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Abstract

Purpose of Review Gentle and continuous loads are preferred for optimum orthodontic tooth movement. Nitinol, an alloy of
nickel and titanium developed for the aerospace industry, found its first clinical applications in orthodontics because it has ideal
load-deflection behavior. The purpose of this review is to elucidate the criteria for effective orthodontic mechanics relative to
emerging Nitinol technology. The specialized materials with variable stiffness that were originally developed for orthodontics are
increasingly attractive for in the temporomandibular joint, orthognathic surgery, and orthopedics.

Recent Findings The evolution of orthodontic archwires is driven by a need to achieve low load-deflection characteristics and
Nitinol is the alloy of choice. Scientific knowledge of the biological response to orthodontic forces continues to grow, but
definitive guidance on optimal force levels for individual teeth is elusive. Finite element models (FEM) that take into account
periodontal ligament (PDL) stresses indicate differential force archwires are needed to realize optimal treatment. However,
previous wire fabrication methods, including welding of different materials and selective resistive heating, are limited by poor
mechanical performance and spatial resolution. Recently, a novel laser processing technique was developed for precisely
programing relative levels of stiffness in a single archwire. FEM was used to estimate the optimal force for each tooth by
calculating the 3D bone-PDL surface area.

Summary There remains a general consensus that light and continuous forces are desirable for orthodontic treatment. New
developments in archwire materials and technology have provided the orthodontist with a complete spectrum of load-
deflection rates and differential force options to express these forces with maximized archwire economy. These technologies
also appear to have application to orthopedic implant devices.
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Introduction

The orthodontist is faced with a dizzying array of archwire
choices relative to materials, shapes, and sizes. Since Angle’s
introduction of the edgewise appliance in 1928, research and
commercial efforts have focussed on understanding the bio-
mechanics of tooth movement, specifically the interactions
between the orthodontic archwire and the biological tissue

This article is part of the Topical Collection on Craniofacial Skeleton

< Michael L. Kuntz
michaelkuntz@smarteralloys.com

Smarter Alloys Inc., 75 Bathurst Drive, Suite B,
Waterloo, Ontario N2V 1N2, Canada

@ Springer

supporting the rigid tooth. Basically, the orthodontic appliance
sets up a force system applied to the tooth which in turn in-
duces compressive and tensile stresses and strains in the
supporting tissues. Thus, the selection of archwire material,
shape, and size to provide biologically appropriate force to the
tooth is an important aspect of developing an orthodontic
treatment protocol. Recent advances in materials science have
provided even more choices than ever before. Orthodontists
are tasked with understanding the mechanical response of
these advanced materials in the same way a civil engineer
would select materials for building a structure.

The purpose of this review is to identify recent develop-
ments in materials for expressing orthodontic forces through
archwires and related technology. A brief overview is given of
important historic contributions in the development of mate-
rials that provide desirable mechanical properties, including
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low stiffness and a high elastic strain limit. This review will
also examine recent contributions, relative to the classic arti-
cles that have defined the discipline, to focus on ideal force
ranges for efficient tooth movement throughout the arch.
Finally, opportunities for additional research and clinical prac-
tice of these specialized materials in a variety of medical and
surgical applications well beyond orthodontics will be
explored.

Archwires for Continuous Forces

In orthodontic treatment, it has long been held that continuous
gentle forces are desired for optimum tooth movement [1-5].
When applied force is extremely low and/or intermittent, there
is insufficient stress in the periodontal ligature (PDL) to trig-
ger tooth movement. Conversely, when forces are too high,
excessive compressive stress in the PDL causes hyalinization
and tissue necrosis, thereby blocking tooth movement. It was
proposed that there is an optimal range of forces applied to the
tooth over which the stresses in the PDL support efficient
tooth movement through a process historically defined as
“bone remodeling” [1]. In a more modern perspective, tooth
movement actually involves three separate mechanically in-
duced osseous effects: anabolic modeling (formation), cata-
bolic modeling (resorption), and remodeling (turnover). The
rate-limiting step in tooth movement is bone resorption at the
PDL interface in the path of the applied load [2]. The merit of
an optimum force range will be discussed later in this article,
but to understand the context of modern archwire develop-
ment, we will assume that it is true for the time being. Then,
to minimize the costs of repetitive archwire adjustments and
changes and maximize efficiency of tooth movement, it is
desirable to utilize materials that deliver forces within this
optimal range over the entire activation distance [5].
Hooke’s law describes force that is proportional to strain while
Burstone [5] defined the load-deflection rate as the amount of
orthodontic force drop-off experienced with deactivation of
the wire during tooth movement. Thus, an ideal archwire de-
livers force with a low load-deflection rate that has a large
range of action.

Because the load-deflection rate is related to the mechani-
cal properties of the archwire material, new alloys have been
in continuous development since the inception of modern
edgewise orthodontics. Stainless steel replaced the noble
metals due to lower cost, corrosion resistance, and good duc-
tility; however, this substitution came at a cost of relatively
high load-deflection rate. Frequent wire changes are required
to re-energize the wire after short tooth movements. To im-
prove this shortcoming, cobalt-chromium-based super alloys
with much lower load-deflection rate were adapted for ortho-
dontic use as an alternative to stainless steel (i.e. Elgiloy®,
Rocky Mountain Orthodontics, Denver CO) [6]. Both

stainless steel and cobalt-chromium archwires typically re-
quire the orthodontist to add a series of time-consuming bends
before ligating an archwire into the brackets. These two ma-
terials are still in common use today; however, two develop-
ments in the 1970s significantly affected the mix of materials
in orthodontic use today.

Nitinol Archwires

In 1961, the discovery of Nitinol was a precursor to a land-
mark change in orthodontic materials. Buehler et al. [7] ob-
served the shape memory effect in near-equiatomic nickel-
titanium alloys, creating significant interest in its use for bio-
mechanical applications. Nitinol is a biocompatible alloy, suit-
able for medical devices exhibiting a temperature-dependent
pseudoelastic (superelastic) property [8]. The two stable
phases of Nitinol are martensite (low temperature) and austen-
ite (high temperature), which are separated by a transforma-
tion temperature range (TTR). In the martensitic phase, the
wires are soft and pliant; however, when heated through the
TTR into the austenitic phase, the wires exhibit high strain
recovery and resilience. Austenite also undergoes a stress-
induced martensitic transformation, resulting in a
pseudoelastic stress plateau in both loading and unloading
up to strains of 10%. This pseudoelasticity compares remark-
ably well with biological materials, such as the bone and ten-
don, and has a theoretically ideal load-deflection rate [9].

In 1971, the first application of Nitinol in a medical device
was an orthodontic archwire [10]. Andreasen and Barrett [11]
used compliant Nitinol wires, which, due to fully cold-worked
mechanical treatment, did not exhibit pseudoelasticity; never-
theless, the load-deflection rate was much lower than for stain-
less steel or cobalt-chromium wires. Furthermore, they noted
the far greater activation range for Nitinol wires and postulated
that between two and four stainless steel wires could be re-
placed during initial alignment. In further work, Andreasen
and Morrow [12] pointed out that larger size Nitinol wires
could be used earlier in treatment, better filling bracket slots
for improved control in tooth leveling and rotation, all without
causing increased patient discomfort. One significant draw-
back of the Nitinol wires is their limited formability,
preventing the clinician from making detailed bends for con-
trolled tooth movement [13], and under some physiologic
conditions, they were also susceptible to fatigue fracture
[14]. Another development during the 1970s, however, would
change the course of treatment protocol and open the door for
widespread Nitinol adoption [15].

Nitinol is not formable like stainless steel and cobalt-
chromium; however, Andrew’s [15] work on the six keys to
normal occlusion leads the way to the so-called straight-wire
treatment philosophy where a fully programmed bracket base
with varying inclination angles replaced wire bending.
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Growing adoption of various prescriptions of pre-
programmed bracket systems reduced the need for detailed
wire bending in the first and second phases of orthodontic
treatment, enabling adoption of Nitinol as the wire of choice
for straight-wire procedures. This along with continued im-
provements in material properties furthered the adoption of
Nitinol in orthodontics.

The potential of Nitinol archwires to deliver pseudoelastic
behavior was not realized until advances in material process-
ing lead to the introduction of so-called Chinese NiTi by
Burstone and Morton [16] in 1985 and Japanese NiTi by
Miura et al. [17] in 1986. These modern Nitinol alloys had
finely tuned thermomechanical processing, enabling the desir-
able pseudoelastic response (superelasticity). Shifting the
TTR through heat treatment has been shown to vary the mag-
nitude of the unloading stress providing a wide range of con-
tinuous force levels in wires with similar cross sections [18].
Additions of small amounts of copper have been substituted
for nickel in the chemical composition of Nitinol. The copper
substitution further reduces the slope of the unloading phase:
pseudoelastic stress plateau. There is a lower stress hysteresis,
without significantly affecting the transformation temperature
of the material [19]. Copper NiTi archwires offer the desired
combination of an ideal load-deflection rate with a long acti-
vation range.

Beta-Titanium Archwires

In 1979, Goldberg and Burstone [20] introduced a beta-
titanium alloy archwire that, while stiffer than Nitinol, had a
lower load-deflection rate than stainless steel and cobalt-chro-
mium, and good formability characteristics. The beta-titanium
alloy (Ti-11.3Mo0-6.6Zr-4.3Sn) was amenable to complex
bends and exhibited desirable properties for the finishing
phase of orthodontic treatment [21]. These titanium-
molybdenum-based beta-titanium alloys have been widely
used in orthodontic practice. Sensitivity to the nickel found
in stainless steel and Nitinol was a driving force for continued
development of nickel-free archwires. Variations in beta-
titanium compositions have been evaluated in several recent
studies. Titanium-niobium alloys were found to exhibit simi-
lar mechanical properties to titanium-molybdenum by Dalstra
et al. [22]. Suzuki et al. [23] found that a titanium-
molybdenum-aluminum alloy wire produced a lower load-
deflection rate than cold-worked Nitinol wires. Clinical trials
in a rat population did not show any significant difference in
tooth movement rates.

Recently, a new class of beta-titanium alloys has been in-
troduced. These alloys, known as Gum Metal with a compo-
sition of Ti-36Nb-2Ta-3Zr-0.30, exhibit a very low elastic
stiffness [24]. Chang and Tseng [25] described the character-
istics of Gum Metal archwires applied to orthodontic
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treatment, finding that the material expresses a super-low
load-deflection rate and classifying it as superelastic. A com-
prehensive comparison of Gum Metal with titanium-molyb-
denum, pseudoelastic copper NiTi, and cold-worked Nitinol
wires shows that, at low deflections, the load-deflection rate of
Gum Metal is the lowest of any material [26]. Unfortunately,
the study does not compare the load-deflection rate at higher
strains where copper NiTi would express pseudoelastic prop-
erties and the load-deflection rate would drop to zero. The
activation range of Nitinol alloys exceeds that of Gum Metal
alloys; however, the ability to bend Gum Metal archwires with
complex details provides an added advantage [27]. A double-
blind randomized clinical trial did not find any significant
difference in tooth movement between the Gum Metal and
Nitinol archwires [28].

Contemporary View of Optimized Forces

Although the long-standing view that an ideal orthodontic
force range produces optimized tooth movement is still quite
popular in practice, recent publications have not been able to
confirm or refute this theory. At least four competing hypoth-
eses have been presented for the relationship between ortho-
dontic forces and the rate of tooth movement [29]. In general,
it is still widely debated whether a low force threshold exists
for initiating tooth movement, whether tooth movement is
proportional to applied force within any range of possible
forces, and whether a high force threshold exists which would
slow the rate of tooth movement. For instance, a split arch
study in humans over 7 weeks of treatment compared
pseudoelastic Nitinol to stainless steel archwires. A fourfold
increase in applied force resulted in increased tooth movement
over the study period without a measured increase in undesir-
able root resorption [30]. A comparable study in rabbits
showed that increased force resulted in increased tooth move-
ment; however, the increase in tooth movement rate was pro-
portionally less [31]. While in another study, a 50% increase in
force did not register significant differences in tooth move-
ment over 84 days and patients reported greater discomfort
at the higher force levels [32]. Furthermore, a 12-week human
subject study measuring space closure with light and heavy
forces found that initial tooth movement was higher with ligh-
ter forces and that the use of heavier forces resulted in unde-
sirable movements, such as loss of anchorage and control
[33]. In a large study of 204 dogs, Ren et al. [34] were unable
to identify a low force threshold to trigger tooth movement,
nor a high force threshold which would indicate an optimum
force region. As pointed out by Alikhani et al. [35], increasing
the orthodontic force has not been shown to increase the bio-
logical response of tooth movement and, as such, high forces
should not be used to avoid their harmful side effects.
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In the literature, there is an evident lack of consensus on the
role of orthodontic force on the rate of tooth movement. A
number of reasons could exist for this. Primarily, the ortho-
dontic force system is complicated, as is the biological system
on which it is operating. Recent modeling work using the
finite element method has shown that the resolution of forces
and the stress induced in the PDL is quite complex and diffi-
cult to predict [36, 37¢]. Furthermore, the magnitude and di-
rection of forces applied to teeth in even the most simple
archwire and three-bracket system are difficult to predict
[38]. Modeling results of unloading behavior of a wire show
that a pseudoelastic Nitinol archwire can express an inverted
load-deflection rate where the load increases during deactiva-
tion because of reduction in the binding friction between wire
and bracket [38, 39]. Clinical studies that have attempted to
characterize the effect of force magnitude on tooth movement
are affected by uncertainty in the actual force system, case-by-
case variation in patient malocclusion, and natural genetic
differences in the subject pool. Compounding this is the lack
of consensus on the meaning of light versus heavy loads as
well as the appropriate time frame for measuring treatment
progress. Clearly, it is difficult to interpret the literature when
so much noise is present in the data; however, it is consistently
found that low-magnitude continuous forces promote efficient
tooth movement while lowering the risk of undesirable move-
ments and harmful side effects such as root resorption.

Differential Force Archwires

In the orthodontic literature, it is normal to discuss the rela-
tionship between force magnitude and tooth movement; how-
ever, it is the distribution of stresses in the PDL that develop as
a reaction to the applied loading conditions that generate the
biological response and associated tooth movement. A force
applied to the central mandibular incisor will generate a much
different stress distribution in the PDL compared to the central
maxillary incisor due to the significant difference in PDL sur-
face area. A side effect, of a typical archwire replacement
progression of increasing cross-sectional area, is that teeth
with smaller root structures move first, followed by teeth with
larger root structures as wires are replaced with larger cross
sections. As the load-deflection rate of modern wires is nearly
ideal, the standard archwire progression enables step-by-step
correction of malocclusion which is not entirely efficient.
Thus, it is desirable to have an archwire with differential prop-
erties along its length so that stress can be equalized in the
PDL [37+], enabling concurrent tooth movement and reducing
overall treatment time.

Several strategies to express differential forces across the
arch using a single archwire appliance have been employed.
Begg in 1956 [38] proposed the use of differential forces to
target the optimum force range for each tooth. He used a thin

round stainless steel archwire with a series of loops and bends
designed to vary the forces across the arch. In comparison,
Burstone [40] proposed a segmented archwire composed of
multiple wire cross sections that could be joined together to
control the moment to force ratios in different regions of the
arch [4]. Both of these methods were time consuming and
difficult to accurately control. As the load-deflection rate of
orthodontic materials improved with new alloy development,
Burstone [41] envisaged a continuous, variable-modulus
archwire where the load-deflection rate could be varied; how-
ever, the technology to make such a wire did not yet exist and
he had to settle for a segmented wire with different materials
connected to make a full arch [40].

Fabrication of segmented wires using advanced orthodon-
tic alloys is not trivial. Sevilla et al. [42] presented a segment-
ed pseudoelastic Nitinol and copper NiTi wire that were laser
welded to create two segments. They were able to observe two
distinct pseudoelastic stress plateaus corresponding to the dif-
ferent mechanical properties of each respective segment. The
maximum deformation of the material was reduced by 50% in
the welded regions, which is a concern for potential wire
breakage during clinical use [14]. Welding materials typically
degrade mechanical performance, and this is marked for
Nitinol alloys, especially when joining to other materials. Li
and Zhu [43] attempted impact butt welding of Nitinol to
stainless steel; however, the joint was too weak to allow
pseudoelastic stress to be developed in the Nitinol section
under loading, and the joint morphology was too rough for
biomedical applications. Matsunaga et al. [44] considered
both laser welding and electrical resistance welding for join-
ing beta-titanium wires to stainless steel and cobalt-chromium
wires. Their results showed comparatively good mechanical
properties compared to homogeneous welds in Nitinol or beta-
titanium alloys; however, performance against the unwelded
base material was not presented. Due to the difficulty in fab-
ricating segmented wires, more attention and success have
been paid to development of continuous differential force
wires with variable moduli.

As discussed earlier, thermomechanical treatment to affect
the TTR of Nitinol alloys can be used to shift the pseudoelastic
plateau of the material. When this is done on a local scale
within an archwire, differential forces can result. The devel-
opment of the direct electric resistance heat treatment
(DEHRT) process by Miura [45] in 1988 to create wire bends
in Nitinol alloys led to the development of continuous differ-
ential force wires in 1991 [13, 45]. These archwires were heat
treated differently along the arch to achieve a low stiffness in
the anterior section, progressing to a higher stiffness in the
posterior section, generally with a transition zone between
them. Pseudoelastic Nitinol alloy archwires processed in this
manner generally exhibit a low-force anterior region where
the TTR has been raised through heat treatment, thereby re-
ducing the pseudoelastic stress plateau. The posterior region
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of the archwire retains the original TTR and pseudoelastic
properties while a transition region between the anterior and
posterior will have a gradually increasing stiffness [46]. These
types of multiforce archwires were first commercialized by
GAC (Dentsply GAC, Bohemia, NY) and have been in
widespread use with minor variations between manufac-
turers [47]. As pointed out by Mehta [48], the heat
treatment process can be expensive and time consuming,
and if different heat treatments are required on the same
wire, it can be difficult to accurately control the heat
and cooling rates, causing high variation in the output.
Moreover, there is an apparent limitation on the resolu-
tion of the stiffness gradient because of conduction of
heat through the material, and only wires with three
segments are currently commercially available. On the
contrary, varying the material properties as needed in a
single archwire would be an advantageous for load res-
olution, stiffness control, and number of the segments.
A laser process for controlling the pseudoelastic properties
of Nitinol alloys with fine resolution has recently been pre-
sented [49¢¢]. Selective vaporization of nickel in desired areas
reduces its ratio in the chemical composition, thereby altering
the material properties. The TTR in these areas is shifted
higher in proportion to the amount of nickel removed. This
allows for fine control of the pseudoelastic stiffness of Nitinol
wires along their length. This process has been applied to
copper NiTi archwires for use in orthodontics. These laser-
processed wires are effectively programmed along their length
so they deliver the desired differential load at any location.
Using the ideal force proportions developed by Viecilli and
Burstone [37¢], an archwire was developed to express target
forces for each tooth in both the mandibular and maxillary
arches. The benefits of the selective laser vaporization ap-
proach compared to the selective heat treatment approach
outlined above are that a higher resolution of stress gradients
and greater range of force levels are possible. While each
approach maintains the ideal load-deflection rate and large
activation ranges of pseudoelastic nitinol, selective laser va-
porization varies forces on a tooth-by-tooth basis, while heat
treatment is limited to a gradually decreasing stiffness from
the posterior to anterior segments. The impact of this differ-
ence becomes apparent when considering the differences be-
tween the PDL and interbracket distance (IBD) between adja-
cent teeth. The mandibular lateral incisor has a much smaller
PDL surface area and less IBD compared to the mandibular
canine, so each tooth requires a vastly different archwire stiff-
ness to deliver an ideal load. Using the laser process to pro-
gram the desired stiffness enables a long-lasting archwire to
deliver a light, continuous load to each tooth in the arch.
Concurrent tooth movements can be attained with a single
archwire, accelerating treatment kinetics while avoiding po-
tential side effects, such as the delayed tooth movement that is
associated with progressive archwire therapy [49¢¢, 50].
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Applications beyond Orthodontics

Nitinol has long been considered as a suitable material for
medical devices and surgical applications due to its biocom-
patibility and desirable shape memory and pseudoelastic prop-
erties [8, 9]. As early as 1976, Nitinol was considered for
Harrington rod treatment of scoliosis, when Schmerling et
al. [51] placed martensitic rods in cadavers, which were then
heated using electrical resistance to straighten the rods.
Research in the use of shape memory alloys has continued
over the years. Pseudoelastic wires for gradual scoliosis cor-
rection were recently investigated by surgically implanting
orthodontic wires in rats [52]. Gradual post operative correc-
tion is advantageous for avoiding complications such as neu-
rological injury which may occur with instantaneous correc-
tion. The use of tailored rods for customized load applications
to different areas of the spine is an attractive research topic
with substantial clinical potential.

One of the first medical devices that utilized Nitinol was
the bone suture anchor. This device has been popular for
Bankart repair procedures in the shoulder [53, 54], as well as
for the fixation of temporomandibular joint devices [55-57].
Research continues to produce good results utilizing Nitinol
bone suture anchors for new procedures such as an alternative
to K-wire fixation [58]. Bone fixation devices, such as ortho-
pedic bone staples, have also been a good application of
Nitinol [59, 60]. Nitinol staples have produced consistently
favorable bending stiffness for immobilization and fusion
across fractures or in arthrodesis procedures [61, 62]. In these
cases, the dynamic flexibility of the Nitinol material can offer
compressive stress and permit earlier weight bearing after a
procedure. Further research, especially in mathematical
modeling, such as the work done by Saleeb et al. [63], would
be useful in determining the suitability of differential force
technologies in these applications.

Conclusions

The application of light, continuous forces over the full acti-
vation range continues to be an important function of the
orthodontic archwire. Nickel-titanium-based alloys, such as
pseudoelastic Nitinol and copper NiTi remain the preeminent
materials for delivering these continuous forces over extended
ranges due to their pseudoelastic properties and ideal load-
deflection rates. At lower activation deflections, a relatively
new beta-titanium alloy known as Gum Metal delivers excep-
tional low load-deflection rates and is suitable for orthodontic
applications, especially in the finishing phase.

The fabrication of differential force wires with variable
stiffness along their length is an increasingly attractive pro-
cess. Conventional methods for fabricating composite
archwires with variable properties are limited by the poor
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mechanical properties of the welded joint. Heat treatment pro-
cesses can be used to create continuous archwires with mod-
estly variable force to deflection characteristics for up to three
different regions. The lack of resolution and limited force
variability of selectively heat-treated wires are a weakness that
limits their clinical application. A new process using selective
vaporization of nickel can resolve this weakness by control-
ling the wire stiffness with a very high spatial resolution. This
allows each tooth in the arch to be targeted with loads propor-
tional to the PDL area, even when the IBD is limited.
Advanced Nitinol technology is increasingly attractive for
medical and surgical applications outside the field of
orthodontics.

Compliance with Ethical Standards

Conflict of Interest Ibraheem Khan has a patent (US20170224444A1)
pending, and Smarter Alloys Inc. (with which all authors are affiliated) is
involved in the design and manufacture of appliances for orthodontic
treatment.

Human and Animal Rights and Informed Consent  This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

e+ Of major Importance

1. Storey E, Smith R. Force in orthodontics and its relation to tooth
movement. Aust J Dent. 1952;56:291-304.

2. Roberts WE, Sarandeep SH. Bone physiology, metabolism, and bio-
mechanics in orthodontic practice. In: Graber LW, Vanarsdall RL,
KWL V, Huang GJ, editors. Orthodontics: current principles and
techniques. 6th ed. Oxford: Elsevier Health Sciences; 2016. p. 99—
152.

3. Reitan K. Clinical and histologic observations on tooth movement
during and after orthodontic treatment. Am J Orthod. 1967;53:721-45.

4. Begg PR. Differential force in orthodontic treatment. Am J Orthod.
1956;42:481-510.

5. Burstone CJ, Baldwin JJ, Lawless DT. The application of continu-
ous forces to orthodontics. Angle Orthod. 1961;31:1-14.

6. Harder OE, Roberts DA. Alloy having high elastic strengths. US
Patent 2,524,661. 1950.

7. Buehler WJ, Gilfrich JV, Wiley RC. Effect of low-temperature
phase changes on the mechanical properties of alloys near compo-
sition TiNi. J Appl Phys. 1963;34:1475-7.

8. Pelton AR, Duerig TW, Stockel D. A guide to shape memory and
superelasticity in Nitinol medical devices. Minim Invasive Ther
Allied Technol. 2004;13:218-21.

9. Duerig TW, Pelton A, Stockel D. An overview of nitinol medical
applications. Mater Sci Eng A. 1999;273:149-60.

10. Andreasen GF, Hilleman TB. An evaluation of 55 cobalt substituted
nitinol wire for orthodontics. J Am Dent Assoc. 1971;82:1373-5.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Andreasen GF, Barrett RD. An evaluation of cobalt-substituted ni-
tinol wire in orthodontics. Am J Orthod. 1973;63:462-70.
Andreasen GF, Morrow RE. Laboratory and clinical analyses of
nitinol wire. Am J Orthod. 1978;73:142-51.

Miura F, Mogi M, Ohura Y. Japanese NiTi alloy wire: use of the
direct electric resistance heat treatment method. Eur J Orthod.
1988;10:187-91.

Robertson SW, Pelton AR, Ritchie RO. Mechanical fatigue and
fracture of Nitinol. Int Mater Rev. 2012;57(1):1-36.

Andrews LF. The six keys to normal occlusion. Am J Orthod.
1972;62:296-3009.

Burstone CJ, Morton JY. Chinese NiTi wire—a new orthodontic
alloy. Am J Orthod. 1985;87:445-52.

Miura F, Mogi M, Ohura Y, Hamanaka H. The super-elastic prop-
erty of the Japanese NiTi alloy wire for use in orthodontics. Am J
Orthod Dentofac Orthop. 1986;90:1-10.

Gil FJ, Planell JA. In vitro thermomechanical ageing of Ni-Ti al-
loys. J Biomater Appl. 1998;12:237-48.

Gil FJ, Planell JA. Effect of copper addition on the superelastic
behavior of Ni-Ti shape memory alloys for orthodontic applica-
tions. J Biomed Mater Res. 1999;48:682-8.

Goldberg J, Burstone CJ. An evaluation of beta titanium alloys for
use in orthodontic appliances. J Dent Res. 1979;58:593-600.
Burstone CJ, Goldberg AJ. Beta titanium: a new orthodontic alloy.
Am J Orthod. 1980;77:121-32.

Dalstra M, Denes G, Melsen B. Titanium-niobium, a new finishing
wire alloy. Clin Orthod Res. 2000;3:6-14.

Suzuki A, Kanetaka H, Shimizu Y, Tomizuka R, Hosoda H,
Miyazaki S, et al. Orthodontic buccal tooth movement by nickel-
free titanium-based shape memory and superelastic alloy wire.
Angle Orthod. 2006;76:1041-6.

Saito T, Furuta T, Hwang J-H, Kuramoto S, Nishino K, Suzuki N, et
al. Multifunctional alloys obtained via a dislocation-free plastic
deformation mechanism. Science. 2003;300:464—7.

Chang H-P, Tseng Y-C. A novel 3-titanium alloy orthodontic wire.
Kaohsiung J Med Sci. 2018. In press;34:202—6.

Laino G, De Santis R, Gloria A, Russo T, Quintanilla DS, Laino A,
et al. Calorimetric and thermomechanical properties of titanium-
based orthodontic wires: DSC-DMA relationship to predict the
elastic modulus. J Biomater Appl. 2012;26:829-44.

Coro JC, Coro IM. Nonsurgical treatment of class Il malocclusions
using the multi-loop edgewise archwire appliance. In:
OrthodonticProductsOnline.com. 2012. http://op.alliedmedia360.
com//launch.aspx?eid=fdd7¢997-e095-42 1e-a3db-f6650d9d1075.
Accessed 06 April 2018.

Nordstrom B, Shoji T, Anderson WC, Fields HW, Beck FM, Kim
D-G, et al. Comparison of changes in irregularity and transverse
width with nickel-titanium and niobium-titanium-tantalum-
zirconium archwires during initial orthodontic alignment in adoles-
cents: a double-blind randomized clinical trial. Angle Orthod. 2018.
In press;88:348-54.

Quinn RS, Yoshikawa DK. A reassessment of force magnitude in
orthodontics. Am J Orthod. 1985;88:252-60.

Owman-Moll P, Kurol J, Lundgren D. The effects of a four-fold
increased orthodontic force magnitude on tooth movement and root
resorptions. An intra-individual study in adolescents. Eur J Orthod.
1996;18:287-94.

Kilic N, Oktay H, Ersoz M. Effects of force magnitude on tooth
movement: an experimental study in rabbits. Eur J Orthod.
2010;32:154-8.

Limsiriwong S, Khemaleelakul W, Sirabanchongkran S,
Pothacharoen P, Kongtawelert P, Ongchai S, et al. Biochemical
and clinical comparisons of segmental maxillary posterior tooth
distal movement between two different force magnitudes. Eur J
Orthod. 2017:1-8.

@ Springer


http://op.alliedmedia360.com//launch.aspx?eid=fdd7e997-e095-421e-a3db-f6650d9d1075
http://op.alliedmedia360.com//launch.aspx?eid=fdd7e997-e095-421e-a3db-f6650d9d1075

386

Curr Osteoporos Rep (2018) 16:380-386

33.

34.

35.

36.

37..

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.0

Yee JA, Turk T, Elekdag-Turk S, Cheng LL, Darendeliler MA. Rate
of tooth movement under heavy and light continuous orthodontic
forces. Am J Orthod Dentofac Orthop. 2009;136:150-1.

Ren Y, Maltha JC, Van’t Hof MA, Kuljpers-Jagtman AM.
Optimum force magnitude for orthodontic tooth movement: a
mathematical model. Am J Orthod Dentofac Orthop. 2004;125:
71-17.

Alikhani M, Alyami B, Lee IS, Almoammar S, Vongthongleur T,
Alikhani M, et al. Saturation of the biological response to orthodon-
tic forces and its effect on the rate of tooth movement. Orthod
Craniofacial Res. 2015;18 Suppl 1:8-17.

Melsen B, Cattaneo PM, Dalstra M, Kraft DC. The importance of
force levels in relation to tooth movement. Semin Orthod. 2007;13:
220-33.

Viecilli RF, Burstone CJ. Ideal orthodontic alignment load relation-
ships based on periodontal ligament stress. Orthod Craniofacial
Res. 2015;18:180-6. Identified the proportional load relation-
ships between teeth required for equalizing stress in the peri-
odontal ligature.

Savignano R, Viecilli RF, Paoli A, Razionale AV, Barone S.
Nonlinear dependency of tooth movement on force system direc-
tions. Am J Orthod Dentofac Orthop. 2016;149(6):838—46.

Razali MF, Mahmud AS, Mokhtar N. Force delivery of NiTi ortho-
dontic arch wire at different magnitude of deflections and temper-
atures: a finite element study. J Mech Behav Biomed Mater.
2018;77:234-41.

Burstone CJ. Rationale of the segmented arch. Am J Orthod.
1962;48:805-22.

Burstone CJ. Variable-modulus orthodontics. Am J Orthod.
1981;80:1-16.

Sevilla P, Martorell F, Libenson C, Planell JA, Gil FJ. Laser welding
of NiTi orthodontic archwires for selective force application. J
Mater Sci Mater Med. 2008;19:525-9.

Li Q, Zhu Y. Impact butt welding of NiTi and stainless steel—an
examination of impact speed effect. J Mater Process Technol.
2018;255:434-42.

Matsunaga J, Watanabe I, Nakao N, Watanabe E, Elshahawy W,
Yoshida N. Joining characteristics of titanium-based orthodontic
wires connected by laser and electrical welding methods. J Mater
Sci Mater Med. 2015;26:50.

Miura F. Orthodontic archwire. US Patent 5,017,133. 1991.

Gil FJ, Cenizo M, Espinar E, Rodriguez A, Ruperez E, Manero JM.
NiTi superelastic orthodontic wires with variable stress obtained by
ageing treatments. Mater Lett. 2013;104:5-7.

Sachdeva R, Farzin-Nia F. Shape memory orthodontic archwire
having variable recovery stresses. US Patent 5,683,245. 1997.
Mehta ASK. Thermomechanical characterization of variable force
NiTi orthodontic archwires. Master’s Thesis. Marquette University.
2015. http://epublications.marquette.edu/theses _open/328.
Accessed 06 April 2018.

Khan MI, Pequegnat A, Zhou YN. Multiple memory shape mem-
ory alloys. Adv Eng Mater. 2013;15:386-93. Introduced a novel

@ Springer

50.

S1.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

63.

method for varying the mechanical properties of nickel-
titanium-based shape memory materials for biomedical appli-
cations with very fine spatial resolution.

Roberts WE, Viecilli RF, Chang C, Katona TR, Paydar NH.
Biology of biomechanics: finite element analysis of a statically
determinate system to rotate the occlusal plane for correction of
skeletal class III malocclusion. Am J Orthod Dentofac Orthop.
2015;148:943-55.

Schmerling MA, Wilkov MA, Sanders AE. Using the shape recov-
ery of Nitinol in the Harrington rod treatment of scoliosis. J Biomed
Mater Res. 1976;10:879-92.

Sanchez Marquez JM, Perez-Grueso FJS, Fernandez-Baillo N,
Garay EG. Gradual scoliosis correction over time with shape mem-
ory metal: a preliminary report of an experimental study. Scoliosis.
2012;7:20.

Norlin R. Use of Mitek anchoring for Bankart repair: a comparative,
randomized, prospective study with traditional bone sutures. J
Shoulder Elb Surg. 1994;3:381-5.

Richmond JC, Donaldson WR, Fu F, Harner CD. Modification of
the Bankart reconstruction with a suture anchor. Am J Sports Med.
1991;19:343-6.

Wolford LM. Temporomandibular joint devices: treatment factors
and outcomes. Oral Surg Oral Med Oral Pathol. 1997;83:143-8.
Mehra P, Wolford LM. The Mitek mini anchor for TMJ disc repo-
sitioning: surgical technique and results. Int J Oral Maxillofac Surg.
2001;30:497-503.

Ivorra-Carbonell L, Montiel-Company J-M, Almerich Silla J-M,
Paredes-Gallardo V, Bellot-Arcis C. Impact of functional mandib-
ular advancement appliances on the temporomandibular joint—a
systematic review. Med Oral Patol Oral Cir Bucal. 2016;21:e565—
72.

Rigal J, Thelen T, Angelliaume A, Pontailler J-R, Lefevre Y. A new
procedure for fractures of the medial epicondyle in children: Mitek
bone suture anchor. Orthop Traumatol Surg Res. 2016;102:117-20.
Russell SM. Design considerations for Nitinol bone staples. J Mater
Eng Perform. 2009;18:831-5.

Aiyer A, Russell NA, Pelletier MH, Myerson M, Walsh WR. The
impact of Nitinol staples on the compressive forces, contact area,
and mechanical properties in comparison to a claw plate and
crossed screws for the first tarsometatarsal arthrodesis. Foot Ankle
Int. 2016;9:232-40.

Hoon QJ, Pelletier MH, Christou C, Johnson KA, Walsh WR.
Biomechanical evaluation of shape-memory alloy staples for inter-
nal fixation—an in vitro study. J Exp Orthop. 2016;3:19.
Schipper ON, Ford SE, Moody PW, Van Doren B, Ellington JK.
Radiographic results of Nitinol compression staples for hindfoot
and midfoot arthrodesis. Foot Ankle Int. 2018;39:172-9.

Saleeb AF, Dhakal B, Owusu-Danquah JS. Assessing the perfor-
mance characteristics and clinical forces in simulated shape mem-
ory bone staple surgical procedure: the significance of SMA mate-
rial model. Comput Biol Med. 2015;62:185-95.


http://epublications.marquette.edu/theses_open/328

	Review...
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Archwires for Continuous Forces
	Nitinol Archwires
	Beta-Titanium Archwires
	Contemporary View of Optimized Forces
	Differential Force Archwires
	Applications beyond Orthodontics
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance �•• Of major Importance



