Bending characteristics of nitinol wire

I. Lopez,* J. Goldberg,** and C. J. Burstone* Farmington, Conn.

Until recently only a limited group of alloys have been used for orthodontic
wires, namely, gold-coper, austenitic stainless steel, and chromium-cobalt-nickle (Cr-
Co-Ni) based materials. In general, the last two groups have similar mechanical properties
although processing, stress-relieving, heat-treating, and minor alloying adjustments allow
for small product differences. On the other hand, the gold-based wires have a modulus of
elasticity approximately one half that of the other two groups. Unfortunately, the yield
strength of gold alloys is less by approximately the same factor, which gives them a ratio
of yield strength to modulus of elasticity that is nearly the same as that of stainless steel
and Cr-Co-Ni alloys. Since springback or resilience is proportional to this ratio, all three
categories of alloys are approximately the same in regard to this clinical characteristic.

When used in orthodontic appliances, wires with low moduli of elasticity in combina-
tion with high resilience aid in delivering clinically desirable low continuous forces and
increased working time.! It is these benefits, coupled with technologic advances in metal-
lurgy and wire processing, which have promulgated the introduction of several low-
stiffness, high-springback orthodontic wires. Braided wires use traditional stainless steel
but achieve their improved properties through unique design of the wire’s cross section. A
second approach to obtaining ‘‘high-deflection’” wires is through the use of novel alloys,
the most notable being nitinol, a nickel-titanium alloy .?

Nitinol was developed by William F. Buehler® in the early 1960s. The original alloy
contained 55 percent nickel and 45 percent titanium, which resulted in a one-to-one
stoichrometric ratio of these elements. The most unique feature of this NiTi intermetallic
compound is the ‘‘memory’’ phenomenon, which is a result of temperature-induced
crystallographic transformations.® Andreasen® suggested that these shape changes might
be used by the orthodontist to apply forces. This memory principle is not used clinically,
although it would appear plausible.

The commercially available nitinol orthodontic wire contains 1.6 percent cobalt to
modify the transition temperature and mechanical properties. Even without the ‘‘mem-
ory’’ effect, the unusually low modulus of elasticity of 4.8 x 108 p.s.i. and high resil-
ience offer desirable features to the orthodontist. Using a clinical model, Andreasen and
Barrett® demonstrated that nitinol had a lower stiffness than stainless steel and could be
deflected further without permanent deformation when tied into malaligned brackets.
Andreasen and Morrow® have evaluated the bending characteristics and spring rate of
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straight sections of nitinol wire and have demonstrated its use in Class [, Class 110 and
Class III malocclusions.

Although nitinol cannot be formed over a sharp edge, first- and second-order bends
can be placed in the wire. Because of its unusual metallurgic structure, however. it cannot
be assumed, a priori, that bent-wire appliances have the same properties as unbent wires.
Indeed, even stainless steel demonstrates differences in properties after a bend is placed.
depending on the direction of subsequent loading. Placement of permanent bends in wires
and activation in the opposite direction is clinically important in all orthodontic tech-
niques, since straight wires must be modified for exact finishing detail and to deliver the
necessary forces during treatment.

The purpose of this study was to characterize further the bending characteristics of
nitinol wire. In addition to straight-wire sections, standardized bends were also evaluated.
Finally, the time dependence of these measurements was considered.

Materials and methods

Nitinol* and a standard austenitic stainless steel wire,t each 0.18 inch in diameter,
were evaluated in three different modes. Permanent deformation versus reflection charac-
teristics of straight-wire sections were measured with a Tinius Olsen stiffness tester} by
the procedure outlined in the new ADA specification No. 32 for orthodontic wires.” Three
samples of each wire were tested. A 0.25 inch span length was used to minimize the
length of wire being fed into the testing span during bending. This mode of testing is
illustrated schematically in Fig. 1, 4.

A second series of bending tests was made on straight sections, but instead of the
“‘instantaneous’’ loading conditions used in the procedure referred to above, samples were
loaded until 60 degrees of deflection had occurred and were maintained for 0, I, 5, 20, 40,
or 60 minutes and then released. A Tinius Olsen tester was again used, and permanent
deformation was measured for three different samples at each of the above-listed times,
for a total of eighteen samples per material. This experiment was repeated, but the same
three samples were reused at each of the indicated times, for a total of three samples per
material.

The third set of tests considered the permanent deformation versus deflection charac-
teristics of nitinol and stainless steel wire after permanent bending. Samples were first
given a permanent bend of 35 degrees. Care was taken to bend in only one direction, and a
template was used to ensure reproducibility. The samples were then gripped in the Tinius
Olsen stiffness tester with the initial permanent bend 0.5 mm. from the edge of the vise.
Standard test procedures were then followed, with the force being applied in a direction
opposite that of the initial bend, as shown in Fig. 1, B. In another series of tests,
schematically represented in Fig. 1, C, the wires were first permanently deformed to 90
degrees (P,) and then returned to the 35 degree permanent bend (Ps). Samples were then
tested in the same direction as the last bend. P,. In Fig. 1, F indicates the direction of
loading used during the test.

*Unitek Corporation, Monrovia, Calif.
tStandard Permachrome, Unitek Corporation, Monrovia, Calif.
$Tinius Olsen Testing Machine Corporation, Philadelphia, Pa.
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Fig. 1. The three modes of testing. P indicates the direction of bending of the configuration before
loading, which is represented by dashed lines. In C, P, and P, show change of loading direction to
produce preload configuration. F shows the direction of loading used during the test.

Results

Test results for straight-wire sections are shown in Fig. 2, where permanent deforma-
tion is plotted as a function of deflection for the stainless steel and nitinol wires. The
ability of the nickel-titanium alloy to undergo greater elastic deflections is clearly demon-
strated. At any given activation, the nitinol experiences less permanent set. For wires
0.018 inch in diameter, the nitinol sustained approximately 23 degrees of activation and
stainless steel 13 degrees before any permanent deformation was evident. These results
are a further documentation of the flexibility and elasticity of nitinol described in earlier
works. 2 % 8

The behavior of these wires after the introduction of permanent bends is characterized
in Fig. 3. The data from Fig. 2 have been replotted for comparison. The most notable
feature of this figure is the large change in nitinol when tested in different modes. With
respect to bending of straight sections (Fig. 1, 4), nitinol demonstrates superior elastic
properties as compared to stainless steel. However, when NiTi alloy is tested in a direction
opposite to a permanent bend (Fig. 1, B), there is a considerable loss of elastic behavior.
In fact, for activations of less than 40 degrees, nitinol exhibits greater permanent defor-
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Fig. 2. Permanent deformation versus deflection for straight-wire sections, mode A in Fig. 1.
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Fig. 3. Permanent deformation versus deflection for the three modes of testing iliustrated in Fig. 1.

mation than stainless steel, their relative performance switching for activations larger than
50 degrees. When the nitinol wire was bent to 90 degrees and returned to 35 degrees prior
to testing (Fig. 1, C), it again demonstrated the desirable low permanent deformation,
although its performance was not comparable to the straight-wire test.

The magnitude of change associated with testing of stainless steel in different modes
was not nearly as large as that of the NiTi alloy. The changes which did occur, however,
document the desirability of overbending stainless steel. Even with small activations of 10
to 35 degrees, stainless steel in straight and overbent sections showed less permanent
deformation than the samples tested in a direction opposite the last permanent bend.

The time dependence of nitinol and stainless steel is illustrated in Fig. 4, where
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Fig. 4. Permanent deformation versus length of time samples held at a 60-degree bend. x-x-x repre-
sents data obtained with three independent samples at each time interval. ----- represents data
obtained with the same three samples reused at each time interval. Range of values obtained at each
data point is indicated.

permanent deformation is plotted as a function of the length of time the samples were
maintained at a 60-degree bend. Two curves are shown for each material. The lines
labeled ‘‘independent samples’’ resulted from three replications at times of 0, 1, 5, 20,
40, and 60 minutes, new specimens being used for each test. Each line labeled *‘reused
samples’’ was obtained with a total of three samples, each one being retested at the time
intervals indicated.

The unexpected result was the time dependency of nitinol, even when independent
samples were used. The nitinol experienced approximately 5 degrees of additional perma-
nent set over 60 minutes, most of which occurred within the first 5 minutes. A one-way

DOC KET

A R M Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




