U delivered the lowest 

deactivation force (0.8507 N). When compared with the other commercial wires, the 

deactivation force of NiTi W had statistically significant differences with those of 

NiTi GH, M, OT, OR, SS and U (p < 0.05).  When compared with the other 

commercial wires, the deactivation force of NiTi U had statistical significant 

differences with those of the other NiTi wires except NiTi SS (p < 0.05). 

 

3.1.3 Force length 

3.1.3.1 Horizontal force length 

Table 15 showed the mean and standard deviation of horizontal activation 

length of each commercial NiTi wire.  NiTi U demonstrated the longest horizontal 

activation length (1.522238 mm.), whereas, NiTi H demonstrated the shortest 

activation length (0.705614 mm.).   When compared with the other commercial wires, 

the horizontal activation length of NiTi U had statistically significant differences with 

those of the other NiTi wires except NiTi M and SS (p < 0.05).  When compared with 

the other commercial wires, the horizontal activation length of NiTi H had statistically 

significant differences with those of NiTi M, OR, SS and U (p < 0.05). 
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The mean and standard deviation of horizontal deactivation length was 

showed in Table 17.  It was found that NiTi OR demonstrated the longest horizontal 

deactivation length (1.197273 mm.), whereas, NiTi T demonstrated the shortest 

horizontal deactivation length (0.591685 mm.). When compared with the other 

commercial wires, the horizontal deactivation length of NiTi OR had statistically 

significant differences with those of NiTi F, H, T and W (p < 0.05).  When compared 

with the other commercial wires, the horizontal deactivation length of NiTi T had 

statistically significant differences with those of NiTi GH, M, OT, OR, SS and U (p < 

0.05). 

 

 3.1.3.2 Vertical force length 

Table 47 showed the mean and standard deviation of vertical activation 

length of each commercial NiTi wire.  NiTi U demonstrated the longest vertical 

activation length (1.6000 mm.), whereas, NiTi T demonstrated the shortest vertical 

activation length (1.1007 mm.).   When compared with the other commercial wires, 

the vertical activation length of NiTi U had statistically significant difference with that 

of NiTi T (p < 0.05).   

The mean and standard deviation of vertical deactivation length was 

showed in Table 49.  It was found that NiTi SS demonstrated the longest vertical 

deactivation length (1.7060 mm.), whereas, NiTi H demonstrated the shortest vertical 

deactivation length (1.0250 mm.). When compared with the other commercial wires, 

the vertical deactivation length of NiTi SS and H had no statistically significant 

difference with those of the other NiTi wires (p < 0.05).   

 

3.1.4 Superelasticity and superelastic length 

 3.1.4.1 Horizontal superelasticity and superelastic length 

Table 19 showed the mean and standard deviation of horizontal 

superelasticity of each commercial wire. NiTi M exhibited the highest horizontal 

superelasticity (12.482996), whereas, NiTi F exhibited the lowest horizontal 

superelasticity (1.984347).  When compared with the other commercial wires, the 

horizontal superelasticity of NiTi M had statistically significant differences with those 

of the other NiTi wires (p < 0.05).  When compared with the other commercial wires, 
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the horizontal superelasticity of NiTi F had statistically significant differences with 

those of NiTi GH, M, OT and OR (p < 0.05). 

The mean and standard deviation of horizontal superelastic length was 

showed in Table 21.  It was found that NiTi OR exhibited the longest horizontal 

superelastic length (1.197273 mm.), whereas, NiTi T exhibited the shortest horizontal 

superelastic length (0.591685 mm.).  When compared with the other commercial 

wires, the horizontal superelastic length of NiTi OR had statistically significant 

differences with those of NiTi F, H, T and W (p < 0.05).  When compared with the 

other commercial wires, the horizontal superelastic length of NiTi T had statistically 

significant differences with those of  NiTi GH, M, OT, OR , SS and U (p < 0.05). 

 

3.1.4.2 Vertical superelasticity and superelastic length 

Table 51 showed the mean and standard deviation of vertical 

superelasticity of each commercial wire. NiTi GH exhibited the highest horizontal 

superelasticity (7.8163), whereas, NiTi U exhibited the lowest vertical superelasticity 

(2.3607).  When compared with the other commercial wires, the vertical 

superelasticity of NiTi GH had statistically significant difference with that of NiTi U 

(p < 0.05).  When compared with the other commercial wires, the vertical 

superelasticity of NiTi U had statistically significant differences with those of NiTi 

GH and OR (p < 0.05). 

The mean and standard deviation of vertical superelastic length was 

showed in Table 53.  It was found that NiTi SS exhibited the longest vertical 

superelastic length (1.7060 mm.), whereas, NiTi H exhibited the shortest vertical 

superelastic length (1.0250 mm.).  When compared with the other commercial wires, 

the vertical superelastic length of NiTi SS and H had no statistically significant 

difference with those of the other NiTi wires (p < 0.05).  

 

�
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3.2 At oral temperature 

3.2.1 Stiffness 

3.2.1.1 Horizontal stiffness 

Table 23 showed the mean and standard deviation of horizontal start 

stiffness of each commercial NiTi wire.  NiTi OT demonstrated the highest horizontal 

start stiffness (3.495045 N/mm), whereas, NiTi H demonstrated the lowest horizontal 

start stiffness (2.493368 N/mm).  When compared with the other commercial wires, 

the horizontal start stiffness of NiTi OT had statistically significant differences with 

those of the other NiTi wires except NiTi M and OR (p < 0.05).  When compared with 

the other commercial wires, the horizontal start stiffness of NiTi H had statistically 

significant differences with those of the other NiTi wires (p < 0.05).  

Table 25 showed the mean and standard deviation of horizontal final 

stiffness of each commercial NiTi wire.  NiTi OT also demonstrated the highest 

horizontal final stiffness (3.333412 N/mm.), whereas, NiTi H also demonstrated the 

lowest horizontal final stiffness (2.219182 N/mm.).  When compared with the other 

commercial wires, the horizontal final stiffness of NiTi OT had statistically significant 

differences with those of NiTi F, H, T, W, M and U (p < 0.05).  When compared with 

the other commercial wires, the horizontal final stiffness of NiTi H had statistically 

significant differences with those of the other NiTi wires (p < 0.05).  

 

  3.2.1.2 Vertical stiffness 

Table 55 showed the mean and standard deviation of vertical start stiffness 

of each commercial NiTi wire.  NiTi M demonstrated the highest vertical start 

stiffness (6.1320 N/mm), whereas, NiTi OT demonstrated the lowest vertical start 

stiffness (4.3320 N/mm).  When compared with the other commercial wires, the 

vertical start stiffness of NiTi M had statistically significant differences with those of 

NiTi H and OT (p d 0.05).  When compared with the other commercial wires, the 

vertical start stiffness of NiTi OT had statistically significant differences with those of 

GH, M, OR, SS and U (p < 0.05).  
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Table 57 showed the mean and standard deviation of vertical final stiffness 

of each commercial NiTi wire.  NiTi GH demonstrated the highest vertical final 

stiffness (5.7330 N/mm.), whereas, NiTi H demonstrated the lowest vertical final 

stiffness (4.0074 N/mm.).  When compared with the other commercial wires, the 

vertical final stiffness of NiTi GH and H had no statistically significant difference with 

those of the other NiTi wires (p < 0.05).   

 

3.2.2 Force 

� 3.2.2.1 Force on horizontal dimension 

Table 27 showed the mean and standard deviation of activation force on 

horizontal dimension of each commercial wire.  NiTi W delivered the highest 

activation force (4.418512 N), whereas, NiTi U delivered the lowest activation force 

(2.766020 N).  When compared with the other commercial wires, the activation force 

of NiTi W had statistically significant differences with those of NiTi H, GH, M, OT, 

OR, SS and U (p < 0.05).  When compared with the other commercial wires, the 

activation force of NiTi U had statistically significant differences with those of the 

other NiTi wires except NiTi SS (p < 0.05). 

The mean and standard deviation of deactivation force on horizontal 

dimension of each commercial NiTi wire was showed in Table 29.  NiTi W delivered 

the highest deactivation force (3.315033 N), whereas, NiTi U delivered the lowest 

deactivation force (1.362341 N).  When compared with the other commercial wires, 

the deactivation force of NiTi W had statistically significant differences with those of  

NiTi H, GH, M, OT, OR, SS and U (p < 0.05).  When compared with the other 

commercial wires, the deactivation force of NiTi U had statistically significant 

differences with those of the other NiTi wires except NiTi SS (p < 0.05). 
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3.2.2.2 Force on vertical dimension 

Table 59 showed the mean and standard deviation of activation force on 

vertical dimension of each commercial wire.  NiTi W delivered the highest activation 

force (6.3467 N), whereas, NiTi U delivered the lowest activation force (3.3363 N).  

When compared with the other commercial wires, the activation force of NiTi W had 

statistically significant differences with those of NiTi GH, M, OT, OR, SS and U (p < 

0.05).  When compared with the other commercial wires, the activation force of NiTi 

U had statistically significant differences with those of the other NiTi wires except 

NiTi SS (p < 0.05). 

The mean and standard deviation of deactivation force on vertical 

dimension of each commercial NiTi wire was showed in Table 61.  NiTi W delivered 

the highest deactivation force (4.7467 N), whereas, NiTi U delivered the lowest 

deactivation force (1.3813 N).  When compared with the other commercial wires, the 

deactivation force of NiTi W had statistically significant differences with those of the 

other NiTi wires (p < 0.05).  When compared with the other commercial wires, the 

deactivation force of NiTi U (high price) had statistically significant differences with 

those of the other NiTi wires except NiTi SS (p < 0.05). 

�

3.2.3 Force length 

3.2.3.1 Horizontal force length 

Table 31 showed the mean and standard deviation of horizontal activation 

length of each commercial NiTi wire.  NiTi U demonstrated the longest horizontal 

activation length (1.405542 mm.), whereas, NiTi H demonstrated the shortest 

activation length (0.769478 mm.).   When compared with the other commercial wires, 

the horizontal activation length of NiTi U had statistically significant differences with 

those of the other NiTi wires except NiTi M and SS (p < 0.05).  When compared with 

the other commercial wires, the horizontal activation length of NiTi H had statistically 

significant differences with those of the other NiTi wires except NiTi F (p < 0.05). 
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The mean and standard deviation of horizontal deactivation length was 

showed in Table 33.  It was found that NiTi U demonstrated the longest horizontal 

deactivation length (1.327776 mm.), whereas, NiTi T demonstrated the shortest 

horizontal deactivation length (0.486087 mm.). When compared with the other 

commercial wires, the horizontal deactivation length of NiTi U had statistically 

significant differences with those of NiTi F, H, T and W (p < 0.05).  When compared 

with the other commercial wires, the horizontal deactivation length of NiTi T had 

statistically significant differences with those of  NiTi W, GH, M, OT, OR, SS and U 

(p < 0.05). 

 

3.2.3.2 Vertical force length 

Table 63 showed the mean and standard deviation of vertical activation 

length of each commercial NiTi wire.  NiTi U demonstrated the longest vertical 

activation length (1.7917 mm.), whereas, NiTi H demonstrated the shortest vertical 

activation length (1.1500 mm.). When compared with the other commercial wires, the 

vertical activation length of NiTi U had statistically significant differences with those 

of the other NiTi wires except NiTi SS (p < 0.05).  When compared with the other 

commercial wires, the vertical activation length of NiTi H had statistically significant 

differences with those of GH, M, OR, SS and U (p < 0.05). 

The mean and standard deviation of vertical deactivation length was 

showed in Table 65.  It was found that NiTi U demonstrated the longest vertical 

deactivation length (1.7667 mm.), whereas, NiTi T demonstrated the shortest vertical 

deactivation length (0.9805 mm.). When compared with the other commercial wires, 

the vertical deactivation length of NiTi U had statistically significant differences with 

those of NiTi F, H, T and OT (p < 0.05).  When compared with the other commercial 

wires, the vertical deactivation length of NiTi T had statistically significant differences 

with those of NiTi GH, M, OR, SS and U (p < 0.05). 

 

�
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3.2.4 Superelasticity and superelastic length 

3.2.4.1 Horizontal superelasticity and superelastic length 

Table 35 showed the mean and standard deviation of horizontal 

superelasticity of each commercial wire. NiTi OT exhibited the highest horizontal 

superelasticity (16.698862), whereas, NiTi H exhibited the lowest horizontal 

superelasticity (2.960353).  When compared with the other commercial wires, the 

horizontal superelasticity of NiTi OT had statistically significant differences with 

those of NiTi F, H and T (p < 0.05).  When compared with the other commercial 

wires, the horizontal superelasticity of NiTi H had statistically significant differences 

with those of NiTi OT and OR (p < 0.05). 

The mean and standard deviation of horizontal superelastic length was 

showed in Table 37.  It was found that NiTi U exhibited the longest horizontal 

superelastic length (1.327776 mm.), whereas, NiTi T exhibited the shortest horizontal 

superelastic length (0.486087mm.).  When compared with other commercial wires, the 

horizontal superelastic length of NiTi U had statistically significant differences with 

those of NiTi F, H, T and W (p < 0.05).  When compared with other commercial 

wires, the horizontal superelastic length of NiTi T had statistically significant 

differences with those of NiTi W, GH, M, OT, OR, SS and U (p < 0.05). 

  

3.2.4.2 Vertical superelasticity and superelastic length 

Table 67 showed the mean and standard deviation of vertical 

superelasticity of each commercial wire.   NiTi OR exhibited the highest vertical 

superelasticity (9.6837), whereas, NiTi H exhibited the lowest vertical superelasticity 

(4.1202).  When compared with other commercial wires, the vertical superelasticity of 

NiTi OR had statistically significant differences with those of NiTi F, H, T and W (p < 

0.05).  When compared with other commercial wires, the vertical superelasticity of 

NiTi H had statistically significant differences with those of NiTi OT, OR, SS and U 

(p < 0.05). 
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The mean and standard deviation of vertical superelastic length of each 

commercial NiTi wire was showed in Table 69.  It was found that NiTi U exhibited 

the longest vertical superelastic length (1.7667 mm.), whereas, NiTi T exhibited the 

shortest vertical superelastic length (0.9805 mm.).  When compared with other 

commercial wires, the vertical superelastic length of NiTi U had statistically 

significant differences with those of NiTi F, H, T and OT (p < 0.05).  When compared 

with other commercial wires, the vertical superelastic length of NiTi T had statistically 

significant differences with those of NiTi GH, M, OR, SS and U (p < 0.05). 
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Table 7: The means, standard deviations, standard errors, minimum values and 

maximum values of horizontal start stiffness of various NiTi wires at room 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 2.192467 0.0238325 0.01376 2.1746 2.2195 

H 3 2.174328 0.0152185 0.008786 2.1636 2.1917 

T 3 2.528398 0.0505336 0.03573 2.4927 2.5641 

W 3 2.556724 0.0451431 0.02607 2.5111 2.6013 

GH 3 2.632057 0.119845 0.06919 2.4945 2.7143 

M 3 3.246186 0.106345 0.06140 3.1315 3.3415 

OT 3 2.618201 0.431357 0.249044 2.1209 2.8915 

OR 3 2.854416 0.0911755 0.05264 2.7500 2.9183 

SS 3 2.063520 0.335650 0.167825 1.8713 2.5641 

U 3 1.889351 0.0782442 0.04517 1.8001 1.9462 

 

Table 8: Multiple comparison of means of horizontal start stiffness of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - * - * - - 

H -  - - - * - * - - 

T - -  - - * - - * * 

W - - -  - * - - * * 

GH - - - -     * - - * * 

M * * * * *  * - * * 

OT - - - - - *  - * * 

OR * * - - - - -  * * 

SS - - * * * * * *  - 

U - - * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 9: The means, standard deviations, standard errors, minimum values and 

maximum values of horizontal final stiffness of various NiTi wires at room 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 1.848156 0.0471912 0.02725 1.8111 1.9013 

H 3 1.736539 0.0816352 0.04713 1.6457 1.8037 

T 3 2.155809 0.0938676 0.06637 2.0894 2.2222 

W 3 2.406564 0.0919779 0.05310 2.3166 2.5004 

GH 3 2.656147 0.0986774 0.05697 2.5969 2.7701 

M 3 2.955379 0.103279 0005963 2.8782 3.0727 

OT 3 2.578676 0.640648 0.369878 1.8408 2.9927 

OR 3 2.818168 0.0614068 0.03545 2.7555 2.8782 

SS 3 1.905206 0.196115 0.09806 1.6310 2.0924 

U 3 1.349850 0.511835 0.295508 0.7669 1.7254 

 

Table 10: Multiple comparison of means of horizontal final stiffness of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - * - - - - 

H -  - - - * - * - - 

T - -  - - - - - - - 

W - - -  - - - - - * 

GH - - - -  - - - - * 

M * * - - -  - - * * 

OT - - - - - -  - - * 

OR - * - - - - -  - * 

SS - - - - - * - -  - 

U - - - - * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 11: The means, standard deviations, standard errors, minimum values and 

maximum values of activation forces on horizontal dimensions of various NiTi 

wires at room temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.571326 0.0606732 0.03503 3.5244 3.6398 

H 3 3.648747 0.0667046 0.03851 3.5768 3.7086 

T 3 3.811172 0.0149302 0.01056 3.8006 3.8217 

W 3 3.899274 0.0663842 0.03833 3.8571 3.9758 

GH 3 2.874173 0.0477344 0.02756 2.8193 2.9060 

M 3 2.881299 0.0731393 0.04223 2.7986 2.9374 

OT 3 3.090639 0.0266492 0.01539 3.0732 3.1213 

OR 3 3.210430 0.0488906 0.02823 3.1600 3.2577 

SS 3 2.589319 0.821937 0.410819 2.1710 3.8217 

U 3 1.857528 0.132249 0.07635 1.7051 1.9421 

 

Table 12: Multiple comparison of means of activation forces on horizontal 

dimensions of various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - * * * * * * * 

H -  - - * * * * * * 

T - -  - * * * * * * 

W * - -  * * * * * * 

GH * * * *  - - * * * 

M * * * * -  - * * * 

OT * * * * - -  - * * 

OR * * * * * * -  * * 

SS * * * * * * * *  * 

U * * * * * * * * *  

 

* The mean difference is significant at the 0.05 level 
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Table 13: The means, standard deviations, standard errors, minimum values and 

maximum values of deactivation forces on horizontal dimensions of various NiTi 

wires at room temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 2.533002 0.0336975 0.01946 2.5125 2.5719 

H 3 2.389968 0.124149 0.07168 2.2524 2.4936 

T 3 2.688895 0.00478457 0.003383 2.6855 2.6923 

W 3 2.688493 0.0838116 0.04839 2.6188 2.7815 

GH 3 1.427649 0.0309111 0.01785 1.3951 1.4565 

M 3 1.391167 0.0402438 0.02323 1.3642 1.4374 

OT 3 1.670097 0.0699150 0.04037 1.6162 1.7491 

OR 3 1.981052 0.0360983 0.02084 1.9404 2.0094 

SS 3 1.292876 0.970552 0.485276 0.7392 2.7463 

U 3 0.485865 0.131086 0.07568 0.3488 0.6100 

 

Table14: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  * * * * * * * * 

T - *  - * * * * * * 

W - * -  * * * * * * 

GH * * * *  - - * * * 

M * * * * -  * * * * 

OT * * * * - *  * * * 

OR * * * * * * *  * * 

SS * * * * * * * *  * 

U * * * * * * * * *  

 

* The mean difference is significant at the 0.05 level 
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Table15: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal activation lengths of various NiTi wires at 

room temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.733362 0.00830190 0.004793 0.7251 0.7417 

H 3 0.705614 0.026772 0.01546 0.6751 0.7251 

T 3 0.870940 0.0177505 0.01255 0.8584 0.8835 

W 3 0.983375 0.0547099 0.03159 0.9250 1.0334 

GH 3 1.002812 0.211857 0.122316 0.7584 1.1334 

M 3 1.377795 0.0376438 0.02173 1.3416 1.4167 

OT 3 1.069490 0.168553 0.09731 0.8751 1.1751 

OR 3 1.130558 0.0428012 0.02471 1.0833 1.1667 

SS 3 1.227118 0.246478 0.123239 0.8584 1.3750 

U 3 1.522238 0.127261 0.07347 1.3834 1.6334 

 

Table 16: Multiple comparison of means of horizontal activation lengths of 

various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - * - * * * 

H -  - - - * - * * * 

T - -  - - * - - * * 

W - - -  - * - - - * 

GH - - - -  * - - - * 

M * * * * *  - - - - 

OT - - - - - -  - - * 

OR * * - - - - -  - * 

SS * * * - - - - -  - 

U * * * * * - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 17: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal deactivation lengths of various NiTi wires at 

room temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.591695 0.0381672 0.0204 0.5501 0.6250 

H 3 0.630568 0.0393222 0.02270 0.6001 0.6750 

T 3 0.591685 0.0236004 0.01669 0.5750 0.6084 

W 3 0.772197 0.0590784 0.03411 0.7083 0.8249 

GH 3 1.083354 0.00835879 0.004826 1.0750 1.0917 

M 3 1.166692 0.0221033 0.01276 1.1500 1.1918 

OT 3 1.108382 0.0507067 0.02928 1.0500 1.1418 

OR 3 1.197273 0.0822202 0.04747 1.1417 1.2917 

SS 3 0.885431 0.213294 0.106647 0.6333 1.1501 

U 3 0.950017 0.0878186 0.05070 0.8667 1.0417 

 

Table 18: Multiple comparison of means of horizontal deactivation lengths of 

various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * * * * 

T - -  - * * * * * * 

W - - -  * * * * - - 

GH * * * *  - - - - - 

M * * * * -  - - - - 

OT * * * * - -  - - - 

OR * * * * - - -  - - 

SS * * * - - - - -  - 

U * * * - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 19: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal superelasticity of various NiTi wires at room 

temperature 

Variables N X  S.D. S.E. Min. Max. 

F 3 1.984347 0.128034 0.07392 1.8366 2.0618 

H 3 2.092362 0.188583 0.108879 1.8875 2.2587 

T 3 2.842005 0.277749 0.196398 2.6456 3.0384 

W 3 4.025717 0.0912026 0.05266 3.9317 4.1139 

GH 3 6.627015 0.488773 0.282193 6.2062 7.1631 

M 3 12.482996 1.015324 0.586198 11.8748 13.6551 

OT 3 6.587458 2.958124 1.707874 3.1728 8.3683 

OR 3 7.248271 0.795528 0.459299 6.7758 8.1667 

SS 3 2.561035 0.522850 0.261425 2.1587 3.3269 

U 3 2.209209 1.160763 0.670167 1.1132 3.4254 

 

Table 20: Multiple comparison of means of horizontal superelasticity of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * - - 

H -  - - * * * * - - 

T - -   - * - * - - 

W * * -  - * - - - * 

GH * * - -  * - - - * 

M * * * * *  * * * * 

OT * * - - - *  - - * 

OR * * * - - * -  * * 

SS - - - - - * - *  - 

U - - - - * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 21: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal superelastic lengths of various NiTi wires at 

room temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.591695 0.0381672 0.0204 0.5501 0.6250 

H 3 0.630568 0.0393222 0.02270 0.6001 0.6750 

T 3 0.591685 0.0236004 0.01669 0.5750 0.61084 

W 3 0.772197 0.0590784 0.03411 0.7083 0.8249 

GH 3 1.083354 0.00835879 0.004826 1.0750 1.0917 

M 3 1.166692 0.0221033 0.01276 1.1500 1.1918 

OT 3 1.108382 0.0507067 0.02928 1.0500 1.1418 

OR 3 1.197273 0.0822202 0.04747 1.1417 1.2917 

SS 3 0.885431 0.213294 0.106647 0.6333 1.1501 

U 3 0.950017 0.0878186 0.05070 0.8667 1.0417 

 

Table 22: Multiple comparison of means of horizontal superelastic lengths of 

various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * * * * 

T - -  - * * * * * * 

W - - -  * * * * - - 

GH * * * *  - - - - - 

M * * * * -  - - - - 

OT * * * * - -  - - - 

OR * * * * - - -  - - 

SS * * * - - - - -  - 

U * * * - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 23: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal start stiffness of various NiTi wires at oral 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 2.850296 0.0889097 0.05133 2.7615 2.9393 

H 3 2.493368 0.0568706 0.03283 2.4549 2.5587 

T 3 2.934574 0.0617452 0.03565 2.8676 2.9892 

W 3 3.168790 0.0622358 0.03593 3.0973 3.2109 

GH 3 3.165819 0.0297084 0.01715 3.1315 3.1842 

M 3 3.555567 0.0298536 0.01724 3.5248 3.5844 

OT 3 3.495045 0.0772882 0.04462 3.4146 3.5687 

OR 3 3.404725 0.113792 0.06570 3.2741 3.4824 

SS 3 3.157309 0.0491169 0.02836 3.1065 3.2046 

U 3 2.997438 0.0158006 0.009122 2.9822 3.0138 

 

Table 24: Multiple comparison of means of horizontal start stiffness of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  * - * * * * * * - 

H *  * * * * * * * * 

T - *  - - * * * - - 

W * * -  - - * - - - 

GH * * - -  * * - - - 

M * * * * *  - - * * 

OT * * * * * -  - * * 

OR * * * - - - -  * * 

SS * * - - - * * *  - 

U - * - - - * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 25: The means, standard deviations standard errors, minimum values and 

maximum values of horizontal final stiffness of various NiTi wires at oral 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 2.568791 0.139242 0.08039 2.4251 2.7031 

H 3 2.219182 0.0682951 0.03943 2.1784 2.2980 

T 3 2.748054 0.0463711 0002677 2.6945 2.7760 

W 3 3.101423 0.0882251 0.05094 2.9996 3.1547 

GH 3 3.129427 0.0242641 0.01401 3.1018 3.1471 

M 3 2.855216 0.0247970 0.01432 2.8350 2.8829 

OT 3 3.333412 0.0121251 0.007000 3.3194 3.3411 

OR 3 3.174178 0.0501692 0.02897 3.4487 3.2165 

SS 3 3.272857 0.0105045 0.006065 3.2611 3.2813 

U 3 2.989882 0.123850 0.07151 2.8502 3.0863 

 

Table 26: Multiple comparison of means of horizontal final stiffness of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  * - * * * * * * * 

H *  * * * * * * * * 

T - *  * * - * * * - 

W * * *  - - - - - - 

GH * * * -  - - - - - 

M * * - - -  * * * - 

OT * * * - - *  - - * 

OR * * * - - * -  - - 

SS * * * - - * - -  * 

U * * - - - - * - *  

 

* The mean difference is significant at the 0.05 level 
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Table 27: The means, standard deviations, standard errors, minimum values 

and maximum values of activation forces on horizontal dimensions of various 

NiTi wires at oral temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 4.152663 0.0302086 0.01744 4.1258 4.1854 

H 3 3.949575 0.0136155 0.007861 3.9384 3.9647 

T 3 4.256154 0.0922838 0.05328 4.1802 4.3589 

W 3 4.418512 0.0744130 0.04296 4.3554 4.5006 

GH 3 3.462330 0.0396266 0.02288 3.4171 3.4912 

M 3 3.492475 0.0389329 0.02248 3.4528 3.5306 

OT 3 3.647657 0.0784647 0.04530 3.5571 3.6941 

OR 3 3.838907 0.181490 0.104783 3.6294 3.9471 

SS 3 2.908401 0.0460628 0.02659 2.8553 2.9376 

U 3 2.766020 0.0570050 0.03291 2.7269 2.8314 

 

Table 28: Multiple comparison of means of activation forces on horizontal 

dimensions of various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  * * * * - - * * 

T - *  - * * * * * * 

W - * -  * * * * * * 

GH * * * *  - - * * * 

M * * * * -  - * * * 

OT * - * * - -  - * * 

OR * - * * * * -  * * 

SS * * * * * * * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 29: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on horizontal dimensions of various 

NiTi wires at oral temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.047303 0.0450513 0.02601 2.9953 3.0738 

H 3 2.895511 0.0607822 0.03509 2.8259 2.9378 

T 3 3.230639 0.107470 0.06205 3.1667 3.3547 

W 3 3.315033 0.0962237 0.05555 3.2576 3.4261 

GH 3 2.094785 0.0434586 0.02509 2.0447 2.1229 

M 3 2.014225 0.0269488 0.01556 1.9831 2.0305 

OT 3 2.181615 0.0332746 0.01921 2.1440 2.2073 

OR 3 2.569891 0.208843 0.120576 2.3291 2.7009 

SS 3 1.478864 0.00761373 0.004396 1.4731 1.4875 

U 3 1.362341 0.0995491 0.05747 1.2553 1.4522 

 

Table 30: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - * * * * - * * 

T - -  - * * * - * * 

W - - -  * * * * * * 

GH * * * *  - - * * * 

M * * * * -  - - * * 

OT * * * * - -  - * * 

OR * - * * * * -  * * 

SS * * * * * * * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 31: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal activation lengths of various NiTi wires at 

oral temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.811109 0.0986968 0.05698 0.7500 0.9250 

H 3 0.769478 0.0375368 0.02167 0.7334 0.8084 

T 3 0.938930 0.0254979 0.01472 0.9166 0.9667 

W 3 1.027840 0.0591288 0.03414 0.9751 1.0917 

GH 3 1.144498 0.0172859 0.009980 1.1251 1.1583 

M 3 1.280583 0.0292984 0.01692 1.2500 1.3084 

OT 3 1.219468 0.0191880 0.01108 1.2084 1.2416 

OR 3 1.186186 0.0347445 0.02006 1.1584 1.2251 

SS 3 1.336145 0.0210200 0.01214 1.3167 1.3584 

U 3 1.405542 0.00963515 0.005563 1.4000 1.4167 

 

Table 32: Multiple comparison of means of horizontal activation lengths of 

various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - * * * * * * * 

H -  * * * * * * * * 

T - *  - * * * * * * 

W * * -  - * * - * * 

GH * * * -  - - - * * 

M * * * * -  - - - - 

OT * * * * - -  - - * 

OR * * * - - - -  - * 

SS * * * * * - - -  - 

U * * * * * - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 33: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal deactivation lengths of various NiTi wires at 

oral temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.702799 0.209279 0.120827 0.5250 0.9334 

H 3 0.633326 0.0870520 0.05026 0.5749 0.7334 

T 3 0.486087 0.0913770 0.05276 0.4333 0.5916 

W 3 0.861145 0.0708140 0.04088 0.8084 0.9416 

GH 3 1.075043 0.0300580 0.01735 1.0417 1.1001 

M 3 1.144412 0.0708738 0.04092 1.0750 1.2166 

OT 3 1.036132 0.038458 0.02220 0.9917 1.0584 

OR 3 1.019453 0.0393879 0.02274 0.9750 1.0500 

SS 3 1.286108 0.0459296 0.02652 1.2333 1.3167 

U 3 1.327776 0.0459383 0.02652 1.2833 1.3751 

 

Table 34: Multiple comparison of means of horizontal deactivation lengths of 

various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * - - * * 

H -  - - * * * * * * 

T - -  * * * * * * * 

W - - *  - - - - * * 

GH * * * -  - - - - - 

M * * * - -  * - * * 

OT - * * - - -  - - - 

OR - * * - - - -  - - 

SS * * * * - - - -  - 

U * * * * - - - - -  

 

* The mean difference is significant at the 0.05 level 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                                M.Sc. (Orthodontics) /  
 

65 

Table 35: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal superelasticity of various NiTi wires at oral 

temperature 

Variables N X  S.D. S.E. Min. Max. 

F 3 3.766050 0.193452 0.111689 3.5706 3.9575 

H 3 2.960353 0.0764846 0.04416 2.8854 3.0382 

T 3 4.049554 0.225871 0.130407 3.8917 4.3083 

W 3 6.577933 1.342169 0.774902 5.2434 7.9276 

GH 3 9.513411 0.735527 0.424656 8.7214 10.1750 

M 3 9.571300 1.244742 0.718652 8.4294 10.8982 

OT 3 16.698862 5.134559 2.964439 12.5663 22.4469 

OR 3 15.368115 6.957252 4.016771 10.0073 23.2302 

SS 3 11.713885 1.826336 1.054436 10.1538 13.7228 

U 3 12.226849 1.087616 0.627936 11.5875 13.4827 

 

Table 36: Multiple comparison of means of horizontal superelasticity of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - * * - - 

H -  - - - - * * - - 

T - -  - - - * * - - 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT * * * - - -  - - - 

OR * * * - - - -  - - 

SS - - - - - - - -  - 

U - - - - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 37: The means, standard deviations, standard errors, minimum values 

and maximum values of horizontal superelastic lengths of various NiTi wires at 

oral temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 0.702799 0.209279 0.120827 0.5250 0.9334 

H 3 0.633326 0.0870520 0.05026 0.5749 0.7334 

T 3 0.486087 0.0913770 0.05276 0.4333 0.5916 

W 3 0.861145 0.07008140 0.04088 0.8084 0.9416 

GH 3 1.075043 0.0300580 0.01735 1.0417 1.1001 

M 3 1.144412 0.0708738 0.04092 1.0750 1.2166 

OT 3 1.036132 0.038458 0.02220 0.9917 1.0584 

OR 3 1.019453 0.0393879 0.02274 0.9750 1.0500 

SS 3 1.286108 0.0459296 0.02652 1.2333 1.3167 

U 3 1.327776 0.0459383 0.02652 1.2833 1.3751 

 

Table 38: Multiple comparison of means of horizontal superelastic lengths of 

various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * - - * * 

H -  - - * * * * * * 

T - -  * * * * * * * 

W - - *  - - - - * * 

GH * * * -  - - - - - 

M * * * - -  - - - - 

OT - * * - - -  - - - 

OR - * * - - - -  - - 

SS * * * * - - - -  - 

U * * * * - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 39: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical start stiffness of various NiTi wires at room 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 4.1170 .0 9529 .05502 4.04 4.22 

H 3 4.1402 .1022 .0590 4.05 4.25 

T 3 3.8863 .1101 .06359 3.77 3.98 

W 3 4.4477 .1583 .09140 4.26 4.55 

GH 3 4.7917 .3390 .1957 4.54 5.18 

M 3 5.2337 1.1089 .6402 3.96 5.96 

OT 3 4.7683 .7653 .4419 3.89 5.27 

OR 3 5.0403 .09131 .05272 4.98 5.15 

SS 3 4.3113 1.2099 .6985 3.59 5.71 

U 3 3.6467 .06268 .03619 3.59 3.72 

 

Table 40: Multiple comparison of means of vertical start stiffness of various NiTi 

wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - - - - - -  - 

U - - - - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 41: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical final stiffness of various NiTi wires at room 

temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 2.9960 .2924 .1688 2.81 3.33 

H 3 3.4970 .1961 .1133 3.28 3.67 

T 3 3.3190 .07602 .04389 3.24 3.40 

W 3 4.1290 .2445 .1412 3.85 4.29 

GH 3 5.2313 .09504 .05487 5.13 5.31 

M 3 4.7383 1.2482 .7207 3.33 5.70 

OT 3 4.9080 1.4413 .8321 3.24 5.76 

OR 3 4.9760 .2901 .1675 4.67 5.24 

SS 3 4.3910 1.0020 .5785 3.73 5.54 

U 3 1.7927 1.5773 .9106 .00 2.98 

 

Table 42: Multiple comparison of means of vertical final stiffness of various NiTi 

wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - * 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - - - - - -  - 

U - - - - * - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 43: The means, standard deviations, standard errors, minimum values and 

maximum values of activation forces on vertical dimensions of various NiTi wires at 

room temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 5.0353 .1372 .07918 4.88 5.15 

H 3 5.2842 .1195 .06901 5.16 5.40 

T 3 5.2917 .05564 .03213 5.23 5.33 

W 3 5.4533 .05573 .03218 5.39 5.49 

GH 3 4.1387 .01589 .09171 4.13 4.16 

M 3 3.8843 .4795 .2768 3.50 4.42 

OT 3 4.2653 .09328 .05385 4.19 4.37 

OR 3 4.2767 .1646 .09505 4.10 4.42 

SS 3 3.3507 .1198 .06918 3.25 3.48 

U 3 2.8210 .2505 .1446 2.53 3.00 

 

Table 44: Multiple comparison of means of activation forces on vertical dimensions 

of various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * * * * 

T - -  - * * * * * * 

W - - -  * * * * * * 

GH * * * *  - - - * * 

M * * * * -  - - - * 

OT * * * * - -  - * * 

OR * * * * - - -  * * 

SS * * * * * - * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 45: The means, standard deviations, standard errors, minimum values and 

maximum values of deactivation forces on vertical dimensions of various NiTi wires 

at room temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.1630 .2007 .1159 2.95 3.34 

H 3 3.2480 .1197 .06911 3.11 3.33 

T 3 3.4453 ‘09577 .05529 3.35 3.55 

W 3 3.7313 .09753 .05631 3.64 3.84 

GH 3 2.0257 .02318 .01338 2.00 2.04 

M 3 2.1840 .4883 .2819 1.81 2.74 

OT 3 2.4713 .09452 .05457 2.40 2.58 

OR 3 2.6883 .1779 .1027 2.48 2.80 

SS 3 1.4087 .2396 .1383 1.25 1.68 

U 3 .8507 .2024 .1169 .62 .97 

 

Table 46: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * - - * * 

H -  - - * * - - * * 

T - -  - * * * - * * 

W - - -  * * * * * * 

GH * * * *  - - - - * 

M * * * * -  - - - * 

OT - - * * - -  - * * 

OR - - - * - - -  * * 

SS * * * * - - * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 47: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical activation lengths of various NiTi wires at room 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.1947 .08687 .05015 1.13 1.29 

H 3 1.2028 .0096 .0055 1.19 1.21 

T 3 1.1007 .03361 .01940 1.06 1.13 

W 3 1.2417 .05096 .02942 1.18 1.27 

GH 3 1.4983 .06311 .03643 1.43 1.55 

M 3 1.5297 .2573 .1486 1.23 1.69 

OT 3 1.4340 .1594 .09203 1.25 1.53 

OR 3 1.4507 .04461 .02576 1.41 1.50 

SS 3 1.4903 .1859 .1073 1.38 1.71 

U 3 1.6000 .09362 .05405 1.54 1.71 

 

Table 48: Multiple comparison of means of vertical activation lengths of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - * 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - - - - - -  - 

U - - * - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 49: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical deactivation lengths of various NiTi wires at room 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.1637 .02060 .01189 1.14 1.18 

H 3 1.0250 .03644 .02104 .98 1.05 

T 3 1.0890 .05283 .03050 1.06 1.15 

W 3 1.3110 .07882 .04551 1.25 1.40 

GH 3 1.4500 .02500 .01443 1.43 1.48 

M 3 1.6970 .1510 .08720 1.53 1.81 

OT 3 1.5973 .1659 .09576 1.41 1.72 

OR 3 1.5390 .09881 .05705 1.43 1.60 

SS 3 1.7060 .01905 .01100 1.68 1.72 

U 3 1.4447 .6813 .3933 .66 1.84 

 

Table 50: Multiple comparison of means of vertical deactivation lengths of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - -    - - - -  - 

U - - - - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 51: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical superelasticity of various NiTi wires at room 

temperature 

Variables N X  S.D. S.E. Min. Max. 

F 3 3.0907 .3689 .2130 2.69 3.42 

H 3 3.6163 .3658 .2112 3.22 3.94 

T 3 3.4890 .09012 .05203 3.39 3.54 

W 3 4.7823 .8366 .4830 3.94 5.61 

GH 3 7.8163 1.0855 .6267 6.71 8.88 

M 3 6.0907 2.3450 1.3539 3.44 7.88 

OT 3 6.1580 2.0742 1.1975 3.77 7.44 

OR 3 7.7590 .5581 .3222 7.27 8.37 

SS 3 6.0880 1.8984 1.0960 4.88 8.28 

U 3 2.3607 2.0937 1.2088 .00 4.00 

 

Table 52: Multiple comparison of means of vertical superelasticity of various NiTi 

wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - * 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - * 

SS - - - - - - - -  - 

U - - - - * - - * -  

 

* The mean difference is significant at the 0.05 level 
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Table 53: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical superelastic lengths of various NiTi wires at room 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.1637 .02060 .01189 1.14 1.18 

H 3 1.0250 .03644 .02104 .98 1.05 

T 3 1.0890 .05283 .03050 1.06 1.15 

W 3 1.3110 .07882 .04551 1.25 1.40 

GH 3 1.4500 .02500 .01443 1.43 1.48 

M 3 1.6970 .1510 .08720 1.53 1.81 

OT 3 1.5973 .1659 .09576 1.41 1.72 

OR 3 1.5390 .09881 .05705 1.43 1.60 

SS 3 1.7060 .01905 .01100 1.68 1.72 

U 3 1.4447 .6813 .3933 .66 1.84 

 

Table 54: Multiple comparison of means of vertical superelastic lengths of various 

NiTi wires at room temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - - - - - -  - 

U - - - - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 55: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical start stiffness of various NiTi wires at oral temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 4.9500 .04603 .02658 4.90 4.98 

H 3 4.5283 .04470 .02681 4.5 4.58 

T 3 4.9695 .1297 .07493 4.83 5.09 

W 3 5.2723 .1042 .06014 5.20 5.39 

GH 3 5.8923 .2245 .1296 5.67 6.12 

M 3 6.1320 .05212 .03009 6.08 6.19 

OT 3 4.3320 1.1010 .6357 3.63 5.60 

OR 3 5.9943 .06070 .03504 5.93 6.04 

SS 3 5.9103 .04744 .02739 5.87 5.96 

U 3 5.8083 .06536 .03774 5.73 5.85 

 

Table 56: Multiple comparison of means of vertical start stiffness of various NiTi 

wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - - - * - * * - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - * - - - 

M - * - - -  * - - - 

OT - - - - * *  * * * 

OR - * - - - - *  - - 

SS - * - - - - * -  - 

U - - - - - - * - -  

 

* The mean difference is significant at the 0.05 level 
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Table 57: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical final stiffness of various NiTi wires at oral temperature 

Variables N X  (N/mm.) S.D. S.E. Min. Max. 

F 3 4.4513 .1176 .06791 4.34 4.57 

H 3 4.0074 .1210 .06986 3.92 4.15 

T 3 4.6061 .24027 .1387 4.44 4.88 

W 3 5.1947 .1821 .1051 5.07 5.40 

GH 3 5.7330 .2426 .1401 5.52 6.00 

M 3 4.7643 .5960 .3441 4.13 5.31 

OT 3 4.0433 1.1927 .6886 3.30 5.42 

OR 3 5.3590 .2523 .1456 5.15 5.64 

SS 3 5.6757 .4236 .2446 5.37 6.16 

U 3 5.6357 .2722 .1571 5.35 5.89 

 

Table 58: Multiple comparison of means of vertical final stiffness of various NiTi 

wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - - - 

H -  - -     - - - - - - 

T - -  - - - - - - - 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS - - - - - - - -  - 

U - - - - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 59: The means, standard deviations, standard errors, minimum values and 

maximum values of activation forces on vertical dimensions of various NiTi wires at 

oral temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 5.7100 .2399 .1385 5.48 5.96 

H 3 5.5755 .02121 .01225 5.55 5.59 

T 3 5.8479 .03804 .03351 5.80 5.91 

W 3 6.3467 .2261 .1305 6.12 6.57 

GH 3 4.7990 .09131 .05272 4.73 4.90 

M 3 4.6067 .06427 .03710 4.55 4.68 

OT 3 4.4997 .6693 .3864 3.96 5.25 

OR 3 5.2153 .1659 .09580 5.04 5.37 

SS 3 3.5567 .1382 .07980 3.40 3.67 

U 3 3.3363 .02554 .01475 3.32 3.37 

 

Table 60: Multiple comparison of means of activation forces on vertical dimensions 

of various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - * * - * * 

H -  - - - * * - * * 

T - -  - * * * - * * 

W - - -  * * * * * * 

GH - - * *  - - - * * 

M * * * * -  - - * * 

OT * * * * - -  - - * 

OR - - - * - - -  * * 

SS * * * * * * - *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 61: The means, standard deviations, standard errors, minimum values and 

maximum values of deactivation forces on vertical dimensions of various NiTi wires 

at oral temperature 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.8350 .1658 .09573 3.71 4.02 

H 3 3.6157 .04304 .02485 3.59 3.66 

T 3 3.9911 .02368 .01367 3.96 4.01 

W 3 4.7467 .2384 .1376 4.58 5.02 

GH 3 3.0350 .08374 .04835 2.98 3.13 

M 3 2.7017 .03907 .02256 2.66 2.74 

OT 3 2.9207 .4016 .2319 2.50 3.30 

OR 3 3.5390 .1415 .08167 3.41 3.69 

SS 3 1.6603 .1310 .07565 1.53 1.79 

U 3 1.3813 .04102 .02368 1.34 1.42 

 

Table 62: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - * * * * - * * 

H -  - * - * * - * * 

T - *  * * * * - * * 

W * * *  * * * * * * 

GH * - * *  - - - * * 

M * * * * -  - * * * 

OT * * * * - -  - * * 

OR - - - * - * -  * * 

SS * * * * * * * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 63: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical activation lengths of various NiTi wires at oral 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.2443 .03349 .01933 1.23 1.28 

H 3 1.1500 .01670 .00964 1.13 1.17 

T 3 1.2527 .01743 .01006 1.23 1.27 

W 3 1.2583 .05850 .03378 1.20 1.32 

GH 3 1.5417 .02173 .01255 1.52 1.56 

M 3 1.5587 .02887 .01667 1.54 1.59 

OT 3 1.2113 .1709 .0098 1.07 1.40 

OR 3 1.4723 .02665 .01539 1.44 1.49 

SS 3 1.7243 .01537 .0088 1.71 1.74 

U 3 1.7917 .08505 .0049 1.78 1.80 

 

Table 64: Multiple comparison of means of vertical activation lengths of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - * * - - * * 

H -  - - * * - * * * 

T - -  - * * - - * * 

W - - -  * * - - * * 

GH * * * *  - * - - * 

M * * * * -  * - - * 

OT - - - - * *  * * * 

OR - * - - - - *  * * 

SS * * * * - - * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 65: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical deactivation lengths of various NiTi wires at oral 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.1807 .2239 .1293 .93 1.34 

H 3 1.1333 .14020 .08094 1.02 1.29 

T 3 .9805 .04198 .02424 .94 1.02 

W 3 1.4057 .2069 .1195 1.18 1.58 

GH 3 1.6303 .05818 .03359 1.58 1.69 

M 3 1.5250 .08660 .05000 1.43 1.58 

OT 3 1.1750 .1671 .09650 1.00 1.33 

OR 3 1.4557 .02914 .01683 1.43 1.48 

SS 3 1.7027 .03807 .02198 1.67 1.74 

U 3 1.7667 .02996 .01729 1.74 1.80 

 

Table 66: Multiple comparison of means of vertical deactivation lengths of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - * * 

H -  - - * - - - * * 

T - -  - * * - * * * 

W - - -  - - - - - - 

GH - * * -  - - - - - 

M - - * - -  - - - - 

OT - - - - - -  - * * 

OR - - * - - - -  - - 

SS * * * - - - * -  - 

U * * * - - - * - -  

 

* The mean difference is significant at the 0.05 level 
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Table 67: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical superelasticity of various NiTi wires at oral 

temperature 

Variables N X  S.D. S.E. Min. Max. 

F 3 4.8530 1.6634 .9604 2.99 6.20 

H 3 4.1202 .4249 .2453 3.86 4.61 

T 3 5.7775 1.1783 .6803 4.9 7.12 

W 3 6.1073 .8802 .5082 5.41 7.10 

GH 3 6.3950 .2033 .1173 6.17 6.55 

M 3 7.3447 1.3304 .7681 6.18 8.80 

OT 3 9.6753 .6744 .3893 8.90 10.09 

OR 3 9.6837 .3618 .2089 9.28 9.99 

SS 3 9.0813 .7310 .4221 8.32 9.78 

U 3 9.4083 .3995 .2306 9.16 9.87 

 

Table 68: Multiple comparison of means of vertical superelasticity of various NiTi 

wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - * * * * 

H -  - - - - * * * * 

T - -  - - - * * - * 

W - - -  - - * * - - 

GH - - - -  - - - - - 

M - - - - -  - - - - 

OT * * * * - -  - - - 

OR * * * * - - -  - - 

SS * * - - - - - -  - 

U * * * - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 69: The means, standard deviations, standard errors, minimum values and 

maximum values of vertical superelastic lengths of various NiTi wires at oral 

temperature 

Variables N X  (mm.) S.D. S.E. Min. Max. 

F 3 1.1807 .2239 .1293 .93 1.34 

H 3 1.1333 .14020 .08094 1.02 1.29 

T 3 .9805 .04198 .02424 .94 1.02 

W 3 1.4057 .2069 .1195 1.18 1.58 

GH 3 1.6303 .05818 .03359 1.58 1.69 

M 3 1.5250 .08660 .05000 1.43 1.58 

OT 3 1.1750 .1671 .09650 1.00 1.33 

OR 3 1.4557 .02914 .01683 1.43 1.48 

SS 3 1.7027 .03807 .02198 1.67 1.74 

U 3 1.7667 .02996 .01729 1.74 1.80 

 

Table 70: Multiple comparison of means of vertical superelastic lengths of various 

NiTi wires at oral temperature 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - * * 

H -  - - * - - - * * 

T - -  - * * - * * * 

W - - -  - - - - - - 

GH - * * -  - - - - - 

M - - * - -  - - - - 

OT - - - - - -  - * * 

OR - - * - - - -  - - 

SS * * * - - - * -  - 

U * * * - - - * - -  

 

* The mean difference is significant at the 0.05 level 
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4. Load-deflection curves of NiTi wires in horizontal and vertical dimensions at 

room and at oral temperatures 

 The superimpositions of load-deflection curves of commercial NiTi wires at 

room and oral temperatures were illustrated in Figure 16 to Figure 25. 
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Figure 16: The superimposition of load-deflection curves of NiTi F at 
room and oral temperatures both in horizontal and vertical 
dimensions 
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  Figure 17: The superimposition of load-deflection curves of NiTi H at 
room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 18: The superimposition of load-deflection curves of NiTi T at 
room and oral temperatures both in horizontal and vertical 
dimensions  

 

 
 
 
 
 
 
 
 
 
 
 

- 9 . 00 

- 8 . 00 

- 7 . 00 

- 6 . 00 

- 5 . 00 

- 4 . 00 

- 3 . 00 

- 2 . 00 

- 1 . 00 

0 . 00 
- 2 . 75 - 2 . 25 - 1 . 75 - 1 . 25 - 0 . 75 - 0 . 25 

H 
HT 
V 
VT 

 
Force (N) 

Deflection (mm.) 



Fac. of Grad. Studies, Mahidol Univ.                                                                 M.Sc. (Orthodontics) / 87 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
�
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19: The superimposition of load-deflection curves of NiTi W at 
room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 20: The superimposition of load-deflection curves of NiTi GH 
at room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 21: The superimposition of load-deflection curves of NiTi M at 
room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 22: The superimposition of load-deflection curves of NiTi OT 
at room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 23: The superimposition of load-deflection curves of NiTi OR 
at room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 24: The superimposition of load-deflection curves of NiTi SS at 
room and oral temperatures both in horizontal and vertical 
dimensions 
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Figure 25: The superimposition of load-deflection curves of NiTi U 
at room and oral temperatures both in horizontal and vertical 
dimensions 
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5. The relationship between wire dimension and deactivation force delivery of 

each commercial NiTi wire 

The means and standard deviations of wire dimension and deactivation force 

delivery at room and oral temperatures of each commercial NiTi wire were illustrated 

in Table 71.  The relationships between the wire dimension and the deactivation force 

delivery by each commercial NiTi wire both on horizontal and vertical dimensions 

were illustrated graphically in Figure 26 and 27.  

 

Table 71: The means and standard deviations of wire dimensions and 

deactivation force delivery at room and oral temperatures of commercial NiTi 

wires  
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Figure 26: Relationship between horizontal NiTi wire dimension and      
deactivation force delivery on horizontal dimension  
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Figure 27: Relationship between vertical NiTi wire dimension and 
deactivation force delivery on vertical dimension  
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6. Effect of temperature on the deactivation force delivery of each commercial 

NiTi wire 

6.1 At the temperature of 10oC 

6.1.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 10oC of each commercial NiTi wire was showed in 

Table 72.  NiTi H delivered the highest deactivation force (1.9133 N), whereas, NiTi 

U delivered the lowest deactivation force (0.2580 N).  When compared with the other 

commercial wires, the deactivation force of NiTi H had statistically significant 

differences with those of NiTi GH, M, OT, OR, SS and U (p < 0.05).  When compared 

with the other commercial wires, the deactivation force of NiTi U had statistically 

significant differences with those of NiTi F, H, T, W and OR (p < 0.05). 

 

6.1.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 10oC of each commercial NiTi wire was showed in 

Table 84.  NiTi T delivered the highest deactivation force (2.6733 N), whereas, NiTi 

SS delivered the lowest deactivation force (0.5340 N).  When compared with the other 

commercial wires, the deactivation force of NiTi T had statistically significant 

differences with those of the other NiTi wires except NiTi W (p < 0.05).  When 

compared with the other commercial wires, the deactivation force of NiTi SS had 

statistically significant differences with those of the other NiTi wires except NiTi U (p 

< 0.05). 

  

6.2 At the temperature of 20oC 

6.2.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 20oC of each commercial NiTi wire was showed in 

Table 74.  NiTi H delivered the highest deactivation force (2.3123 N), whereas, NiTi 

U delivered the lowest deactivation force (0.4220 N).  When compared with the other 

commercial wires, the deactivation force of NiTi H had statistically significant 

differences with those of NiTi F, GH, M, OT, OR, SS and U (p < 0.05).  When 
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compared with the other commercial wires, the deactivation force of NiTi U had 

statistically significant differences with those of the other NiTi wires except NiTi SS    

(p < 0.05). 

 

6.2.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 20oC of each commercial NiTi wire was showed in 

Table 86.  NiTi T delivered the highest deactivation force (3.3950 N), whereas, NiTi U 

delivered the lowest deactivation force (0.7220 N).  When compared with the other 

commercial wires, the deactivation force of NiTi T had statistically significant 

differences with those of the other NiTi wires except NiTi H and W (p < 0.05).  When 

compared with the other commercial wires, the deactivation force of NiTi U had 

statistically significant differences with those of the other NiTi wires except NiTi M, 

OT and SS (p < 0.05). 

 

6.3 At the temperature of 30oC 

6.3.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 30oC of each commercial NiTi wire was showed in 

Table 76.  NiTi W delivered the highest deactivation force (2.8583 N), whereas, NiTi 

SS delivered the lowest deactivation force (0.6207 N).  When compared with the other 

commercial wires, the deactivation force of NiTi W had statistically significant 

differences with those of NiTi H, GH, M, OT, OR, SS and U (p < 0.05).  When 

compared with the other commercial wires, the deactivation force of NiTi SS had 

statistically significant differences with those of the other NiTi wires (p < 0.05). 

 

6.3.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 30oC of each commercial NiTi wire was showed in 

Table 88.  NiTi T delivered the highest deactivation force (3.8463 N), whereas, NiTi U 

delivered the lowest deactivation force (1.5847 N).  When compared with the other 

commercial wires, the deactivation force of NiTi T had statistically significant 
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differences with those of NiTi GH, M, OT, OR, SS and U (p < 0.05).  When compared 

with the other commercial wires, the deactivation force of NiTi U had statistically 

significant differences with those of the other NiTi wires except NiTi M and SS (p < 

0.05). 

 

6.4 At the temperature of 40oC 

6.4.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 40oC of each commercial NiTi wire was showed in 

Table 78.  NiTi W delivered the highest horizontal deactivation force (3.3360 N), 

whereas, NiTi SS delivered the lowest deactivation force (1.2877 N).  When compared 

with the other commercial wires, the deactivation force of NiTi W had statistically 

significant differences with those of  NiTi M, SS and U (p < 0.05).  When compared 

with the other commercial wires, the deactivation force of NiTi SS had statistically 

significant differences with those of the other NiTi wires except NiTi M and U (p < 

0.05). 

 

6.4.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 40oC of each commercial NiTi wire was showed in 

Table 90.  NiTi T delivered the highest deactivation force (4.4690 N), whereas, NiTi U 

delivered the lowest deactivation force (2.3773 N).  When compared with the other 

commercial wires, the deactivation force of NiTi T had statistically significant 

differences with those of NiTi GH, M, SS and U (p < 0.05).  When compared with the 

other commercial wires, the deactivation force of NiTi U had statistically significant 

differences with those of NiTi F, H, T, W, OT and OR (p < 0.05). 

 

6.5 At the temperature of 50oC 

6.5.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 50oC of each commercial NiTi wire was showed in 

Table 80.  NiTi W delivered the highest deactivation force (3.9523 N), whereas, NiTi 



Fac. of Grad. Studies, Mahidol Univ.                                                                  M.Sc. (Orthodontics) /  

 
99 

U delivered the lowest deactivation force (1.8837 N).  When compared with the other 

commercial wires, the deactivation force of NiTi W had statistically significant 

differences with those of GH, M, OT, SS and U (p < 0.05).  When compared with the 

other commercial wires, the deactivation force of NiTi U had statistically significant 

differences with those of the other NiTi wires except NiTi SS (p < 0.05). 

 

6.5.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 50oC of each commercial NiTi wire was showed in 

Table 92.  NiTi F delivered the highest deactivation force (5.1953 N), whereas, NiTi U  

delivered the lowest deactivation force (3.0270 N).  When compared with the other 

commercial wires, the deactivation force of NiTi F had statistically significant 

differences with those of NiTi M, SS and U (p < 0.05).  When compared with other 

commercial wires, the deactivation force of NiTi U had statistically significant 

differences with those of NiTi F and T (p < 0.05). 

 

6.6 At the temperature of 60oC 

6.6.1 Deactivation force on horizontal dimension   

 The mean and standard deviation of deactivation force on horizontal 

dimension at the temperature of 60oC of each commercial NiTi wire was showed in 

Table 82.  NiTi W delivered the highest deactivation force (4.4867 N), whereas, NiTi 

SS delivered the lowest deactivation force (2.4187 N).  When compared with the other 

commercial wires, the deactivation force of NiTi W had statistically significant 

differences with those of the other NiTi wires except NiTi F and H (p < 0.05).  When 

compared with the other commercial wires, the deactivation force of NiTi SS had 

statistically significant differences with those of the other NiTi wires except NiTi U (p 

< 0.05). 

 

6.6.2 Deactivation force on vertical dimension 

 The mean and standard deviation of deactivation force on vertical 

dimension at the temperature of 60oC of each commercial NiTi wire was showed in 

Table 94.  NiTi W which was low price NiTi wire delivered the highest deactivation 
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force (5.6493 N), whereas, NiTi SS which was high price NiTi wire delivered the 

lowest deactivation force (3.4683 N).  When compared with the other commercial 

wires, the deactivation force of NiTi W had statistically significant differences with 

those of the other NiTi wires except NiTi F and H (p < 0.05).  When compared with 

the other commercial wires, the deactivation force of NiTi SS had statistically 

significant differences with those of the other NiTi wires except NiTi M, OT and SS  

(p < 0.05).
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Table 72: The means, standard deviations, standard errors, minimum values and 

maximum values of deactivation forces on horizontal dimensions of various NiTi 

wires at 10 oC 

Variables N X  (N0 S.D. S.E. Min. Max. 

F 3 1.4063 .3833 .2213 .96 1.64 

H 3 1.9133 .05311 .03066 1.85 1.95 

T 3 1.7617 .08749 .05051 1.68 1.85 

W 3 1.8457 .1019 .05885 1.73 1.91 

GH 3 .6957 .1508 .08706 .59 .87 

M 3 .7007 .02178 .01257 .68 .73 

OT 3 .7427 .03479 .02009 .70 .77 

OR 3 1.2573 .06837 .03947 1.20 1.33 

SS 3 .4690 .06602 .03812 .40 .54 

U 3 .2580 .01323 .0076 .25 .27 

 

Table 73: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 10 oC 

Variables F H T W GH M OT OR SS U 

F  - - - * * * - * * 

H -  - - * * * * * * 

T - -  - * * * - * * 

W - - -  * * * * * * 

GH * * * *  - - * - - 

M * * * * -  - * - - 

OT * * * * - -  - - - 

OR - * - * * * -  * * 

SS * * * * - - - *  - 

U * * * * - - - * -  

 

* The mean difference is significant at the 0.05 level 
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Table 74: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on horizontal dimensions of various 

NiTi wires at 20 oC 

Variables N X  (N0 S.D. S.E. Min. Max. 

F 3 1.8920 .09873 .0570 1.78 1.95 

H 3 2.3123 .1498 .08649 2.18 2.48 

T 3 2.1307 .1016 .05869 2.03 2.23 

W 3 2.0267 .06103 .03523 1.98 2.09 

GH 3 1.6040 .05484 .03166 1.54 1.64 

M 3 1.3130 .06090 .03516 1.25 1.37 

OT 3 1.2163 .07336 .04236 1.16 1.30 

OR 3 1.5387 .06966 .04022 1.50 1.62 

SS 3 .4690 .06602 .03812 .40 .54 

U 3 .4220 .1006 .05808 .32 .52 

 

 

Table 75: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 20 oC 

Variables F H T W GH M OT OR SS U 

F  * - - - * * * * * 

H *  - - * * * * * * 

T - -  - * * * * * * 

W - - -  * * * * * * 

GH - * * *  - * - * * 

M * * * * -  - - * * 

OT * * * * * -  - * * 

OR * * * * - - -  * * 

SS * * * * * * * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 

 



Fac. of Grad. Studies, Mahidol Univ.                                                               M.Sc. (Orthodontics) /  
 

103 

Table 76: The means, standard deviations, standard errors, minimum values 

and maximum   values of deactivation forces on horizontal dimensions of various 

NiTi wires at 30 oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 2.6707 .03213 .01855 2.65 2.71 

H 3 2.4797 .07895 .04558 2.41 2.56 

T 3 2.8347 .08641 .04989 2.76 2.93 

W 3 2.8583 .06504 .03755 2.79 2.92 

GH 3 1.9180 .1507 .0870 1.74 2.01 

M 3 1.8993 .02401 .01386 1.87 1.92 

OT 3 2.1060 .03537 .02042 2.07 2.14 

OR 3 2.4177 .04834 .02791 2.37 2.46 

SS 3 .6207 .0092 .0053 .61 .63 

U 3 1.0790 .06727 .03884 1.02 1.15 

 

Table 77: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 30 oC 

Variables F H T W GH M OT OR SS U 

F  - - - * * * - * * 

H -  * * * * * - * * 

T - *  - * * * * * * 

W - * -  * * * * * * 

GH * * * *  - - * * * 

M * * * * -  - * * * 

OT * * * * - -  * * * 

OR - - * * * * *  * * 

SS * * * * * * * *  * 

U * * * * * * * * *  

 

* The mean difference is significant at the 0.05 level 
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Table 78: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on horizontal dimensions of various 

NiTi wires at 40 oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.0553 .1789 .1033 2.86 3.20 

H 3 3.0427 .09548 .05513 2.94 3.13 

T 3 3.2137 .1399 .08079 3.05 3.32 

W 3 3.3360 .03341 .01929 3.30 3.37 

GH 3 2.4690 .1015 .05859 2.38 2.58 

M 3 2.0893 .3534 .2041 1.68 2.32 

OT 3 2.4557 .09078 .05241 2.35 2.51 

OR 3 3.2777 .7157 .4132 2.86 4.10 

SS 3 1.2877 .1506 .08695 1.13 1.44 

U 3 1.5237 .07202 .04158 1.47 1.61 

 

Table 79: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 40 oC 

Variables F H T W GH M OT OR SS U 

F  - - - - - - - * * 

H -  - - - - - - * * 

T - -  - - * - - * * 

W - - -  - * - - * * 

GH - - - -  - - - * - 

M - - * * -  - * - - 

OT - - - - - -  - * - 

OR - - - - - * -  * * 

SS * * * * * - * *  - 

U * * * * - - - * -  

 

* The mean difference is significant at the 0.05 level 
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Table 80: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on horizontal dimensions of various 

NiTi wires at 50 oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 3.5340 .02800 .01617 3.51 3.57 

H 3 3.5473 .1093 .06309 3.43 3.64 

T 3 3.7993 .1295 .07478 3.65 3.88 

W 3 3.9523 .2260 .1305 3.81 4.21 

GH 3 2.9153 .1361 .07855 2.80 3.07 

M 3 2.7737 .02928 .01690 2.75 2.81 

OT 3 2.7527 .2448 .1413 2.47 2.92 

OR 3 3.3627 .06436 .03716 3.29 3.41 

SS 3 2.0177 .08145 .04703 1.96 2.11 

U 3 1.8837 .4253 .2455 1.40 2.18 

 

Table 81: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 50 oC 

Variables F H T W GH M OT OR SS U 

F  - - - - * * - * * 

H -  - - - * * - * * 

T - -  - * * * - * * 

W - - -  * * * - * * 

GH - - * *  - - - * * 

M * * * * -  - - * * 

OT * * * * - -  - * * 

OR - - - - - - -  * * 

SS * * * * * * * *  - 

U * * * * * * * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 82: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on horizontal dimensions of various 

NiTi wires at 60 oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 4.2537 .02214 .01278 4.24 4.28 

H 3 4.1100 .04331 .02501 4.07 4.16 

T 3 4.0017 .2532 .1462 3.85 4.29 

W 3 4.4867 .08036 .04640 4.39 4.55 

GH 3 3.4520 .1443 .08329 3.30 3.59 

M 3 2.9507 .09811 .05664 2.85 3.05 

OT 3 3.4257 .1821 .1051 3.23 3.60 

OR 3 3.7383 .06104 .03524 3.68 3.80 

SS 3 2.4187 .04456 .02573 2.39 2.47 

U 3 2.5847 .02013 .01162 2.57 2.61 

 

Table 83: Multiple comparison of means of deactivation forces on horizontal 

dimensions of various NiTi wires at 60 oC 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * - * * 

T - -  * * * * - * * 

W - - *  * * * * * * 

GH * * * *  * - - * * 

M * * * * *  * * * - 

OT * * * * - *  - * * 

OR * - - * - * -  * * 

SS * * * * * * * *  - 

U * * * * * - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 84: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 10oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 2.1990 .1201 .06935 2.07 2.30 

H 3 2.2643 .01193 .06888 2.26 2.28 

T 3 2.6733 .1440 .08315 2.57 2.84 

W 3 2.3057 .1361 .07860 2.20 2.46 

GH 3 1.2347 .09090 .05248 1.14 1.31 

M 3 .9240 .02691 .01553 .90 .95 

OT 3 .9450 .06851 .03955 .87 1.00 

OR 3 1.5333 .07623 .04401 1.47 1.62 

SS 3 .5340 .09891 .05711 .47 .65 

U 3 .5597 .1055 .06088 .45 .66 

 

Table 85: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 10oC 

Variables F H T W GH M OT OR SS U 

F  - * - * * * * * * 

H -  * - * * * * * * 

T * *  - * * * * * * 

W - - -  * * * * * * 

GH * * * *  - - - * * 

M * * * * -  - * * - 

OT * * * * - -  * * * 

OR * * * * - * *  * * 

SS * * * * * * * *  - 

U * * * * * - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 86: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 20oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 2.3793 .4173 .2409 1.91 2.70 

H 3 3.2663 .2647 .1528 2.96 3.43 

T 3 3.3950 .3800 .2194 2.96 3.64 

W 3 3.2307 .2733 .1578 2.92 3.41 

GH 3 1.7440 .1119 .06458 1.63 1.85 

M 3 1.5797 .2453 .1416 1.32 1.80 

OT 3 1.6303 .1916 .1106 1.51 1.85 

OR 3 1.7960 .00519 .0030 1.79 1.80 

SS 3 .8327 .04259 .02459 .79 .87 

U 3 .7220 .04058 .02343 .68 .76 

 

Table 87: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 20oC 

Variables F H T W GH M OT OR SS U 

F  - * - - - - - * * 

H -  - - * * * * * * 

T * -  - * * * * * * 

W - - -  * * * * * * 

GH - * * *  - - - * * 

M - * * * -  - - - - 

OT - * * * - -  - - - 

OR - * * * - - -  * * 

SS * * * * * - - *  - 

U * * * * * - - * -  

 

* The mean difference is significant at the 0.05 level 
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Table 88: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 30oC 

Variables N X   (N) S.D. S.E. Min. Max. 

F 3 3.7247 .1569 .09058 3.56 3.87 

H 3 3.5680 .08479 .04895 3.48 3.64 

T 3 3.8463 .02761 .01594 3.82 3.87 

W 3 3.7890 .2014 .1163 3.57 3.96 

GH 3 2.5163 .1410 .08143 2.38 2.66 

M 3 2.1857 .3883 .2242 1.78 2.56 

OT 3 2.8747 .06824 .03940 2.81 2.95 

OR 3 3.0523 .1025 .05918 2.94 3.13 

SS 3 1.8387 .07247 .04184 1.76 1.88 

U 3 1.5847 .0900 .05196 1.50 1.68 

 

Table 89: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 30oC 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * - * * 

T - -  - * * * * * * 

W - - -  * * * * * * 

GH * * * *  - - - * * 

M * * * * -  * * - - 

OT * * * * - *  - * * 

OR * - * * - * -  * * 

SS * * * * * - * *  - 

U * * * * * - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 90: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 40oC 

Variables N X   (N) S.D. S.E. Min. Max. 

F 3 4.2340 .06851 .03955 4.19 4.31 

H 3 4.1575 .1273 .0735 4.02 4.27 

T 3 4.4690 .04124 .02381 4.42 4.51 

W 3 4.2397 .2658 .1534 3.94 4.46 

GH 3 3.2893 .1748 .1009 3.14 3.48 

M 3 2.7737 .4150 .2396 2.30 3.09 

OT 3 3.5733 .5307 .3064 3.19 4.18 

OR 3 3.7260 .1022 .05900 3.61 3.79 

SS 3 2.5893 .09971 .05757 2.48 2.67 

U 3 2.3773 .1599 .09234 2.28 2.56 

 

Table 91: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 40oC 

Variables F H T W GH M OT OR SS U 

F  - - - - * - - * * 

H -  - - - * - - * * 

T - -  - * * - - * * 

W - - -  * * - - * * 

GH - - * *  - - - - - 

M * * * * -  - * - - 

OT - - - - - -  - * * 

OR - - * - - * -  * * 

SS * * * * - - * *  - 

U * * * * - - * * -  

 

* The mean difference is significant at the 0.05 level 
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Table 92: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 50oC 

Variables N X   (N) S.D. S.E. Min. Max. 

F 3 5.1953 .1418 .08187 5.08 5.35 

H 3 4.6065 .08293 .04788 4.54 4.70 

T 3 4.8397 .1556 .08984 4.66 4.93 

W 3 4.4003 1.3357 .7712 2.86 5.18 

GH 3 3.9570 .1722 .09942 3.83 4.15 

M 3 3.4757 .08720 .05035 3.38 3.53 

OT 3 3.6463 .1544 .08914 3.49 3.79 

OR 3 4.2993 .1072 .06190 4.18 4.39 

SS 3 3.1173 .08891 .05133 3.02 3.20 

U 3 3.0270 .1066 .06153 2.91 3.10 

 

Table 93: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 50oC 

Variables F H T W GH M OT OR SS U 

F  - - - - * - - * * 

H -  - - - - - - - - 

T - -  - - - - - * * 

W - - -  - - - - - - 

GH - - - -  - - - - - 

M * - - - -  - - - - 

OT - - - - - -  - - - 

OR - - - - - - -  - - 

SS * - * - - - - -  - 

U * - * - - - - - -  

 

* The mean difference is significant at the 0.05 level 
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Table 94: The means, standard deviations, standard errors, minimum values 

and maximum values of deactivation forces on vertical dimensions of various 

NiTi wires at 60oC 

Variables N X  (N) S.D. S.E. Min. Max. 

F 3 5.2997 .1140 .06583 5.17 5.37 

H 3 5.2907 .2537 .1465 5.01 5.51 

T 3 4.9848 .1253 .0723 4.87 5.12 

W 3 5.6493 .1795 .1037 5.45 5.79 

GH 3 4.1800 .09326 .05384 4.07 4.24 

M 3 4.0233 .1348 .07784 3.91 4.17 

OT 3 4.0203 .1185 .06842 3.90 4.14 

OR 3 4.4603 .1561 .09010 4.30 4.61 

SS 3 3.4683 .07805 .04506 3.39 3.55 

U 3 3.4687 .3215 .1856 3.19 3.82 

 

Table 95: Multiple comparison of means of deactivation forces on vertical 

dimensions of various NiTi wires at 60oC 

Variables F H T W GH M OT OR SS U 

F  - - - * * * * * * 

H -  - - * * * * * * 

T - -  * * * * - * * 

W - - *  * * * * * * 

GH * * * *  - - - * * 

M * * * * -  - - - - 

OT * * * * - -  - - - 

OR * * - * - - -  * * 

SS * *    * * * - - *  - 

U * * * * * - - * -  

 

* The mean difference is significant at the 0.05 level 
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7. Load-deflection curve of each commercial NiTi wire in both horizontal and 

vertical dimensions at various temperatures  

The superimpositions of load-deflection curve of each commercial NiTi wire 

on both horizontal and vertical dimensions at various temperatures were illustrated in 

Figure 28 to Figure 37.  

 

 

�
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Figure 28: The superimpositions of load-deflection curves of NiTi F at various 
temperatures both in horizontal and vertical dimensions 
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Figure 29: The superimpositions of load-deflection curves of NiTi H at 
various temperatures both in horizontal and vertical dimensions 
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Figure 30: The superimpositions of load-deflection curves of NiTi T at 
various temperatures both in horizontal and vertical dimensions 
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Figure 31: The superimpositions of load-deflection curves of NiTi W 
at various temperatures both in horizontal and vertical dimensions 
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Figure 32: The superimpositions of load-deflection curves of NiTi GH 
at various temperatures both in horizontal and vertical dimensions 
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Figure 33: The superimpositions of load-deflection curves of NiTi M 
at various temperatures both in horizontal and vertical dimensions 
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Figure 34: The superimpositions of load-deflection curves of NiTi OT 
at various temperatures both in horizontal and vertical dimensions 
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Figure 35: The superimpositions of load-deflection curves of NiTi OR 
at various temperatures both in horizontal and vertical dimensions 
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Figure 36: The superimpositions of load-deflection curves of NiTi SS 
at various temperatures both in horizontal and vertical dimensions 
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Figure 37: The superimpositions of load-deflection curves of NiTi U at 
various temperatures both in horizontal and vertical dimensions 
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8. Thermosensitivity 

 The NiTi wires tested showed varying degrees of temperature sensitivity when 

raising the temperature from oral temperature (37oC) to 60oC.  The deactivation force 

delivery by commercial NiTi wires at oral temperature (37oC) and at 60oC and their 

differences were illustrated in Table 96. 

 

Table 96: Deactivation force delivery by commercial NiTi wires at oral 

temperature and at 60oC  

 

Deactivation force (N) 
Wire type 

Oral temp. (37oC) 60oC Diff. 

F 3.05 4.25 1.21 

H 2.90 4.11 1.21 

T 3.23 4.00 0.77 

W 3.32 4.49 1.17 

GH 2.09 3.45 1.36 

M 2.01 2.66 0.64 

OT 2.18 3.43 1.24 

OR 2.57 3.74 1.17 

SS 1.48 2.42 0.94 

U 1.36 2.58 1.22 
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CHAPTER V 

DISCUSSION 

 
 This study was designed as an experimental study to investigate the load 

deflection characteristics of commercial 0.016 x 0.022 inch NiTi wires. Ten brands of 

available commercial NiTi wires in Thailand were investigated by standardized 

deflection setting and the results were presented in load-deflection curves (ADA, 

1977). 

 The measurements of the variables in this investigation were performed and 

calculated by the commercial software program, SPSS for windows version 10.0.   

 

1. Deflection setting 

Wilkinson et al (32) emphasized that the variation in results obtained for each 

wire depending on the model design.  Test conditions should therefore be identical 

before valid comparisons of such data can be made between studies.  The results of the 

test that used ADA spec.no.32 or modification of it are not easily transferable to the 

clinical situation since the effective force on the tooth depends on the stress, the length 

of the archwire segment between the brackets, and the moment of inertia of the 

applied wire dimension.  In a clinical setting, it is almost impossible to determine the 

strain that is exerted on the archwire.   In addition, friction between archwire and 

bracket has an important influence on the clinically effective force.  For these reason 

the present test method was selected, although it does not follow ADA 

recommendations.  It resembles occluso-gingival movements directly, and it is also 

applicable to bucco-lingual movements. 

Oltjen et al. (34) found that the use of brackets introduced a more constrained 

mode of bending as a consequence of the inherent action of the friction and binding at 

the bracket-wire interface.
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It must borne in mind that these results are for three-point bending and, hence, 

may not completely reflect the precise behavior of these wires in the clinical situation. 

A common finding of previous studies is a relatively high stiffness obtained if 

the wire is deflected less than 2 mm (34, 16, 31, 4).  Because of the lack of formation 

of stress-induced martensite (SIM), austenitic NiTi presents a stiffness of 0.28 for 

small deflections, a value surprisingly higher than the 0.20 stiffness of a classic work-

hardened alloy like Nitinol (28).   If the threshold of 2 mm. of minimum activation has 

to be considered reliable, a superior performance of superelastic austenitic NiTi during 

the alignment phase of treatment seems to be limited to cases of severe dental 

crowding.   

 

2. Composition 

Concerning the composition ratio of nickel and titanium, most manufacturers 

are cautious about releasing such information, as it is regarded as a trade secret. 

In this study, the compositions of all commercial nickel-titanium alloys tested 

had the same major and minor elements including Al, Ti, V, Ni, Ta and W, however, 

the percentages were different.  The actual composition of each commercial NiTi wire 

which was disclosed from the manufacturer had significant impact on the mechanical 

properties of each alloy.  Minor difference in the proportion of Ni and Ti can 

significantly affect the mechanical properties of the wire.  As the compositional 

accuracy required for NiTi alloys is often more precise than the errors in chemical 

analysis, the TTR itself is often used for quality control purposes.  The TTR can be 

adjusted by increasing the Ni content in the alloy.  By increasing the percentage of Ni 

content from 50 to 51%, TTR will be greatly decreased.  Thus, in order to achieve 

TTR that is close to oral temperature, the percentage of the Ni content should be less 

than or equal to 50%.  In this study, from EDS, the proportions of Ni and Ti contents 

of the high price NiTi wires including NiTi OR, SS U were around 51% which were 

proved to provide better superelasticity when compared with those of the low price 

NiTi wires with different proportions of Ni and Ti contents (more than 52% of Nickel 

content). 

�
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The shape memory properties of NiTi are modified by adding a third element 

chemically similar to Ni or Ti, Cu for example.  Apart from depressing the TTR, the 

addition of third element to NiTi is used to increase the stability of the transformation 

start temperature, control hysteresis width, and improve corrosive resistance (53).   

The elements C, Co, Cu, H, Fe, Nb and O were residual elements in these alloys.  

They are controlled to special limits in order to ensure good shape memory physical 

and mechanical properties. The element Cu is added to decrease hysteresis and 

decrease the sensitivity of Ni content to TTRs.  Moreover, the R transformation can be 

improved by the additional of a third element such as Co and Fe.  Frequently, the 

elements V, Co, Fe, Al or Cr are added to decrease the martensitic start temperature.     

 

2. Transitional temperature range  

By the 1980s, 2 generic nitinol-type alloys had been developed that exhibited 

superelastic behavior: one was an austenitic active and the other was a martensitic 

active alloy.  Each of these alloys exhibited some form of SME and superelasticity.  

Khier et al. (17), Adams et al. (54) found that the superelasticity and shape memory 

resulted from changes that occured in the anatomic lattice of the alloy from the 

austenitic phase to the martensitic phase, which were influenced by changes in 

temperature and stress.  The martensitic active alloy on the market today exhibits a 

thermally induced SME.  Transition temperatures from martensitic to austenite occur 

in the region of ambient oral temperature.  Because of the improved technical ability 

of dosing the amount of austenite present in the alloys, have a TTR set very close to 

the intraoral temperature; because they exist in a mixed or rhombohedral phase at 

room temperature, they are able to accept and maintain seemingly permanent 

deformations.  Gurgel et al. (55) found that upon distortion and insertion into patient’s 

mouth with the higher intraoral temperature, both the stress-induced and temperature-

induced martensite would be gradually converted into austenite, with a recovery of the 

ideal preset archform and, at the same time, an increase of the force delivery. 

Two concomitant phenomena are responsible for the superelastic behavior of 

orthodontic NiTi alloys: a temperature-related phase transformation along a 

temperature transitional ranges (TTR) (thermoelasticity) and the formation of stress 

induced martensite (SIM) in localized areas of the archwire due to deflection 
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(pseudoelasticity).  The shape memory effect is derived from the thermoelastic 

transformation from martensite to austenite and orthodontic clinical application 

requires setting the TTR of the alloys slightly below oral temperature.  This type of 

thermoelastic alloy, however, will be completely austenitic at oral temperature and the 

austenite presents a higher modulus of elasticity that results in a greater stiffness of the 

wire.  In austenitic active alloys, active austenite is predominantly austenitic at room 

temperature and thus presents pseudoelastic properties, the formation of SIM will 

guarantee the presence of the superelastic behavior necessary for the release of light 

and continuous force. 

Therefore, the Af (the final temperature for the austenitic phase) of the alloy 

should not be set at a temperature considerably below oral temperature or the 

formation of SIM will not occur.  For the SIM to form, the Af of the alloy can only be 

close to or slightly lower than oral temperature (23).  If Af is considerably below than 

the oral temperature, the lattice will always have the tendency to reconvert to 

austenite, and too much energy in the form of deflective stress would be necessary to 

counteract this tendency and maintain the presence of SIM, consequently, the ill-

defined plateau of the deactivation force will be achieved.  Therefore, only in cases of 

very crowding will an austenitic alloy behave superelastically. 

   Yoneyama et al. (22) using differential scanning calorimetry, found that most 

orthodontic wires exhibited stress related Afs ranging from 17oC to 32oC, therefore, 

such wire with the lowest Af were unable to exhibit superelastic behavior during 

clinical applications.  For thermoelastic wires, Af were set at higher temperatures from 

35oC to 40oC.     

In this study from the differential scanning calorimetry (DSC), all commercial 

NiTi wires tested had the Afs set below the oral temperature or the area below DSC 

curve predominantly located below oral temperature. Although the Afs of NiTi F, H, T 

and W were higher than oral temperature, these Afs were not the true Afs and even 

higher than real values due to the difficulties to specify real values from the broad 

DSC curve.   All of the tested NiTi wires had the TTRs or the area below the DSC 

curve predominantly located below the oral temperature, thus are classified as active 

austenitic alloy.  Once exposed the intraoral temperature, the stress-induced martensite 

will be gradually converted into austenite, with a recovery of the ideal preset archform 
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and, at the same time, an increase of force delivery.  NiTi M which was moderate 

price NiTi wire had the lowest Af set at 20oC which was lower than room and oral 

temperatures.  From Figure 15, high price NiTi wires including NiTi OR, SS, U had 

relatively narrow ranges of TTRs with sharp and narrow peaks of DSC curves, 

whereas, moderate price NiTi wires including NiTi GH, M, OT had wider ranges of 

TTRs with lower and broader peaks of DSC curves and low price NiTi wires including 

NiTi F, T, W had relatively widest range of TTRs with lowest and boardest peaks of 

DSC curves.  NiTi H had wide range of TTRs from 18 to 51.5oC with Af much higher 

than oral temperature, therefore, was not entirely austenitic active alloy at oral 

temperature.   

Some recent studies investigated as to whether the formation of SIM, as a 

modification of the lattice, could interfere or modify the temperature range of the 

phase transformation.  They found that SIM generate a shift of the preset TTR of the 

alloy toward higher temperatures because, as a result of the presence of the mechanical 

deformation of the lattice, more energy will be requires (in this case in the form of 

heat) to reconvert SIM into austenite.  This implied that if the values of the TTR 

provided by the manufacturers are not calculated under proper conditions of 

deflection, those values might be underestimated and could fail to correspond to the 

actual TTR values existing in orthodontic application (15). 

In this study, the TTR values were derived from the intercepts between 

baseline of the DSC curve and the line fitted to the curve during phase transformation.  

Another source of variation in NiTi experiments is the complexity of the 

manufacturing procedures.  A great variation in wire properties within batches is a 

common finding that strongly limits the consistency of the experimental data.  Wires 

of similar composition show very different TTRs, especially when they are 

manufactured by different companies.  As a result, the findings of different experiment 

reports are hardly comparable (50, 27). 
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3. Mechanical properties of NiTi wires at room and oral temperatures 

Mechanical properties of different wire brands usually cannot be properly 

compared with those of similar products because the measuring conditions and 

specifications differ from one manufacturer to another. 

The mechanical properties of each commercial NiTi archwire including start 

stiffness, final stiffness, activation force, deactivation force, activation length, 

deactivation length, superelasticity and superelastic length were investigated in this 

study both on the horizontal and vertical dimensions.  The mechanical properties of 

the NiTi wires on horizontal dimensions represented the efficiencies of the wires for 

the movement of the teeth in inciso-gingival direction such as in the correction of high 

canine, whereas, the mechanical properties of the NiTi wires on vertical dimensions 

represented the efficiencies of the wires for the movement of the teeth in bucco-lingual 

direction such as in the correction of tooth size-arch length discrepancies.  All of 

commercial NiTi tested are austinitic active alloy.     

Of all the mechanic properties studied, deactivation force is the most clinical 

interested because it presents the force magnitude of force applied and affected root-

bone surface.  In this study, NiTi U which is high price NiTi wire, delivered lowest 

activation and deactivation forces and exhibited the highest superelastic length at oral 

temperature. 

 

Load-deflection curve 

Load-deflection curves from Figure 16 to Figure 25 represented loading and 

unloading deflection cycles of commercial NiTi wires at room and oral temperatures. 

The findings from this study was in consistent with those of Miyazaki et al. (56), 

Burstone et al. (28) and Miura et al. (1), suggesting that superelastic compounds 

generally presented a high stiffness in the initial segment of the slope of the stress-

strain graph when the deflection of the wire was still minimal.  The initial activation 

force required for austenitic NiTi could be 3 times greater than the force required to 

deflect a classic work-hardened martensitic wire.  When an external force was applied, 

the deformation of most metals was induced with a slip of lattice; the deformation of 

NiTi alloy was induced with martensitic transformation.  However, once the SIM was 

formed, the horizontal plateau appeared and the alloy absorbed any additional load 
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stress and released it in constant amounts during the deactivation phase.  Actually, the 

linear region corresponding to the deactivation plateau was lower than the activation 

plateau and parallel to it.  This phenomenon was call stress hysteresis.  The main 

clinical interest of hysteresis was that the force delivered to the periodontal structures 

was lower than the force necessary to activate the wire.  Low stiffness or load 

deflection rates provided the ability to apply lower forces, a more constant force over 

time as the appliance experiences deactivation, and greater ease and accuracy in 

applying a given force.  SIM was allowed to form in the stressed area even though the 

rest of the wire remains austenitic.  However, the SIM was unstable, and if the 

specimen is maintained at oral temperature it undergoes reverse transformation to the 

austenitic phase as soon as the stress was removed (5, 17).  In orthodontic clinical 

applications, SIM forms where the wire is tied to brackets on malaligned teeth so that 

the wire becomes noticeably pliable in the deflected areas, with seemingly permanent 

deformation.  Therefore, delivery forces will be lowered in the needed areas only.  In 

those areas, the wire will be superelastic until, after tooth movement, a self-controlled 

reduction of the deflection will restore the stiffer austenitic phase. 

In the initial deactivation phase, the wire material is in a stress-induced 

martensitic structure and the initial slope of the deactivation curve expressed the 

stiffness of martensitic NiTi.  The subsequent deactivation plateau phase (martensitic 

transformation phase) has several important characteristics.  Not merely, the existence, 

but also the position, slope, width, and distinctiveness of the deactivation plateau are 

of major clinical interest.  In the final deactivation phase, the wire material was in an 

austenitic structure, and the final slope of the deactivation curve expressed the 

stiffness of austenitic NiTi.  

In this study, NiTi wires that showed a smaller load difference between 

deflections of 2.5 mm. and 0.5 mm. in the unloading process, namely, whose gradient 

of force remained relatively flat, were found in greater quantity among super-elastic 

NiTi alloy wires including moderate price (GH, M, OT) and high price groups (Or, SS, 

U).  Wires that exhibited a larger load difference, namely, whose gradient of force was 

steep, were observed predominantly among low price NiTi alloy wires (F, H, T, W).  

However, some purported superelastic wires were found to have a steep gradient. 
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Segner (30) reported that when he investigated the mechanical properties of 

superelastic wires, he found that all of them did not demonstrate superelastic 

characteristics; this led him to suspect that the absence could be due to some error in 

the manufacturing process.  Because of frictional resistance, the force is increased on 

the loading portion of a force-deflection curve and decreased on the unloading portion.  

If a particular NiTi alloy wire has a coefficient of friction that is significantly different 

than that of other NiTi alloy wires, then the friction encountered as the wire slides over 

the supporting bars in a three point bending test can influence the shape of hysteresis 

loop.  Thus, some wires with higher than average coefficients of friction may 

demonstrate superelastic behavior simply because of the limitations of the testing 

procedure.  The factors that determine the mechanical properties of NiTi alloy wires 

include composition, heat treatment, and degree of working. 

 

3.1 Stiffness 

 For most orthodontic alloys with an Af below oral temperature, austenite is 

prevalent phase intraorally, while only a small percentage of martensite (and the 

intermediate phase R) is present in the grain structure.  Because austenite has 

relatively higher stiffness compared with the transitional phase, greater quantities of 

martensite need to form in these austenitic wires to activate the superelastic properties.  

Somehow, the martensite must form independently of temperature variations and 

fortunately, this can be done by the application of stress on the austenitic wire.  The 

deflection generated a local martensitic transformation and produces stress-induced 

martensite (SIM).  The highest temperature at which the martensite can form is 

referred to as Md, and in austenitic alloys Md is usually located above Af and above 

the oral temperature, allowing the SIM to form in the stressed areas even though the 

rest of the wire remains austenitic.  However, the SIM is unstable, and if the specimen 

is maintained at oral temperature it undergoes reverse transformation to the austenitic 

phase as soon as the stress is removed (5, 17).  In orthodontic clinical applications, 

SIM forms where the wire is tied to brackets on malaligned teeth so that the wire 

becomes noticeably pliable in the deflected areas, with seemingly permanent 

deformation.  Therefore, delivery forces will be lowered in the needed areas only.  In 

those areas, the wire will be superelastic until, after tooth movement, a self-controlled 
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reduction of the deflection will restore the stiffer austenitic phase.  In summary, the 

formation of SIM partially compensates for the lack of a thermally induced martensite 

and contributes to the superelastic behavior of austenitic NiTi alloys. 

When the austenite is transformed into SIM, a horizontal plateau appears as an 

indicator of the expression of superelastic or, more properly, pseudoelastic properties 

(35, 36, 37).  In general, a consistent presence of martensite in the alloy, either 

thermally generated or stress-generated, is responsible for the lowering the delivery 

force.  Martensite is, infact, the low stiffness phase and presents a modulus of 

elasticity of 2,000,000 psi; austenite is the higher stiffness phase with an elastic 

modulus of 8,000,000 psi.  The relative concentration of the 2 phases in the alloy will 

determine the resultant stiffness of the wire and the amount of force delivered.  The 

modulus of elasticity of a work-hardened martensitic wire (original Nitinol, 3M, 

Unitek) is 4,800,000 psi, and can be used as a comparison (39, 40). 

The superelasticity of NiTi wires is, in fact, correlated to the coexistence of the 

2 phases (15).  From Ms to Af, the forces leading to a forward and a reverse 

transformation between the 2 phases are equal.  This particular atomic equilibrium 

gives the NiTi lattice the ability to absorb deflection stresses, and as a consequence, 

the modulus of elasticity of the alloy becomes typically low (3, 4, 5).  As a general 

rule, the austenitic phase of a superelastic wire will be stiffer than the martensitic 

phase, but both will be stiffer than a superelastic wire in phase transition. 

In all NiTi wires tested, the last part of the deactivation curve, where the NiTi 

alloy was completely in the austenitic phase again, was almost linear and resembled 

that of stainless steel or conventional work-hardened NiTi materials such as Nitinol.  

Therefore, the superelastic materials only display advantages if the working point is 

still on the plateau and not in the final part of the curve.  Only in the patients with very 

irregular dentitions will the deflection of the archwire be above 1.0 mm.  Therefore, all 

NiTi wires with a plateau that ended at this value or above did not advantage over 

simple and cheap conventional NiTi materials.  As soon as the position of the teeth is 

partly leveled out and the deflection is reduced below the plateau, the wires will also 

behave like conventional material.  This might explain the results of Schumacher et al 

(57) who found that many levelling archwires, including pseudoelastic ones, did not 

achieve complete levelling. 
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3.1.1 Horizontal stiffness 

             From Table 7, Table 9, Table 23 and Table 25 showed that all of the NiTi 

wires tested demonstrated horizontal start stiffness and horizontal final stiffness at oral 

temperature higher than those at room temperature except final stiffness of NiTi M.  

These results showed a tendency toward incremental increasing in bending stiffness at 

higher temperature.  At the room temperature, NiTi wires with high horizontal start 

stiffness, also had high horizontal final stiffness and vice versa.  However, at the oral 

temperature, there were no corresponding results.  At room temperature, NiTi U 

demonstrated the lowest both horizontal start and horizontal final stiffness, whereas, at 

oral temperature, NiTi H also demonstrated the lowest both horizontal start and 

horizontal final stiffness which were statistically significant different from those of the 

other NiTi wire tested (p < 0.05).     

 All of the commercial NiTi wires tested demonstrated the horizontal start 

and final stiffness more than stainless steel (1) both at the room and oral temperatures, 

demonstrating modulus of elasticity of NiTi wires in austenitic phase. 

. 

3.1.2 Vertical stiffness 

From Table 39, Table 41, Table 55 and Table 57 showed that all of the 

NiTi wires tested demonstrated vertical start stiffness and vertical final stiffness at oral 

temperature higher than those at room temperature except NiTi OT.  These results 

showed a tendency toward incremental increasing in bending stiffness at higher 

temperature especially NiTi U.  At the room temperature, NiTi M demonstrated the 

highest vertical start stiffness, whereas, NiTi GH demonstrated the highest vertical 

final stiffness and NiTi U demonstrated the lowest both vertical start and vertical final 

stiffness.  At the oral temperature, NiTi M demonstrated the highest vertical start and 

NiTi GH demonstrated the highest vertical final stiffness, whereas, Ni OT 

demonstrated the lowest vertical start stiffness and NiTi H demonstrated the lowest 

vertical final stiffness.  

All of the commercial NiTi wires tested demonstrated the vertical start and 

final stiffness more than stainless steel (1) both at the room and oral temperatures, 

demonstrating modulus of elasticity of NiTi wires in austenitic phase. 
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The differences in the composition, in the production process and TTR of the 

different commercial wires could contribute to the variation in the behavior of these 

wires.  Moreover, some of the resulting curves deviated considerably from an ideal 

superelastic curve with ill-defined horizontal plateau.  Therefore, in order to estimate 

the stiffness of the NiTi wires tested, the highest point of the initial slope (point A) of 

each load-deflection curve was derived from intercept between the 2 fitting lines of 

start stiffness and activation plateau which were sometimes difficult to localize, thus 

causing some errors.     

 

3.2 Force 

  This study suggested that NiTi alloy generally presented a high stiffness in the 

initial segment of the slope of the load-deflection curve when the deflection of the 

wire is still minimal.  The initial activation force required for austenitic NiTi can be 3 

times greater than the force required to deflect a classic work-hardened martensitic 

wire.  When an external force was applied, the deformation of most metals was 

induced with a slip of lattice; the deformation of NiTi alloy was induced with 

martensitic transformation.  However, once the SIM was formed, the horizontal 

plateau appeared and the alloy absorbed any additional load stress and released it in 

constant amounts during the deactivation phase.  Actually, the linear region 

corresponding to the deactivation plateau was lower than the activation plateau and 

parallel to it.  This phenomenon is call stress hysteresis.  The main clinical interest of 

hysteresis is that the force delivered to the periodontal structures is lower than the 

force necessary to activate the wire.  Low stiffness or load deflection rates provide the 

ability to apply lower forces, a more constant force over time as the appliance 

experiences deactivation, reduce treatment visit and greater ease and accuracy in 

applying a given force. 

 Force on horizontal dimension represented force for the movement of the teeth 

in inciso–gingival direction to correct crowding in vertical plane such as in high 

canine case, whereas, force on vertical dimension represented force for the movement 

of the teeth in bucco-lingual direction to correct crowding in horizontal plane such as 

in the case with tooth size-arch length discrepancies.  
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3.2.1 Force on horizontal dimension 

In all NiTi wire tested, deactivation forces on horizontal dimensions were 

lower than activation forces both at the room and oral temperatures.  NiTi U delivered 

the lowest activation and deactivation forces both at room and at oral temperatures.  At 

the oral temperature, NiTi U and SS which were high price NiTi wire and NiTI M and 

GH which were moderate price NiTi wires delivered the lowest deactivation forces 

with the difference of approximately 0.6 N (61.19 g) between these two groups.  NiTi 

W which was the low price NiTi wire delivered the highest forces both at room and 

oral temperatures.  The activation and deactivation forces of high price and low price 

NiTi wires were statistically significant different (p < 0.05). 

In this study, it was found that high price NiTi wires (NiTi SS, U) except NiTi 

OR delivered low activation and deactivation forces both at room and at oral 

temperatures, whereas, low price NiTi wires (NiTi F, H, T, W) delivered heavy 

activation and deactivation forces both at room and oral temperatures.  Moderate price 

NiTi wires (NiTi GH, M, OT) delivered activation and deactivation forces between 

high and low price NiTi wires.  At the oral temperature, high price NiTi wires 

delivered deactivation forces approximately 1.5 N or 152.97 g, moderate price NiTi 

wires delivered deactivation forces approximately 2 N or 203.96 g, whereas, the low 

price NiTi wires delivered deactivation forces approximately 3 N or 305.94 g.  Of all 

the commercial NiTi wires tested, NiTi U and SS delivered the lowest deactivation 

force, whereas, NiTi T and W delivered the highest deactivation forces.  The result of 

this study was consistent with those of the previous studies that average delivery 

deactivation force of austenitic active superelastic NiTi .016x.022 inch was reported to 

produce force ranging from 200 g to 300 g. 

 

3.2.2 Force on vertical dimension 

At both room and oral temperatures, NiTi wire which delivered high force 

on horizontal dimension, also delivered high force on vertical dimension and vice 

versa.  Moreover, the mean forces on horizontal dimensions of all NiTi wires tested 

were lower than the mean forces on vertical dimensions, resulting from the moment of 

inertia of beam cross-section of the wires and from the Anisotropy due to 

manufacturing procedure.  In all NiTi wires tested, deactivation forces on vertical 
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dimensions were lower than activation forces both at room and at oral temperatures.  

NiTi U which was high price wire delivered the lowest activation and deactivation 

forces.  At the oral temperature, NiTi U and SS which were in high price NiTi wire 

and NiTi GH, M and OT which were moderate price NiTi wire delivered the lowest 

deactivation forces with the difference of approximately 1.2 N (122.37 g) between 

these two groups.  However, NiTi OR delivered relatively high force when compared 

with the other high price NiTi wires both at room and at oral temperatures. NiTi W 

which was the low price NiTi wire delivered the highest forces both at room and at 

oral temperatures.  The activation and deactivation forces of high price NiTi wire 

except NiTi OR and low price NiTi wires were statistically significant different (p < 

0.05).   

In this study, high price NiTi wires (NiTi SS, U) except OR delivered low 

activation and deactivation forces both at room and at oral temperatures, whereas, low 

price NiTi wires (NiT F, H, T, W) delivered heavy activation and deactivation forces 

both at room and at oral temperatures.  Moderate price NiTi wires (NiTi GH, M, OT) 

delivered activation and deactivation forces between high and low price NiTi wires.  

At the oral temperature, high price NiTi wires delivered deactivation forces 

approximately 1.6 N or 163.17 g, moderate price NiTi wires delivered deactivation 

forces approximately 2.8 N or 285.54 g, whereas, the low price NiTi wires delivered 

deactivation forces approximately 3.8 N or 387.52 g.  Of all commercial NiTi wires 

tested, NiTi U and SS delivered the lowest deactivation forces, whereas, NiTi W 

delivered the highest deactivation forces both at room and at oral temperatures.  The 

result of this study cannot be compared with others because no previous data for the 

force on vertical side was available.  

From this study, deactivation force of each NiTi wire tested was higher at oral 

temperature than at room temperature corresponding with the findings of Tonner and 

Waters (21) and Filleul and Jordan (58).  These results demonstrated close relationship 

between temperature and loading and unloading curves. Tonner and Waters (21) found 

an increase of the plateau of the delivery force with the increasing temperature 

because when the wire existed solely in the austenitic state, a greater stress was 

required to produce deformation than when other phases coexist, such as the R and the 

martensitic phases at lower temperature.    
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The differences of deactivation forces between at room temperature and at oral 

temperature (Table 71) should be described as the indicator of thermosensitivity of the 

NiTi wire and should be higher in the NiTi wires with Af set between room and oral 

temperatures. Therefore, once they were exposed to the higher intraoral temperature, 

both the stress-induced and temperature-dependent martensite gradually converted into 

austenite, with an increase of force delivery.  However, in this study, NiTi U with the 

highest Af approximately 32oC demonstrated the highest difference of deactivation 

forces on horizontal dimension between at room temperature and at oral temperature.  

This result may not true due to the difficulties in the measurement of the linear 

gradient of force delivery of NiTi U at room temperature in which martensitic phase 

was stable.  However, the data of force on vertical dimension was not corresponding 

with the data of on horizontal dimension, NiTi GH and NiTi W demonstrated the 

highest different deactivation forces on vertical dimensions between at room 

temperature and at oral temperature. The most thermo-sensitive wires were flexible at 

room temperature and became stiffer as the temperature increased toward body 

temperature.  This may be of benefit, since it makes wire insertion easier (59).  

However, it may be a disadvantage since the orthodontist cannot feel how much force 

the activated appliance will exert.  NiTi wires without temperature sensitivity will not 

show this effect and the orthodontist will immediately appreciate the stiffness of the 

wire being inserted. 

Not all the experimental settings are able to trigger proper superelastic 

behavior in superelastic wires.  Therefore, there should be a standard design, published 

studies that provide data with immediate clinical usefulness.  Moreover, because of 

difficulties in manufacturing procedures, great variability of elastic properties is found 

among austenitic wires provided by different distributors and even among wires from 

different batches from the same distributors.  

Available data about the delivery forces of superelastic wires, however, reveals 

a large variation in study designs (deflection setting and temperature setting).  The 

methods used to measure force, for example, are not standardized.  Force may 

presented in centinewtons or newtons or expressed as strengths and given in pascals, 

whereas in clinical practice we are accustomed to expressing force in grams or ounces.  

Moreover, the parameter commonly used to study and describe force delivery is the 
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stiffness value, that is, the force required to obtain a deflection in the wire below the 

yield point.  At oral temperature, a stainless steel braided wire presents a stiffness of 

0.06 (the reference stiffness of stainless steel is equal to 1), whereas NiTi wires, during 

large deflections, have a stiffness of 0.07.  This type of stiffness value does not 

provide immediately useful information about the amount of force actually released to 

the dentoalveolar structures. 

Force delivery is also influenced by other factors such as alloy composition, 

cross section, and the number of strands of the wire used in the experiments.  

Therefore, specific experiments aimed at obtaining data of direct clinical interest need 

to be designed. 

Of all the mechanic properties studied, deactivation force is the most clinical 

interested because it presents the force magnitude of force applied and affected root-

bone surface.  The orthodontic force can be defined as heavy or light according to the 

ratio between magnitude of the force applied and the affected root-bone surface.   

The advantage of using light continuous forces during treatment has been 

demonstrated through animal experiments and histological studies (60, 43, 44, 45, 46, 

47, 48).  Light forces limit bone hyalinization and reduce undermining resorption, thus 

allowing for a more physiological tooth movement.  To facilitate control of 

deactivation forces, new materials, including NiTi alloys, have been developed.  It is 

possible to modify the stiffness of these wires by varying the atomic composition 

instead of the diameter (61, 34).    

Because of the surface areas of the periodontal structure involved, an ideal 

archwire should be able to deliver differential forces to the arch segments.  The force 

should range from about 70g to 80g in the incisor area and gradually increase toward 

the posterior segments, up to 300g (43, 44, 45, 46, 47, 48). 

Forces below the threshold of 100 g are, in general, released by very small 

diameter multistranded stainless steel wires and by superelastic wires under specific 

conditions of phase transition from austenite to martensite.  However, from this study, 

at the oral temperature, only NiTi SS and NiTi U (high price) delivered deactivation 

force both on horizontal and vertical dimensions approximately 1.5 N or 152.97 g, 

which in the range of optimal force. Based on the advantage of light force, NiTi wire 

that delivered low deactivation force on horizontal dimension was suitable for the 
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movement of teeth in inciso-gingival direction and NiTi wire that delivered low 

deactivation force on vertical dimension was suitable for the movement of teeth in 

bucco-lingual direction.  Wire ranking from low to high deactivation force for the 

movement of teeth in inciso-gingival direction was as followed: NiTi U, SS, M, GH, 

OT, OR, H, F, T, W and wire ranking from low to high deactivation force for the 

movement of teeth in bucco-lingual direction was as followed: NiTi U, SS, M, OT, 

GH, OR, H, F, T, W. 

 

3.3 Force length 

3.3.1 Horizontal force length  

From Table 15, 17, 31 and 33, NiTi U which was high price NiTi wire 

demonstrated the longest horizontal force lengths both at the room and at oral 

temperatures.  Mean horizontal activation force length of NiTi U was statistically 

significant different with those of the other NiTi wires except NiTi SS and  M, 

whereas, the horizontal deactivation force length of NiTi U was statistically significant 

different only with those of low price NiTi wires (p < 0.05).  NiTi T which was low 

price NiTi wire demonstrated the shortest horizontal deactivation length.  Horizontal 

deactivation length of each NiTi wire was corresponding with the horizontal activation 

length.  From this study, moderate and high price NiTi wires demonstrated longer 

horizontal activation and deactivation lengths than low price NiTi wires (NiTi F, H, T, 

W).  Previous study showed that not all of the commercial wires had well-defined 

deactivation plateaus which displayed clinical advantage of delivery low, continuous 

forces over a considerable range.   

 

3.3.2 Vertical force length 

From Table 47, 49, 63 and 65, NiTi U which was high price NiTi wire 

demonstrated the longest vertical force lengths both at the room and oral temperatures, 

except that NiTi SS which was high price NiTi wire demonstrated the longest vertical 

deactivation force length at room temperature.   NiTi H which was low price NiTi wire 

demonstrated the shortest vertical deactivation force length at room temperature and 

shortest vertical activation force length at oral temperature.  Whereas, NiTi T which 

was low price NiTi wire demonstrated the shortest vertical deactivation length at oral 
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temperature and shortest vertical activation length at room temperature.  At oral 

temperature, mean vertical force length of NiTi U (high price) was statistically 

significant different with those of moderate and low price NiTi wires (p < 0.05).   

Vertical deactivation length of each NiTi wire was corresponding with the vertical 

activation length.  From this study, moderate and high price NiTi wires demonstrated 

longer vertical activation and deactivation lengths than low price NiTi wires (NiTi F, 

H, T, W).   

Based on the ability to provide constant force over the period of time and over 

different degree of deflection, NiTi wire that demonstrated long horizontal 

deactivation force length was suitable for the movement of teeth in inciso-gingival 

direction, whereas, NiTi wire that demonstrated long vertical deactivation force length 

was suitable for the movement of teeth in bucco-lingual direction. Wire ranking from 

long to short deactivation length for the movement of teeth in inciso-gingival direction 

was as followed: NiTi U, SS, M, GH, OT, OR, W, F, H, T and wire ranking from long 

to short deactivation length for the movement of teeth in  bucco-lingual direction was 

as followed: NiTi U, SS, GH, M, OR, W, F, OT, H, T. 

Although NiTi superelastic wire were claimed to provide considerable 

deflection in reduced and relatively constant amounts of force over the period of time 

as the appliance experienced deactivation and greater ease and accuracy in applying a 

given force, this study confirmed the results of previous studies that all commercial 

wires did not necessarily behave in the same manner.  

 

3.4 Hysteresis 

Superelastic compounds generally present a high stiffness in the initial segment 

of the slope of the stress-strain graph when the deflection of the wire is still minimal.  

The initial activation force required for austenitic NiTi can be 3 times greater than the 

force required to deflect a classic work-hardened martensitic wire.  However, once the 

SIM is formed, the horizontal plateau appears and the alloy absorbs any additional 

load stress and releases it in constant amounts during the deactivation phase.  Actually, 

the linear region corresponding to the deactivation plateau is lower than the activation 

plateau and parallel to it.  This phenomenon is call stress hysteresis.  The main clinical 

interest of hysteresis is that the force delivered to the periodontal structures is lower 
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than the force necessary to activate the wire.  Low stiffness or load deflection rates 

provide the ability to apply lower forces, amore constant force over time as the 

appliance experiences deactivation, and greater ease and accuracy in applying a given 

force. 

 If ' T in phase transformation decreases, the thermal hysteresis will be also 

decrease.  From DSC curves, all commercial NiTi wires demonstrated 'T around 5, 

thus provided rather low thermal hysteresis.   

 

3.4.1 Horizontal stress hysteresis 

Of all commercial NiTi wires tested in this study, although, NiTi U and SS 

which were high price NiTi wires did not exhibit lowest horizontal hysteresis, they 

provided the lowest horizontal deactivation forces which was more important in the 

clinical aspect.  NiTi T which was low price NiTi wire exhibited the lowest horizontal 

hysteresis, however, delivered relatively higher deactivation force when compared 

with NiTi U and SS. NiTi M which was moderate price NiTi wire exhibited the 

highest hysteresis and delivered relatively high deactivation force.  

 

3.4.2 Vertical stress hysteresis 

Of all commercial NiTi wires tested in this study, although, NiTi U which 

was high price NiTi wire did exhibit relatively high vertical hysteresis, they provided 

the lowest vertical deactivation forces which was more important in the clinical aspect.  

NiTi H which was low price NiTi wire exhibited the highest vertical hysteresis and 

delivered relatively higher deactivation force when compared with NiTi U and SS.  

NiTi OT which was moderate price NiTi wire exhibited the lowest vertical hysteresis. 

Based on the advantage of low hysteresis for the ability to provide constant 

force, wire ranking from low to high hysteresis for the movement of teeth in inciso-

gingival direction was as followed: NiTi T, H, W, F, OR, GH, U, SS, OT, M and wire 

ranking from low to high hysteresis for the movement of teeth in bucco-lingual 

direction was as followed: NiTi OT, W, OR, GH, T, F, SS, M, U, H. 

�  
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3.4 Superelasticity 

Although NiTi superelastic wire are claimed to provide considerable deflection 

in reduced and relatively constant amounts of force, this study confirmed the recent 

studies that all commercial wires did not necessarily behave in the same manner.  

There are many different brands currently on the market.  Moreover, products are 

sometimes offered without their mechanical properties being disclosed.  Even when 

revealed, such properties usually cannot be properly compared with those of similar 

products because the measuring conditions and specifications differ from one 

manufacturer to another and from study to study. 

The general shape of load- deflection cycles of all the superelastic alloy wires 

for moderately large deflections at the higher temperatures exhibited similar 

characteristics to those presented by Burstone et al. (28), Miura et al. (1) and Tonner 

and Waters (21).  Thus, with reference to the load-deflection curves obtained, on  

loading, after an approximately linear load-deflection region, a critical or apparent 

yield stress was reached and the wire deflected over a considerable distance with 

minimal increase in load.  On reversal of the cross-head, a sudden small fall in load 

occurred and the load decreased becoming almost constant before following the 

original initial load deflection slope. 

As metallurgic and orthodontic interpretations of the term superelasticity may 

differ, a working definition must be established in order to compare superelastic 

archwires.  Segner and Ibe (16) studied superelastic archwires in bending and 

developed certain parameters to better describe the deactivation curve. They expressed 

the distinctiveness of the deactivation plateau by the ratio of the slope of the final part 

of the deactivation curve to the slope of the plateau (SE ratio). According to this 

model, an ideal superelastic archwire should yield a SE ratio of infinity, and stainless 

steel wires a ratio of approximately 1.  The investigator suggested a definition of 

superelasticity as a ratio above 8 and superealstic tendency as a ratio between 2 and 8.  

However, the validity of using an arbitary limit of the SE ration as a criterion remains 

debatable.  Their results showed that many superelastic wires either did not show any 

pseudoelastic properties at all or that the wire parameter were such that they did not 

give any advantage over conventional work-hardened NiTi materials.  In many 

archwires the beginning of the plateau and thereby the desired characteristics began 
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only when archwire was displaced 1 mm. or more (in the patients with very irregular 

dentitions).  For many archwires the force level of this plateau also proved to be rather 

high with values often above 500 g.  

Segner (30) reported that when he investigated the mechanical properties of 

superelastic wires, he found that all of them did not demonstrate superelastic 

characteristics; this led him to suspect that the absence could be due to some error in 

the manufacturing process.  Because of frictional resistance, the force is increased on 

the loading portion of a force-deflection curve and decreased on the unloading portion.  

If a particular NiTi alloy wire has a coefficient of friction that is significantly different 

than that of other NiTi alloy wires, then the friction encountered as the wire slides over 

the supporting bars in a three point bending test can influence the shape of hysteresis 

loop.  Thus, some wires with higher than average coefficients of friction may 

demonstrate superelastic behavior simply because of the limitations of the testing 

procedure.  The factors that determine the mechanical properties of NiTi alloy wires 

include composition, heat treatment, and degree of working. 

Whether such a rigid evaluation of the superelastic property of the alloys is 

truly necessary in clinical applications is still questioned.  The performance of any 

NiTi alloy is strictly influenced by its composition and manufacturing procedures.  For 

example, in theory, it is possible that one specific alloy in its austenitic phase (or even 

in a work-hardened alloy) could deliver a biologically acceptable force, comparable to 

the force of a superelastic alloy in phase transition, especially when only moderate 

deflection is necessary.  Despite commonly accepted commercial claims, the low 

values of force delivery of most NiTi alloys are mainly hypothetical and still need to 

be precisely quantified and compared with the force delivery of other established 

alloys through properly designed experiments.  Other factors, such as stress, also have 

a strong influence on the phase transformation and, as a consequence, on the forces 

delivered. 

:KHWKHU�RU�QRW�RQH�VKRXOG�GHILQH�VXSHUHODVWLF�EHKDYLRU�XVLQJ�DQ�DUELWUDU\�OLPLW�
RI�WKH�6(�UDWLR�DV�D�FULWHULRQ�UHPDLQV�controversial. �+RZHYHU��HYHQ�LI�RQH�DFFHSWV�WKH�
UDWLRQDOH�RI�GHILQLQJ�VXSHUHODVWLF�EHKDYLRU�LQ�WKLV�ZD\�IRU�FRPSDUDWLYH�UHDVRQV��ZKHUH�
WKH� OLPLW� VKRXOG� EH� VHW� LV� QRW� REYLRXV�� � The standardized parameter should be 

developed for comparable between studies.  From this study, the distinctiveness of the 
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deactivation plateau should be defined by the final slope and plateau slope separately.  

NiTi wire with higher final slope will provide more well-defined deactivation plateau 

and NiTi wire with lower plateau slope will provide more constant force over the long 

range.    

Moreover, some of the resulting curves deviated considerably from an ideal 

superelastic curve.  Not all of the commercial wires had a well-defined deactivation 

plateau.  As the deactivation curves usually show a shoulder and not a distinctive edge 

at the end of the plateau, the start and the end points of the linear part of the horizontal 

plateau were difficult to located and may cause some errors in the superelasticity 

value.     

 

3.4.1 Horizontal superelasticity and superelastic length 

The criteria for load-deflection behavior proposed by Segner and Ibe (16) 

were used in this study. At the oral temperature, moderate and high price NiTi wires 

exhibited horizontal superelastic behavior and low price NiTi wires including NiTi F, 

H, T and W exhibited only superelastic tendency (Table 35).  Moreover, the high price 

NiTi wires had the higher horizontal superelasticity than moderate price NiTi wires.  

However, at the room temperature, NiTi M exhibited highest horizontal superelasticity 

and relatively long horizontal superelastic lengths.  This result caused by the fact that 

Af of NiTi M was set much lower than room and oral temperature (20oC) and the 

further working temperature from Af, the more ill-defined plateau achieved because 

more energy was required to preserve SIM.  Therefore, the horizontal superelastic 

ratio of NiTi M was higher at room temperature than at oral temperature.  At the oral 

temperature, there was a corresponding between horizontal superelasticity and 

horizontal superelastic length.  At the room temperature (Table 19), moderate and high 

price NiTi wires had nearly the same level of horizontal superelasticity and horizontal 

superelastic lengths. At oral temperature, NiTi OR, OT, SS, U with relatively high Afs 

between room and oral temperatures exhibited superelasticity because they were 

almost entirely in austenitic phase at oral temperature. 
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3.4.2 Vertical superelasticity and superelastic length 

The criteria for load-deflection behavior proposed by Segner and Ibe (16) 

were used in this study.  At the oral temperature, high price NiTi wires including NiTi 

OR, SS, U and NiTi OT which was the moderate price NiTi wire exhibited vertical 

superelastic behavior, whereas, low price NiTi wires including NiTi F, H, T and W 

and moderate price NiTi wires including NiTi GH and M exhibited only superelastic 

tendency (Table 67).  Moreover, the high price NiTi wires (NiTi OR, SS, U) exhibited 

higher vertical superelasticity and relatively longer vertical superelastic  

lengths than moderate price NiTi wires (NiTi GH, M, OT) and low price NiTi wires 

(NiTi F, H, T, W).  However, at the room temperature, no commercial NiTi wire 

tested exhibited vertical superelasticity, all commercial wires NiTi wires tested 

exhibited only superelastic tendency.  NiTi GH and OR exhibited highest vertical 

superelasticity and relatively long vertical superelastic lengths at room temperature.   

NiTi U which was the high price NiTi wire with Af set relatively close to oral 

temperature (32oC), exhibited relatively low vertical superelasticity (2.3607) at room 

temperature because of the relatively high percentage of martensitic phase (ill-defined 

deactivation plateua).  At the oral temperature, there was a corresponding between 

vertical superelasticity and vertical superelastic length.  At the room temperature 

(Table 51), moderate and high price NiTi wires except NiTi U exhibited nearly the 

same level of superelasticity and superelastic lengths.  

At oral temperature, NiTi OR, OT, SS, U with relatively high Afs set between 

room and oral temperatures exhibited superelasticity because they were almost entirely 

in austenitic phase at oral temperature. 

Based on the advantage of superelasticity in the ability to provide considerable 

deflection in reduced and relatively constant amounts of force, NiTi wire that 

exhibited high value of horizontal superelasticity was suitable for the movement of 

teeth in inciso-gingival direction, whereas, NiTi wire that exhibit high value of vertical 

supereleasticity was suitable for the movement of teeth in bucco-lingual direction.  

Wire ranking from high to low superelasticity for the movement of teeth in  inciso-

gingival direction was as followed: NiTi OT, OR, U, SS, M, GH, W, T, F, H and wire 

ranking from high to low superelasticity for the movement of teeth in  bucco-lingual 

direction was as followed: NiTi  OR, OT, U, SS, M, GH, W, T, F, H. 
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4. Relationships between wire dimensions and the deactivation force delivery 

 From this study, it was found that the actual dimensions of commercial NiTi 

wires did not necessarily be exactly .016x.022 inch as claimed (Table 71). The mean 

horizontal forces of all NiTi wires tested were lower than the mean vertical forces, 

resulting from the moment of inertia of beam cross-section of the wire and from the 

Anisotropy due to manufacturing process.  Although the deactivation forced delivery 

was increased with the increase in the wire dimension, it was found that the forces did 

not increase in the same proportions among commercial NiTi wires tested depend on 

the orientation of grain in the materials during the manufacturer processes as seen 

from Figure 26 and Figure 27.   

The clinical selection of NiTi wires for correction of dental crowding should be 

based on the type of crowding (inciso-gingival or bucco-lingual) and low deactivation 

force.  

According to the advantage of light deactivation force, the commercial NiTi 

wire that was suitable for inciso-gingival crowding should deliver low deactivation 

force on horizontal dimension and the commercial NiTi wire that was suitable for 

bucco-lingual crowding should deliver low deactivation force on vertical dimension.  

Wire ranking from low to high deactivation force for the movement of teeth in inciso-

gingival direction was as followed: NiTi U, SS, M, GH, OT, OR, H, F, T, W and wire 

ranking from low to high deactivation force for the movement of teeth in bucco-

lingual direction was as followed: NiTi U, SS, M, OT, GH, OR, H, F, T, W. 
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5. Temperature settings 

Force delivery of thermostatic compounds such as austenitic NiTi and copper 

NiTi strictly depended on the temperature.  The control of the temperature in the 

experimental setting requires proper equipment such as thermostat and insulated 

chambers (15).  As a simpler alternative approach, numerous experiments have been 

performed at room temperature.  However, one has to consider that wires with a 

temperature transition range (TTR) located at average oral temperature (35oC) are 

partially martensitic, so that in mechanical tests conducted at room temperature they 

will perform as superelastic wires and deliver low forces.  At higher oral temperature, 

because of the tendency of the grain structure to be reconverted from martensite to 

austenite, a sufficient formation of martensite and SIM may be prevented in these 

wires. 

The highest temperature at which SIM can form is conventionally defined as 

Md.  In active austenitic orthodontic alloys, Md is usually greater than the austenite 

final, or Af; Af is located slightly below the oral temperature. 

 In this study, six temperatures were selected to encompass the temperature 

range encountered intra-orally which were 10, 20, 30, 40, 50, 60 oC as recommended 

by Tonner and Waters (21).  

However, this study can not reflect the clinical situation for the effect of short-

term temperature changes on the bending stiffness of nickel-titanium alloy archwires.  

In that situation, the sample archwires had to subjected to controlled bench-testing at 

body temperature while the wire specimens were exposed to a sequence of transient 

archwire cooling and heating, simulating temperature exposures as would occur during 

ingestion of cold or hot drinks. 

�

�
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6. Effect of temperature on force delivery of commercial NiTi wires 

Stress-induced martensite is responsible for the superelastic characteristic 

transformation is also temperature dependent.  There is a linear relationship between 

temperature and stress (62).  Furthermore, martensite can be induced by stress only 

within a definite temperature range, that is between the transition temperature (Af) and 

the maximum temperature at which martensite can exist (Md).  It follows that the 

working temperature of the orthodontic appliance should be greater than Af to exploit 

its superelasticity to its fullest potential.  The rationale is that the force generated by 

NiTi alloys is determined by the differential between the Af and the working 

temperature.  Thus, a wire with a transition temperature of the 27 oC will generate 

higher forces than wires with higher Af points after intraoral insertion.   

Overall, the result from this study was in consistent with that of Tonner and 

waters (21).  All specimens NiTi wires exhibited similar characteristics as seen in 

Figure 28 to Figure 37.  The gradient of the initial slope decreased markedly as the 

temperature was reduced.  The values of the load in the loading and unloading plateau 

regions both decreased as the ambient temperature was reduced.   Above a critical 

temperature a wire behaves perfectly elasticity over a wide temperature range.  Below 

this specific temperature the wire showed permanent strain with no unloading plateau 

region.  A further increase in temperature above the critical temperature, however, 

allowed the wire to recover.   

According to Miyazaki and Wayman (63), if the temperature drops below that 

which is necessary for austenite formation to finish then martensite will be stable at 

this temperature.  As from the load-deflection curve of NiTi SS and NiTi U (Figure 36   

and Figure 37) this occurred between 20oC and 30 oC.  Furthermore, where there was a 

plateau at 30oC, at 20oC the unloading gradient was approximately linear, suggesting 

that the reverse transformation was unable to occur.     

This study confirmed that apart from the degree of activating stress, the 

temperature at which the archwires are tested might be of critical importance (28, 64).  

To study the effect of temperature on the load-deflection behavior of superelastic NiTi 

alloys, Tonner and Waters (21) examined 17 archwires in a heat chamber over a 

temperature range of 5 to 50oC, using a three-point bending test.  Their investigation 

demonstrated a close relationship between temperature and loading and unloading 
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curves.  They found an increase of the plateau of the delivery forces with increasing 

temperature.  Furthermore, the bending stiffness decreased dramatically over a narrow 

temperature range of 10oC (from 30 to 20oC).  The Authors also confirmed the 

decrease of SIM with the increase in temperature.  They also confirmed that 

superelastic alloy wires required a deflection of at least 2 mm. over a span of 13 mm. 

before superelastic behavior was detected.  Austenitic alloys are therefore superelastic 

mainly when used for the correction of gross misalignments of teeth (21, 49).  

Meling and Odegaard (39) found that the wires were flexible at room 

temperature and became stiffer as the temperature increased. Half of the wires in their 

studies were markly influenced by the ambient temperature changes, whereas the other 

half was relatively temperature insensitive. The thermal responsiveness of a wire 

seemed closely related to its superelastic tendency. The short-term application of cold 

water lead to a marked and sustained reduction in the amount of torque exerted by the 

most temperature-sensitive wires and they also found that the archwires behave 

likewise in bending. They concluded that the bending stiffness of the superelastic 

nickel-titanium wires tested were markly influenced by a single short-term application 

of cold (10oC) or hot (80oC) water.  The effect of hot water was transient.  However, 

after cooling, the majority of the wires exerted subbaseline bending forces during the 

5-minute post-exposure restitution phase.  In contrast, the conventional 

nonsuperelastic nickel-titanium wire was marginally affected by cooling and heating 

and regained its baseline bending force quickly.  They also found that the most 

thermosensitive wires also showed a tendency toward incremental reductions in 

bending stiffness when cold water was repeatly applied.  Furthermore, the bending 

force exerted remained low for a prolonged period of time and showed little or no 

signs to increase after 30 minutes of post-exposure restitution.   

Filleul and Jordan (58) found that stresses measured experimentally at room 

temperature, which are acceptable for conventional orthodontic wires, are clearly 

insufficient to understand fully the behavior of NiTi alloys under clinical conditions of 

use.  They suggested that additional investigation should also be made at mouth 

temperatures.  
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7. Thermosensitivity 

In this study, the wires showed varying degrees of temperature sensitivity.  

Overall, raising the temperature from 37 to 60oC had relatively considerable effect on 

the deactivation force delivery (Table 96). 

NiTi GH with Af set at 27.5 oC was far more thermodynamic than the other 

NiTi wires test.  The deactivation force delivery increased 1.36 N when ambient 

temperature was raised from oral temperature to 60oC.  The other NiTi wires tested 

were only moderately temperature sensitive, with an increase in deactivation force 

delivery of 0.77 N to 1.24 N. 

 The main disadvantage of the NiTi wire is the thermosensitivity.  Since the 

temperature of the mouth is not constant, but varies with every intake of air or hot and 

cold food or drink, it is evident that the forces applied by these wires will vary over a 

wide range. In some cases, the force become zero if the temperature falls below some 

critical value and become more than optimal force if the temperature raises to 60oC. 

 Based on the advantage of low thermosensitivity to provide constant force 

delivery which was not influenced by the ingestion of cold and hot food and drink, 

wire ranking from low to high thermosensitivity was as followed: NiTi M, T, SS, W, 

OR, H, F, U, OT, GH. 
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8. Clinical implication 

The selection of NiTi wires for correction of dental crowding should be based 

on several factors including a proper stress-related TTR, corresponding to or slightly 

below oral temperature or the formation of SIM will not occur (65).   

Most clinical significance, the selection of the appropriate wire for a particular 

clinical condition should be based on the ability of these wires to produce the lightest, 

most consistent force that will accomplish the desired tooth movement.  Low 

deactivation force released to the dentoalveolar structures can prevent deleterious side 

effects such as pain after bone hyalinization and possible root resorption (66), while, a 

constant moment over different degrees of deflection provides the constant force and 

reduce visit for activation.  For this reason it becomes necessary to observe which 

force is suitable for the type of tooth movement desired.   Although nickel-titanium 

wire provides considerable deflection in reduced and relatively constant amounts of 

force, all commercial wires may not necessarily behave in the same manner.   

  Having determined the force levels of the wires tested, orthodontists are still 

faced with the question of what force level is appropriate.  Warita et al. (67) have 

recently shown that use of light continuous forces such as those exerted by true 

superelastic wires resulted in 1.8 times faster tooth movement than a heavier 

dissipating force such as those exerted by work-hardened NiTi wires over the initial 39 

day period of orthodontic movement in rats.  Furthermore, the histological evaluation 

of periodontal ligaments in these two groups revealed more healthy osteoblasts and 

osteoclasts on the respective tension and compression sides for the group experiencing 

a light continuous force.  Whereas periodontal ligaments in the group experiencing a 

heavier dissipating force showed a pathologic hyalinization and fewer osteoclasts on 

the pressure side and fewer osteoblastes with less bone apposition on the tension side.     

The main disadvantage of the superalloy wires would seem to be their extreme 

temperature sensitivity particularly over the range from 5 to 30oC (21).  Since the 

temperature of the mouth is not constant, but varies with every intake of air or hot and 

cold food or drink, it is evident that the forces applied by these wires will vary over a 

wide range and in some cases become zero if the temperature falls below some critical 

value.  Although the temperature variation brought about by food or drink may be 

little consequence because of its transient nature, that due to the effect of taking in air 
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through the mouth could, by lowering the normal ambient temperature of the wire, 

adversely affect the efficiency of treatment. 

The superelastic nickel-titanium (NiTi) archwire showed exceptional 

temperature sensitivity of some key characteristics.  Transient oral temperature 

changes associated with ingestion of cold or hot food can lead to changes in the force 

exerted by an activated thermosensitive wire (39).  The responsiveness toward thermal 

stimuli of a superelastic wire can be visualized in a stress versus temperature plot.  A 

steep slope implied a high degree of thermosensitivity.  Thus, slight elevations in the 

deformation temperature can significantly increase the archwire stiffness, thereby 

increasing the load exerted on periodontal structures and lead to patient discomfort if 

pain threshold is exceeded.  Conversely, transient reductions in wire stiffness in 

response to a lower deformation temperature can decrease the load on periodontal 

structures, thereby leading to a transiently increase perfusion of these tissue (60).  It 

has been claimed that because this may allow replenishment of cells and nutrients to 

the cellular elements involved in the repair process in areas where blood stasis has 

occurred due to capillary strangulation, tooth movement may be accelerated.  
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 Limitation of this study 

 

1. The sample size was rather small (n=3) due to the high cost and this study was 

experimental study.  

2. This result not simulated clinical situation because three-point bending test did 

not take consideration in the friction generated by the ligatures.  

3. This study did not investigate the microstructure which has significant 

impaction in the efficiency of the NiTi wire. 
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CHAPTER VI 

CONCLUSION 
 

 The purposes of this study were to compare the mechanical properties of Thai 

commercial NiTi wires both in horizontal and vertical dimensions, to investigate the 

relationship between the wire dimension and the deactivation force delivery and to 

investigate the effect of the temperature on the deactivation force delivery by each 

commercial NiTi wire both on horizontal and vertical dimensions. 

 The study was done by analyzing the compositions, transitional temperature 

ranges and the load-deflection characteristics of 10 brands of 0.016x0.022 inch 

commercial NiTi wires in Thailand.  The NiTi wires tested were separated according 

to the price into 3 groups: high, moderate and low price. By clarifying the mechanical 

properties of the wires tested, one objective of this study was to provide a reliable 

reference from which clinicians can evaluate NiTi wires based on consistent testing 

conditions rather than on manufacturers’ claims.   

 The conclusions of this study were: 

1. High price NiTi wires especially NiTi SS and U exhibited low forces, longer force 

lengths, higher superelasticity and longer superelastic lengths than moderate and 

low price NiTi wires. 

2. All commercial NiTi wires tested were austenitic active NiTi wires. 

3. All commercial NiTi wires tested had Afs set below oral temperature or the area 

below DSC curve was predominantly located below oral temperature. 

4. Clinical selection of NiTi wires:  

Deactivation force: based on the ability to provide low deactivation force to 

periodontal structure 

- Based on the advantage of light deactivation force, wire ranking from low to high 

deactivation force for the movement of teeth in inciso-gingival direction was as 

followed: 

NiTi U, SS, M, G, OT, OR, H, F, T, W
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- Based on the advantage of light deactivation force, wire ranking from low to high 

deactivation force for the movement of teeth in bucco-lingual direction was as 

followed:  

NiTi U, SS, M, OT, GH, OR, H, F, T, W 

 

Deactivation length: based on the ability to provide constant force over period of 

time and over different degree of deflection to reduce visit for activation 

- Wire ranking from long to short deactivation length for the movement of teeth in 

inciso-gingival direction was as followed:  

NiTi U, SS, M, GH, OT, OR, W, F, H, T 

- Wire ranking from long to short deactivation length for the movement of teeth in 

bucco-lingual direction was as followed :  

NiTi U, SS, GH, M, OR, W, F, OT, H, T 

 

Superelasticity: based on the advantage of the superelasticity 

- Wire ranking from high to low superelasticity for the movement of teeth in inciso-

gingival direction was as followed: NiTi OT, OR, U, SS, M, GH, W, T, F, H 

- Wire ranking from high to low superelasticity for the movement of teeth in bucco-

lingual direction was as followed: NiTi OR, OT, U, SS, M, GH, W, T, F, H 

 

TTR: should be set close to oral temperature for SIM to form as in NiTi U and SS 

 

Hysteresis: based on the advantage of low stress hysteresis for the ability to 

provide constant force 

- Wire ranking from low to high hystresis for the movement of teeth in inciso-

gingival direction was as followed: NiTi T, H, W, F, OR, GH, U, SS, OT, M 

- Wire ranking from low to high hysteresis for the movement of teeth in bucco-

lingual direction was as followed: NiTi OT, W, OR, GH, T, F, SS, M, U, H 
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Thermosensitivity: based on the advantage of low thermosensitivity to provide 

constant force delivery and not be influenced by the ingestion of cold and hot food 

and drink, thus deliver low and constant force 

-     Wire ranking from low to high thermosensitivity was as followed: NiTi M, T, SS, 

W,    OR, H, F, U, OT, GH 

5. The dimensions of commercial NiTi wires did not necessarily be exactly .016x.022 

inch as claimed. 

6. Although the deactivation forced delivery was increased with the increase in the 

wire dimension, it was found that the forces did not increase in the same 

proportions among commercial NiTi wires tested 

7. There was a close relationship between temperature and loading and unloading 

curves. 

8. There was an increase of the plateau of delivery force with increasing temperature. 

9. There was a decrease of the plateau of delivery force with reducing temperature. 

10. The commercial NiTi wires tested showed varying degrees of temperature 

sensitivity. 
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Suggestion to further studies 

The conclusions led to further study in the following suggestions: 

1. Study that investigates the microstructure that has significant impaction on the 

efficiency of NiTi wire. 

2. Study that investigates other factors that influence on the efficiency of NiTi wire 

such as heat treatment. 

3. Develop the standardized parameter for superelasticity so that the result can be 

more accurate and can be comparable.    

�
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