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Shape Memory Alloys: Properties and
Biomedical Applications

Diego Mantovani

Shape memory alloys provide new in-
sights for the design of biomaterials in bioengi-
neering for the design of artificial organs and
advanced surgical instruments, since they
have specific characteristics and unusual
properties. This article will examine (a) the
four properties of shape memory alloys, (b)
medical applications with high potential for
improving the present and future quality of
life, and (c) concerns regarding the biocom-
patibility properties of nickel-titanium al-
loys. In particular, the long-term challenges
of using shape memory alloys will be dis-
cussed, regarding corrosion and potential
leakage of elements and ions that could be
toxic to cells, tissues and organs.

INTRODUCTION

Shape memory alloys (SMA) possess
certain original properties, particularly
their ability toreturn to their memorized
shape by a simple change of tempera-
ture. In 1938 Greninger and Mooradian!
first observed the shape memory effect
for copper-zinc alloys (Cu-Zn) and cop-
per-tinalloys (Cu-Sn). Yetnearly 30 years
elapsed until Buehler and his colleagues
applied in 1965 for the first patent for a
nickel-titanium alloy, called Nitinol,2?
from the Naval Ordnance Laboratory.

Near the end of the 1960s, Raychem
developed the first industrial SMA ap-
plicationsin aeronautics with the Cryofit
connector for F-14 airplane hydraulic
circuits.*> Meanwhile at the University
of Iowa, Andreasen’s interest in dental
alloys led to the implantation of the first
superelastic dental braces made from
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Figure 1. One-way shape memory effect af-
ter formation (1), and following a deformation
(3) the specimen returns to its original shape
by simple reheating.

nickel-titanium in 1975.5* Buehler sug-
gested using SMA in dentistry for differ-
ent implants that could retain the shape
memory.® Afterwards, industrial appli-
cations multiplied and entered the pub-
lic domain for glasses frames, smoke
detectors, bra underwires, and other
uses >1*

Since then the medical field tried to
integrate SMA into new implantology
design. Researchers focused onintegrat-
ing advanced industrial materials (often
developed for aeronautics, industrial, or
military-specific applications) for use in
human implantology. A critical concern
was using SMA toimprove physical and
mechanical characteristics of implants
whileassuring that the devicesimproved
the quality of life as unobtrusively as
possible.

PROPERTIES AND PRINCIPLES

From a metallurgical perspective, the
principal properties of SMA are ex-
plained by the solid state phase transi-
tion called martensitic thermoelastic
transformation (from the austenitic
phase to the martensitic phase and vice
versa). These phase transformations re-
sult in different organizations of the
material in the same state.'>*

The four temperatures that character-
ize this transition phase are (1) M —
martensite start, the temperature at
which the martensite layer spontane-
ously appears; (2) M—martensite fin-
ish, the temperature at which the entire
specimen is transformed into marten-
site; (3) A,—austenite start, the tempera-
ture at which the austenite layer sponta-
neously appears; and (4) A—austenite
finish, the temperature at which the
specimen is transformed into austenite.

When the SMA is placed in a single-
phase situation (pure austenite or pure
martensite) the effects are obvious. These
effects require the presence of a specific
phase, thus when the state is bi-phasal
(austenite + martensite), the same effects
occur but are of less significance.

Three parameters control the behav-
ior of the material (see TableI): the stress,
o (where F is the force); the strain, £ (or
the length L); and the temperature, T.
The changes in these parameters were
controlled by a class of thermomechani-
cal cycles that allowed the SMA to show
their specific characteristics.
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Figure 2. Two-way shape memory effect af-
ter formation (1), and following a learning by
mechanical cyclage (3), the specimen passes
alternately between the education shape and
its original shape by simply changing the
temperature (4, 5, 4, etc.).

These variations are represented by
the following symbols:

¢ Parameter = k: indicates that the
value of the parameter is constant.

o Parameter T:indicates that the value
of the parameter increases.

e Parameter |:indicates that the value
of the parameter decreases.

One-Way Shape Memory Effect

After deformation, the one-way shape
memory effect allows a material to re-
turn to its original shape by simply in-
creasing the temperature. This property
allows the material to take a strain of up
to eight percent, under an applied force
of 800 MPa (equal to about 80 Kg per
mm?), and under a maximum applied
work of 5] /Kg. The required thermody-
namic cycle to obtain the one-way shape
memory effect is as follows (Figure 1):

¢ Theinitial forming of a specimenin
the austenitic state.

¢ The formation of martensite in the
material withoutany visible macro-
scopic effect, (L = k), by a reduction
of the temperature (T}) and with-
out the application of an external
force (F=k =0).

* Specimenstrain (LT) by the reorien-
tation of different types of marten-
site present, an increase in the ap-
plied force on the material (FT) ata
constant temperature (T = k).

¢ Inverse cell strain occurred in the
third step (LT), with a return of the
initial shape (by a transformation of
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the martensite to the austenite), and
an increase in temperature (TT)
without applying an external force
on the material (F = k = 0).

Two-Way Shape Memory Effect

Asin the one-way shape memory, the
two-way shape memory effect allows
the material to returntoits original shape
by simply increasing the temperature.
In addition, it also permits the return of
a second shape by cooling. This last ef-
fect must be memorized by the material
through a learning process that consists
of it storing the energy (for example,
under internal shape constraints) that
will be freed through cooling.

The required thermodynamic cycle to
obtain the two-way shape memory ef-
fect is as follows (Figure 2):

¢ Theinitial forming of a specimen in
the austenitic state.

¢ The formation of martensite in the
material withoutany visible macro-
scopic effect, (L = k), by a reduction
of the temperature (T) and with-
out the application of an external
force (F=k=0).

e Education of the material by a me-
chanical process know as cycling
(FT,then !, atleastadozen times) at
a constant temperature (T = k),
whereby the thermal process, or
cycling, (TT, then |) providesa con-
stant force (F = k). The microstruc-
tural process in the two types of
cycling is different, but the results
are comparable because the role of
the force and temperature are
equivalent from a thermodynamic
pointof view. Atthisstage, the speci-
men has memorized its second
shape (LT) in the martensitic state.

e Specimen strain (L) for the second
shape, acquired by step 3, toward
the initial shape (by a phase trans-
formation of the martensite to the
austenite), with an increase in tem-
perature (TT) and with no external
force on the material (F = k = 0).

o Inverse cell strain (LT), from the
initial shape to the second shape
memorized in step 3 (by a phase
transformation of the martensite to
the austenite), with a decrease in the
temperature (TL), always without

applying an external force on the
material (F = k =0).
The repetition of the cycle (steps 4 and
5) allows the specimen to pass from the
initial shape to the memorized shape
repeatedly through the learning process
by a simple modification of the tempera-
ture and without external force.

Superthermoelastic Effect

A material with elastic behavior is
capable of recovering completely from a
deformation. The superelasticity (or
pseudoelasticity) allows the formation
of a similar behavior but under a level of
values more significant than those of the
classic metals or alloys (the recoverable
strain for a mono-crystalline sample of
SMA can reach 10%). The term super-
thermoelasticity groups together three
types of different behavior: the super-
elastic effect, the superthermic effect,
and the rubber-like effect.

Superelastic Effect

The required thermomechanical cycle
to obtain the superelastic effect (the tem-
peratureis constant throughout this pro-
cess, T = k) can be described as follows
(Figure 3):

¢ Initial forming of the specimen in
austenitic state.

¢ Classic elastic deformation of the
austenitic phase (LT) by the appli-
cation of a force (FT).

» Large deformation of the specimen
()] by the formation of martensite
intheinterior of the austenitic phase
of the material, with an increase in
the applied force (ET).

¢ Classic elastic deformation of the
martensitic phase (LT) by the accu-
mulated force (ET).

¢ Total recovery from all of the accu-
mulated strain from steps 2, 3,and 4
(L) through the release of the ap-
plied forces (F!) (return to the origi-
nal shape).

The superelastic behavior looks like

that of elasticity but is more complex
and of a different order of magnitude.

Superthermic Effect

The required thermomechanical cycle
to obtain the superthermic effect (the
applied force is constant and non-zero

Table |. Parameters that Control the Behavior of SMA

Parameters Represented

Parameters Definition in the Text
Stress, (0) Ratio between the force, F, Force, (F)
(Placed upon and the surface, S,
the material) on which this force is applied:

o —=F/S
Strain, (g) Observed relative Length, (L)

variation displacement, for
example a lengthening:

AL=L-L,;

g=AL/L = (L-L) /L,

Temperature, (T)

Temperature that the

Temperature, (T)

material is placed under

e

T

Figure 3. Superelastic effect after forination
(1), and due to a phase change (3), the
specimen can recover a larger total deforma-
tion than a classic alloy (4).

throughout this process, F = k#0) can be

described as follows (Figure 4):

¢ Initial forming of the specimen in
austenitic state.

e Classic thermal contraction of the
austenitic phase (L) produced by a
reduction of the temperature (T+).

¢ Large deformation of the specimen
(L!) by the formation of martensite
intheinterior of the austenitic phase
of the material, with a continued
reduction of the temperature (T!).

e  (lassic thermal contraction of the
martensitic phase (L) produced by
the accumulated reduction of the
temperature (T1).

e Recovery from the accumulated
strain of the preceding steps (LT)
with an increase in the temperature
(TT) (return to the original shape).

The superthermic behavior looks like
that of thermal contraction but is more
complex and of a different order of mag-
nitude. From the thermodynamic per-
spective, this behavior is similar to the
two-way shape memory effect, in which
the external constraints (F = k # 0) re-
place the internal constraints obtained
through the learning process.

Rubber-like Effect

The required thermomechanical cycle
to obtain the rubber-like effect (the tem-
perature is constant throughout this pro-
cess: T = k) can be described as follows
(Figure 5):

e Initial forming of the specimen in

martensitic state.

e Classic elastic deformation (LT) by
an applied force (FT).

o Deformation of the specimenby the
re-orientation of certain interior
varieties of the martensite phase
(LT), withanincrease in the applied
force (ET).

¢ Recovery from all of the accumu-
lated strain from steps 2 and 3 (L{)
wiih the release of the applied force
(Fl).

This behavior resembles elasticity but

is more complex and of a different order
of magnitude: it is the rubber-like effect
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(where superelasticity occurs by reori-
entation). The effect obtained is limited
by the characteristics of the material (ac-
ceptable maximum value of the force).
Therefore, the entire deformation is not
recoverable. The accumulation of this
unrecoverable damage during the fa-
tigue mechanical cycle allows for the
required learning for the two-way shape
memory effect.

High-Damping Effect

The high-damping effect is the ability
of a material to transform mechanical
energy (provided by an applied force,
for example) into thermal energy (in the
form of heat dissipation). This irrevers-
ible energy transformation allows the
material to resist shocks and absorb vi-
brations. Theinternal frictionin the form
of heat disperses the energy between the
different phases or varieties of the same
phase:

» For the dual phase domain (austen-
ite + martensite), the internal fric-
tion determines the movement of
theinterfacesbetweenausteniteand
martensite allowing the dispersal
of alarge amount of energy, result-
ing in an increased high-damping
effect.

¢ For the martensite phase, the fric-
tiondetermines thereversiblemove-
ment of the interfaces between vari-
eties of martensite, allowing for a
good dispersal of energy, but it is
less significant than in the dual
phase.

¢ In the case of the austenitic phase,
the friction is weak, and is compa-
rable to other metals or alloys.

Summary of Properties

The principal properties of the SMA
are ruled by the phase transitions be-
tween the austenite (“high temperature”
phase) and martensite (“low tempera-
ture” phase). The graphical representa-
tion of the transition of phases against
temperatureis particularly important for
controlling the properties. Figure 6 shows
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Figure 4. Superthermic effect after formation
(1), and due to a phase change (3), the
specimen can recover a larger total deforma-
tion than a classic alloy (4).

anintegrated global overview of the dif-
ferent effects previously outlined:

¢ The one-way shape memory effect
depicted in (1) and (2), where the
changing of shape (L) is regulated
by the transition from martensite to
austenite.

¢ The two-way shape memory effect,
with the learning process by me-
chanical cycles in (1) and the
memory effect clearly described in
(2), where the changes of shape (L4
then T) are regulated by the phase
transitions (martensite-austenite
then austenite-martensite).

e The superelastic effect (3), where
the deformations (L{ then T) are
regulated by the phase transitions
(austenite-martensite then marten-
site-austenite).

o The superthermic effect is seen by
displacing the Curve2 from the plan
(L, T, F=0) to the values of non-zero
force. This returns to replace the
accumulated internal constraints
during the learning process by the
external constraints.

¢ The rubber-like effect is seen in the
repeated mechanical cycles of learn-
ing (1).

The interconnections between the
three parameters are complex, making it
difficult to predict the behavior of SMA
for each application. Most of the applica-
tions use the alloys that allow the reten-
tion of two of three parameters, with the
third fixed by the choice of alloy ele-
ments and thermomechanical treatment.

APPLICATIONS IN
IMPLANTOLOGY

The unique properties of SMA allow
the possibility of multiple applications
in implantology. Some are still in the
research stage (hip prostheses), but oth-
ers are being developed into industrial
products (synthetic bone plates, wire for
thebonemarrow cavity, dental implants,
blood filters, and endovascular prosthe-
ses). In general, all materials used to
make industrial products for implanta-
tion in the human body for short-, me-
dium-, or long-term must be tested to
prove their “biocompatibility.” Before
materials are authorized for human im-
plantation the U.S. Food and Drug Ad-
ministration (FDA) requires three suc-
cessive tests of increasing level of scru-
tiny: in vitro, in vivo, and clinical stud-
ies. In this context, only a small part of
the products developed by industrial
R&D can be used effectively in
implantology. Currently, the use of
endovascular stents, orthopedic staples,
and dental braces are acknowledged
worldwide. However, intra-cranial
staples are prohibited by the FDA in the
United States. In the following sections,
on-market and in-development applica-
tions will be presented, along with ap-
plications of historical interest.

Orthopedic Applications

Bone plates are used in the surgical
treatment of broken bones.” ! They are
fixed by an intermediate screw that al-
lows the bone fracture to heal, orients
the cellular regeneration, and maintains
the original alignment of thebone. Plates
thatexerta constant, homogeneous pres-
sure are more likely to promote rapid
and complete healing of the broken
bone.Z In this context, new plates based
on the shape memory effect have been
developed to allow a constant and uni-
form constraint on the two sections of
the broken bone. After the broken bone
parts are immobilized and aligned with
the help of a screw, the SMA plate is
implanted and heated to the transition
temperature, controlled by a thermo-
couple. The resulting contraction (on the
order of 5 mm) guarantees a snug fit
between the two parts of the bone and
imposes a permanent state of compres-
sion. This return to a continuous bone
encourages rapid healing as well as a
quick recovery of mobility compared to
traditional surgical techniques. Today,
synthetic bone plates made of SMA are
available in most Western countries.
However, because of their cost, their
market shareis small compared to plates
made of traditional alloys.

Medical Staples

Like synthetic bone plates, compres-
sion staples are used to set broken bones
and promotehealing. They areimplanted
directly into the area of the break to
compress the two parts of the bone.

The use of SMA appears to be sensible
for such applications because they allow
a constant torque to be applied between
the two edges of the clip. The first clini-
cal tests of SMA staples were under-
taken in China in 1981:%2* 51 internal
medical compressive staples made of
nickel-titanium (44% nickel) were im-
planted over four years. The wires had a
diameter of 1.5 mm, and the two arms of
thestaples formed a60°angle. The staples
were kept in the martensitic state at 5°C,
and the transition to austenite-marten-
site occurred at 37°C. Of the 51 staples
used, 10 were for dislocated ankles, 16
for broken leg bones, one for re-enforc-
ing the knee ligament, and the others for
treating jointed broken bones (hip, dig-
its, and other bones). According to the
authors the nickel-titanium alloy was
excellent for these uses. The shape
memory staples are now widely used in
all Western countries.

Nails for Marrow Cavity

These implants stimulate the osteo-
synthesis where long bones, such as the
femur, are broken.?>?¢ The current surgi-
cal procedure to treat this kind of break
consists of hollowing out the bone mar-
row cavity of the two bone sections fol-
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lowed by the reconnection and insertion
of anail to allow the healing of the break.
The nail is made of an SMA stem with
soft polymer ends that completely fill
the cavity and prevent relative move-
ment of the bone. SMA are particularly
adapted to this kind of operation be-
cause the setting of the bone is only a
function of the deformation generated
by the transition martensite-austenite.
The following conditions must be taken
into consideration when a cavity nail is
designed (transition temperature, TTR):

o Atlowtemperatures (TSTTR)spac-
ing must present a suitable shape
for the installation and eventual re-
moval.

o At high temperatures (TTR < T <
37°C) the spacing must fill the mar-
row cavity of the broken bone with-
out damaging the bone structure
(necroses or bone absorption).

e The extremities of soft polymeric
materials must be resistant enough
to withstand a longitudinal state of
compression between the two parts
of the broken bone required for the
healing process.

For optimal compression, the respon-
sible elements of the fixation of one part
and compression of the other part have
different temperatures of transforma-
tion:

(AF)rixation element S (AS)compression element

Where: A, = temperature at the start of
transformation, and A, = temperature at
the end of transformation. Additionally
it is necessary that:

(Ap) <20°C

compression element
These two conditions assure that the
compression state will not be activated
before the nail fixation in the medullar
cavity. Furthermore, the maximum com-
pression state will only be reached at
body temperature.

Meduilar Spacing and the
Treatment of Scoliosis

The insertion of a spacing disc be-
tween two vertebrae assures the local
reinforcement of the spinal column and
prevents all traumatic movement dur-
ing the healing process. However, the
bone integration and healing will not be
possible if the total immobilization of
the patientis notrespected. Because they
totally inhibit movement, SMA are of
great interest for treating arthrodesis of
the vertebrae (Figure 7).

Inserting an SMA spacing material
between the two vertebrae allows the
use of a constant force regardless of the
position of the patient, who retains a
certain degree of movement. For cervi-
cal vertebrae applications, Zhao sug-
gested in 1986 an Q-shaped, nickel-tita-
nium SMA implant measuring 0.8 mm

wide and 8 mm long.? Thirty-two adult
patients were successfully treated for
cervical breaks or dislocations with
symptoms of a compressed spinal col-
umn. Among the most obvious benefits
were added patient mobility during re-
covery, simplified orthopedic and sur-
gical procedures, shortened length of
surgery, increased stability of the spac-
ing in the medium- to long-term and
easier installation. However, the long-
term biostability of the implant remains
unknown.

The SMA's are of great interest for
treating scoliosis since they allow the
application of a constraint that produces
a traction-torsion force on the osseous
environment, which restores spinal col-
umn alignment.?® Various tests on ca-
davershaveshownits feasibility. Nickel-
titanium has remarkable advantages
compared to other materials, including
excellent flexibility during the surgery
and easy post-operation treatment (the
external heating of the dorsal zone is
sufficient to retain the local state of con-
straint). However, these tests have not
reached the clinical stage.

Hip Prostheses

SMA have been considered for the
manufacture of hip prostheses.?” The to-
tal replacement of the acetabulum cavity
of the hip joint by a double half-sphere,
SMA prothesis represents a compromise
between the friction resistance and me-
chanical resistance of the prostheticjoint.
It is a question of fixing a half-sphere in
the acetabulum cavity and a femoral
stem in the medullar cavity of the femur.
The femoral head of the prostheses is
positioned in the half-sphere acetabu-
lum while a second concentric half-
sphere made of a material with a low
coefficient of friction to limit the wear
interposes between the components.
Compared to classic materials used in
operations, the use of SMA in this type of
surgical operation would provide excel-
lent resistance to wear caused by fric-
tion. Moreover, the dampening proper-
ties of SMA would constitute an impor-
tant asset in this type of application.

Anterior Cruciate Ligament

The plethora of anterior cruciate liga-
ment (ACL) prosthesis models repre-
sents an acceptance of impotence. Yet,
reaching a consensus on its optimum
design seems impossible. The ACL pros-
thesis replacement remains a debatable
surgical procedure due to the material’s
technological limits.*® The use of nickel-
titanium SMA in a ligament should be
further explored.®® SMA could eventu-
ally answer the severe mechanical needs
that are imposed on the ligament pros-
thesis. Concerning the resistance to rup-
ture and the maximum elastic deforma-
tion, the nickel-titanium SMA ap-
proaches the behavior of a natural liga-
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Figure 5. Rubber effect after a formation (1),
and due to a reorientation of varieties of
martensite (3), the specimen can recover a
larger total deformation than a classic alloy

(4).

ment.?** However, the lack of fatigue
resistance represents a weakness for ap-
plications in which the prosthesis is sub-
ject to repeated cyclic movements of the
knee that can lead to failure. The prob-
lem appears to be difficult to solve un-
less our knowledge of the behavior and
industrialimplementation of mono-crys-
talline materials takes a great leap for-
ward.

Dental Applications
Braces

The adjustments that the teeth are sub-
jected to during an orthodontic treat-
ment are due to remodeling of the bone
by the force exerted by the braces.* As a
result, the mechanical stimulation al-
lows the remodeling of the periodontal
level 2 The strength of the force must be
in a narrow range to permit a proper
correction of the dental malformations.
Too much force leads to the absorption
of the bone, while too little force in-
creases the possibility that the remodel-
ing will not occur. Introduced in the
1940s, stainless-steel braces were an im-
portant advance in orthodontic treat-
ments.* However, the development of
SMA resulted in a significant increase in
correction forces,” especially the homo-
geneous distribution of a constant
force.®% The introduction in 1972 of
nickel-titanium braces was significant
because of the reduced length of the
orthodontic treatment, easy and imme-
diate placement, reduction of check-ups,
and improved toleranceby the patients

Nickel-titanium braces are more com-
fortable for patients during the installa-
tion and throughout the treatment. The
apparatus allows autonomous adjust-
mentof the transmitted constraint, avoid-
ing visits to the orthodontist to retighten
it. The consumption of very cold or hot
foods does not cause complications if
the austenite-martensite transformation
range is well chosen. Temperature
swings can even prove to be beneficial
for the orthodontic treatment if the tran-
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sition temperatures are well chosen and
fixed. Thus, the introduction of
superelastic SMA allowed the applica-
tion of the required force to remodel the
bone. By choosing the suitable dimen-
sion of the wire adapted to the nature of
the problem being treated, the SMA ex-
erts a constant, homogeneous, and di-
rected force on the teeth. For example,
an SMA wire with a 0.41 mm diameter
exerts a force of 7.4 Newtons with an
elongation of 3 mm.

The use of SMA in orthodontics is
recommended. However, careful atten-
tion is essential during the closing of the
braces because the two ends of the wire
must be welded.*® If the heat given out is
excessive, the long-term viability of the
braces may be compromised.

Dental Implants

Since 1985, Fukuyo has supported
using SMA for endosseous dental im-
plants.® More than 15,000 clinical appli-
cations were reported in Japan from 1985
to 1988. SMA use in this type of opera-
tion assures a better fixation of the im-
plant in the jaw due to shape memory.
Among the other advantages he cited
are the reliability of the implant fixation,
easy operating technique, and greater
homogeneity in the distribution of the
constraint related to chewing.

Cardiovascular Applications

SMA were studied for cardiovascular
applications because their insertion and
deployment in the cardiovascular sys-
tem does not necessarily require surgi-
cally “opening” the patient during an
operation under total anesthesia. How-
ever, the exposure of SMA in the blood
stream pose challenges such as agitating
the arterial system to correct the stenosis
and/or prevent stent restenosis, or to
isolate the aneurysms (endo-prosthesis)
of the venous system to prevent the re-
lease of embolus likely to move from the
cava vein towards the lungs.

Figure 6. Review of principal properties of
SMA: one-way memory (exterior line of (1)
and (2)) ; two-way memory with learning (1)
andthe memory effectitself (2) ; pseudoelastic
effect (3) ; superthermic effect, shifted (2)
towards the values of non-zero force ; rubber
effect (Learning cyclage loops (1)).

Stents

The progress of atherosclerosis in the
cardiovascular tree involves the forma-
tion of localized stenosis that reduces
the width of the blood vessels. When
they are wide, stenosis can quickly block
blood flow in an artery. This pathology
strikes at all levels — carotids, coronar-
ies, renal arteries, abdominal aorta, iliac
arteries, femoral, and lower arteries —
and must be treated. Bypasses and en-
darterectomies always receive a lot of
surgical interestbut they arenot the only
method of treatment. Dilations with or
without arterectomy are frequently per-
formed, mostly when the lesions are lo-
calized. The insertion of a stent permits
the retention of the artery diameter and
prevents therecurrence of the pathology
in this area and the fibrous hyperplasia
at the site of anastomoses. Such stents
must be deployed up to their functional
diameter by the expansion of a balloon
made of stainless steel, tantalum or tita-
nium. SMA stents canbe deployed to the
functional diameter by the heat of the
blood stream, which prevents any initial
mechanical damage. The use of stents in
vascular endosurgery has expanded ex-
ponentially over the last 10 years,*%
even if the scientific community has not
reached a consensus yet. Although the
clinical effectiveness of stents is well es-
tablished, the superiority of the shape
memory alloys or other materials must
be considered. Researchers must study
the disturbances of the blood flow, the
blood compatibility of materials and their
biostability in the long run, their
biofunctionality, the need for eventual
anti-coagulant treatments, and response
of the patient to biological and immuno-
logical plans.

Endoprosthesis

The resection of unbroken aneurysms
is a gratifying operation since the life
expectancy of the patient returns to nor-
mal. The smaller, localized aneurysms
in the abdominal aorta and iliaques ar-
teries, as well as the aneurysms in the
arteries, can now be isolated in the blood
stream with the help of vascular
endoprosthesis, or “covered” stents. This
isolation allows the stents to be made of
the same metals or alloys as before, on
which a synthetic arterial graft is ap-
plied. The graft can be made of woven
polyester, microporous Teflon®, or poly-
urethane.

The stent’s role is more critical for this
application than the previous one since
it must maintain a constant diameter of
the lumen while resisting the expansion
in the initial stage and increasing pres-
sure during the progressive healing pro-
cess. With the establishment of the arte-
rial prosthesis, blood loss is prevented
and rapid healing is supposed to be pro-
moted. The endoprosthesis made of
shape memory alloy lattices and thin

woven polyester display a certain supe-
riority over the other models because of
their easy deployment and greater sta-
bility. Given the plethora of available
designs, surgeons and radiologists
launched large programs of clinical vali-
dation such as Eurostar.

Cava Filters

When the venous circulation is dis-
turbed and pathology such as
thrombophlebite appears, the release of
embolus can occur. The thrombi in the
venous system are then moved towards
the cava vein. To prevent lung embo-
lisms, the thrombi should be retained by
a filter similar to that proposed by
Homans in 1944.% The installation of a
cava vein filter is now widespread in
Europe,®% but its use creates contro-
versy because the filters can degrade,
completely thrombose, or migrate. As a
result, interest in SMA should increase
since they can be deployed with in-
creased safety. However, the clinical tests
have not demonstrated convincing ad-
vantages.

Intracranial Staples

Intracranial staples were first im-
planted in Japan in 1978 to isolate brain
vessel.® Different types of nickel-tita-
nium staples and thermal processing
were developed to treat the materials
according to the specificapplication. The
shape memory effect was exploited to
facilitate the removal of the staples by
simple heating. Despite interest in this
area, these tests remain anecdotal.

Activation of an Experimental
Artificial Heart

Energy requirements remain one of
the key problems in developing an arti-
ficial heart that is completely implant-
able in humans. Since 1968, many ideas
have been suggested, including nuclear
batteries, magnetic energy transfer, and
biological batteries. Sawyer proposed the
use of shape memory in 1971.% He sug-
gested exploiting the ability of SMA to
produce a constraint at the moment of
transition martensite-austenite. In this
model, ventricles would be made out of
vinyl-ethylene acetate, the most blood-
compatible material at that time, and
different sinusoidal elements made of
six nickel-titanium wires replacing the
cardiac muscles.

Differentcompositions of theelements
were studied to optimize the output of
the system. The required time to com-
plete a thermal cycle represented a big
technological limit, since the number of
contractions was limited to 12 to 20 per
minute. This preliminary study was
quickly abandoned, even though the
technology appeared attractive. The op-
timization of the output of the complete
thermal cycle of nickel-titanium (toward
a Carnot-cycle) might allow the feasibil-
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ity of such a project to be re-evaluated.

Other Applications
Gynecological

In 1981, Xue introduced female steril-
ization in China using a cylindrical
staple.”® Measuring 15 mm to 17 mm in
length and 2 mm in diameter, the staple
was opened in iced water and closed
againatbody temperature, allowing the
binding of the Fallopian tubes.

It was tested on 325 women, with a
reported success rate of 98.77%. The op-
eration lasted about 14 minutes, with no
pain before, during, or after the implan-
tation. The staples completely closed the
tubes. The post-operation follow-up
demonstrated the viability of this tech-
nique, but today this practice is of his-
toric interest only.

Surgical Instruments

In 1988, Mitek Surgical Product Inc.
(Dedham, MA), in collaboration with
Tufts University (Medford, MA) sug-
gested a breast cancer screening sys-
tem®' designed to guarantee the location
and isolation of the tumor during the
surgical operation and to restrict the ex-
cision for aesthetic reasons.

A thin needle made of SMA was in-
serted into the tumor at body tempera-
ture to create a stable anchor, with the
final shape of the needle resembling a
“hook.” During the operation, surgeons
can quickly and precisely locate the tu-
mor. This instrument has been used in
over 300,000 surgical operations.

THE BIOCOMPATIBILITY
OF NITINOL

The Problem

Since the early 1970s, the biocompat-
ibility of nickel-titanium alloys for hu-
man implantation has been the focus of
many studies. The works of Castleman
and Motzkin showed that nickel-tita-
nium orthopedic devices implanted in
the femurs of rats, monkeys, and ba-
boons for periods up to six months
showed astrongencapsulationasa func-
tion of the implantation time, a moder-
ate inflammation reaction, and an ab-
sence of giant cells.®>% These observa-
tions were considered sufficient to ac-
cept that the nickel-titanium SMA were
biocompatible. Then in 1990, the accu-
mulation of nickel in the fur of four dogs
wearing subcutaneous nickel-titanium
implants caused some worries. Spectro-
scopic analysis showed that the fur of
animals wearing subcutaneous nickel-
titanium discs in their backs contained
nickel.#* However, neither the weight
nor the shape of these discs had under-
gone any changes during the implanta-
tion.

In the mining industry nickel is seen
as a potentially toxic metal for humans.
However, thelevel of its toxicity remains

difficulttoassess because
it appears to vary from
person to person. In this
context, it is easy to un-
derstand why doubts
arise about the safety of
nickel-titaniumalloys. In
1981, Castleman and
Motzkin published the
results of a systematic
study of the
biocompatibility of the
constituent elements of
nickel-titanium based al-
loy.®> The following ob-
servations were pre-
sented: metallic debris of
each constituent dis-
persed in the organism

following corrosion
caused by the biological
environment, and metal-
lic ions can be trans-

ported by the blood or  SHanges.

Figure 7. Principle function of the medullary spacing: the
change in temperature (from T to T,) again closes the spacing
ring that keeps the intervertebra distance even when posture

accumulate in the tissue surrounding
the implant even if the alloy is highly
resistant to corrosion. The authors also
observed the following: the need for ad-
ditional studies on nickel-titanium im-
plantsundergoing the austenite-marten-
site transformation in situ and designed
toremain in the body for along time; the
risks represented by the preparation,
storing, and sterilization processes; and
the critical need to work on industrial
alloys and not medical quality.

The question raised is not only that of
knowing if the constituent elements are
being leached out of the implant, but
also of understanding its consequences.
The temporary component of implanta-
tion makes the potential lifespan of the
implantdifficult to estimate. Todate, the
process of degradation caused by the
body’s environment on metal remains
largely speculative: What level of risk is
acceptable if the metal prosthesis de-
grades to a point where one or more
elements in the alloy presents a known
biological incompatibility?

Biocompatibility of Nickel

Nickelis an element witha potentially
high level of toxicity to human health,%-
7 even though it is an essential element
for life.”* Despite many studies, a con-
sensus has not been reached on the risks
of nickel to the human body. The reac-
tions of the human body after the instal-
lation of nickel implants seem unex-
pected.” This can be explained by the
multiple oxidation that nickel under-
goes (Ni~, Ni*, etc.) and the many nickel
compounds in the human body (Ni,S,,
NiO, Ni,O,, NiF,, NiCl,, etc.); and the
subjectivity and variability of the re-
sponse from person to person. This tox-
icity may manifest itself in humans in
the following ways:”>”” acute pneumo-
nia following the inhalation of nickel,
chronic sinusitis and rhinitis, cancer of

the nostrils and lungs in nickel workers,
and dermatitis and sensitivity caused by
exposure to or physical contact with
nickel.

The potential carcinogenicity, to ani-
mals as well as humans, of certain types
of nickel was raised in several studies,”
% but the role of nickel in the develop-
ment of cancer remains fragmentary.
Differentnickelleakage products would
be capable of causing irreversible dam-
age to DNA and even impairing its pro-
duction. However, the available data is
insufficient to class nickel as a genotoxic
element. Consequently, its role in the
promotion or initiation of cancer has not
yet been proved beyond reasonable
doubt.® As a result, the mechanisms of
nickel mustbe understood and the even-
tual leaching out of nickel from an im-
plant must be quantified because nickel
is present in humans through food or
other sources. As long as the natural
ability to remove nickel exceeds that of
accumulation, the risks are minimal.

Nickel is normally transported in the
blood, particularly in the albumin, but
also by the amino acids and plasma pro-
teins. If the amount present in the body
is too large, nickel first accumulates in
the pulmonary alveoliand kidney glom-
erules. The speed of accumulationis pro-
portional to the amount of nickel present.
It can be removed by urine and feces.
However, the speed of elimination is not
only correlated to the concentration in
the body, but also depends on personal
metabolic factors.®

Biocompatibility of Titanium

Unlike nickel, titanium and its alloys
are considered to be biocompatible.®
They are frequently used in dentistry,
orthopedy, and surgical applications.
The biocompatibility of titanium is ac-
cepted because no toxicity was observed
during animal experiments and human
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implants, except forastudy which caused
controversy in connection with the “un-
desirable irritation” caused by tita-
nium;* and titanium and Ti-Al-V al-
loys are known and highly trusted for
their corrosion resistance in the human
body.121% These alloys have been
adapted for human orthopedic prosthe-
sis implants because of their excellent
mechanical properties and safe bio-
stability.

Biocompatibility of
Nickel-Titanium Alloys

Inflammatory and immunological re-
actions caused by a prosthesis after in-
stallation do not go beyond the ability of
a person to recover. The toxicity, which
manifests itself by the leaching out of
chemical elements, is capable of induc-
ing one or more of the following reac-
tions in a person: local tissue response,
systematic toxic response, allergic re-
sponse, and teratogenic, mutagenic, and
carcinogenic response.

Among the many commercially avail-
ablemetallicalloys, only three are known
to be biostable and biocompatible:'**
austeniticstainless steel Fe-Cr-Ni (better
known as 316L, which contains 12% to
14% nickel); Cr-Co alloy; and the tita-
nium alloy Ti-Al-V. Compared to other
metallic alloys or polymers, method-
ological studies on the biocompatibility
of nickel-titanium alloys are rare. The
tests in vivo of nickel-titanium elements
were performed on dogs, rats, and mon-
keys, with the length of implantation
lasting up to 17 months. The good be-
havior of nickel-titanium alloys leads to
the scientific conclusion that the results
were sufficiently safe to justify its im-
plantationin humans.63651% Other stud-
ies, however, lead to the scientific con-
clusion that nickel leakage is likely to
cause severe damage to patients.!%1%
What length of implantation of a nickel-
titanium prosthesis might be expected
in a person? What will be the influence
of associated risk factors (tobacco, alco-
holism, dyslipidemia, and hyperten-
sion)? How do we translate the results
from animals to humans?

Thenickel-titanium alloy is effectively
the SMA with the best corrosion resis-
tance compared to other shape memory
alloys. But the corrosion resistance of
nickel-titanium compared to other me-
tallic alloys used in implantology (stain-
less steel 316L, Ti-6Al-4V, etc.) merits a
profound study to reassure the potential
patients of its long-term stability.

Biological Corrosion Tests

Nickel-titanium alloys, like all metal-
lic alloys, are subject to in vivo degrada-
tion caused by corrosion from the bio-
logical environment. Different reaction
products may appear during any corro-
sion process. In this context, the mere
presence of nickel implies a risk for

person’s health. The biostability, elec-
trochemical potential, and corrosionrate
should be studied in detail to set an
acceptable threshold or reject the alloy.

In Vitro Studies

The corrosion of metals and metal al-
loys is a degradation process that is well
understood.!®'!! [t imposes severe lim-
its on implant materials, particularly in
orthopedy, since implant failure is pos-
sible.”2 The corrosion of metals and al-
loysis not yet entirely controlled. Differ-
ent simulation methods have been de-
veloped in order to evaluate the resis-
tance of different metallic implants, es-
pecially the nickel-titanium alloys.

The corrosion rate measured by loss
of mass can be calculated by immersing
thenickel-titanium alloy ina physiologi-
cal solution. Shibi Lu observed a good
resistance: after animmersion of 72 hours
the corrosionratereached alevel equiva-
lent to 0.001 mm per year.* However,
such a short experiment makes it diffi-
cult to predict the corrosion resistance in
the long term. Oshida found that the
corrosion rate increased with tempera-
ture (between 3°C and 60°C) and the
acidity of the environment (pH varied
from 3 to 11). For orthodontic wire, the
corrosionrate increased from 0.02mm to
0.06 mm per year after seven days of
incubation, which is not insignificant."?
Moreover, corrosion pitting appears
when structures are not homogeneous,
or in the case of imperfections in the
surface. According to Schwaninger, cor-
rosion of nickel-titanium will essentially
be due to faults in the surface inherentin
the manufacturing process of orthodon-
tic wires.'™ Nickel-titanium seems sen-
sitive to pitting corrosion.

Chemical corrosion tests are essen-
tially based onvoltamperometric tests.!>-
7 A potential is applied on a nickel-
titanium electrode, resulting in the for-
mation of an oxide film on the surface. In
general, nickel-titanium has a better cor-
rosionresistance than stainless steelsand
cobalt-chrome (Co-Cr) alloys, but corro-
sion resistance is localized and more
random in nickel-titanium than in con-
ventional alloys used in orthopedy.
Rondelli proposed a scale to evaluate
the localized corrosion resistance in dif-
ferent materials using damage tests on
passivation films."® In ascending order
of corrosion resistance to localized cor-
rosion, the results were

Ni-Ti < Ni-Ti-Fe < AISI 316L <
Ti-6Al-4V

This weakness of nickel-titanium to
localized corrosion confirmed that the
re-passivation of the surface oxide film
is a slow phenomenon. These results
encourage prudence in the use of this
alloy for long-term implantation. A sur-
face treatment for further clinical use of

these alloys (for example, a re-enforce-
ment of the passivation film) is recom-
mended. However the schedule of con-
ditions represents drastic needs.'® All
the electrochemical tests are carried out
at a constant pH and temperature,
whereas frequent changes in tempera-
tureand pH occur in thebody and mouth.
After surgery, the pH in the physiologi-
cal milieu becomes acidic (pH = 5.5)
before becoming neutral after 10 to 15
days.® Such an increase in acidity can
damage the alloy’s passive film.
Thus it is very important to choose
well the corrosion environment for in
vitro experiments. The extrapolation of
in vivo results show a rule of behavior
that must be weak. Among the different
environments that have been suggested
over the years, only Ringer’s solution
remains universally accepted.* Randin
tested the corrosion resistance of differ-
ent nickel-based alloys used in jewelry
inahighly corrosivemilieu: sweat.” This
is composed of chlorides (0.3 g/1t03 g/
1), urea (0.12 g/1 to 0.57 g/1) and lactic
acid (0.45 g/1to 5 g/1), with a variable
pH between 3.8 and 6.5. Even if nickel-
titanium alloys (55% and 45%, respec-
tively) are in a passive state, they can be
corroded by pitting. The pitting corro-
sion potential in the sweat is understood
to be between 0.6 V and 1.05 V.
Considering the potential /pHbalance
diagrams, Pourbaix showed that
nickel:ul,llz
¢ Hasonly onestable thermodynamic
region (pH > 7).

o Corrodes quicklyinacidicsolutions
(pH < 7).

e Can passivate in precise conditions
9 <pH<12).

e Corrodes in oxidizing alkaline so-
lutions (pH > 12).

Randin found that titanium is highly
stable in the sweat (pitting corrosion
potential of 3 V). This result was con-
firmed in a sodium chloride solution
(pitting corrosion potential of 10 V) and
by the long-term biostability of tita-
nium.'?*2 Extrapolating results obtained
in vitro in predicting the behavior in
vivo is risky, however.

In Vivo Studies

The corrosion resistance of nickel-tita-
nium alloys has been widely re-
ported®#+121% since Castleman’s study.®
No signs of corrosions were reported in
orthopedic implants (plaques and
screws) that were installed in the femurs
of 12dogs for periodsranging from three
to 17 months. The nickel-titanium rings
that were implanted in the femurs of
rabbits for four months by Cigada and
his colleagues did not cause any intersti-
tial corrosion.! Plates made of stainless
steel and nickel-titanium also were im-
planted in a comparative study:* The
stainless steel plates were prone to pit-
ting corrosion, whereas the nickel-tita-
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nium plates were not. Dental wire made
of nickel-titanium, used in 22 patients,
was not prone to corrosion, according to
Edie and his colleagues.'®

In a study of 1,120 hip prostheses of
different models that were removed due
tocomplications, Pohler studied the cor-
rosion and degradation after different
lengths of implantation.'” He also evalu-
ated the tissue surrounding the prosthe-
sis when the alloy contained nickel. Some
2 mm to 3 mm encapsulated tissue
samples were taken to be studied micro-
scopically by atomic absorption spectro-
scopic analysis and microanalysis. The
concentrations of nickel in the surround-
ing tissue did not follow ahomogeneous
distribution sincenickel was notdetected
in most specimens. However, moderate
concentrations of nickel were found spo-
radically on the surface of material. It
was often associated with other elements,
such as Fe = 380 ppm, concentration of
Crbelow the detection level, and Ni=>50
ppm. The nickel also has a tendency to
migrate into the surrounding tissue,
where it could then be transported in the
body through metabolic interactions.

FUTURE CHALLENGES

The needs of biocompatibility repre-
sent a constraint that is not insurmount-
ablebutone thatcannotbe circumvented
for the use of SMA in the field of medi-
cine. The interactions between materials
and the human environment must be
better understood before the general use
of SMA in implantology can be allowed.
Degradation in vivo must be prevented
and the possible toxicity and non-com-
patibility of SMA in the human tissues
must be defined. Today, the advance of
biomedical applications of SMA is im-
portant even though the level of knowl-
edge in regard to its biocompatibility
remains stagnant. A multidisciplinary
approach is essential to study SMA with
new, moreefficienttechniques.'1 New
solutions must be found to solve the
problems that arise. At the current level
of scientific research, these problems can
be tackled in two possible ways: the
design and use of SMA without nickel
and the use of surface treatments.

Shape Memory Alloys That Do Not
Contain Nickel

The use of SMA is not obvious. Cop-
per alloys'*13! are less resistant to corro-
sion' and less efficient; other shape
memory alloys containing gold are not
practical for commercial use because of
the prohibitive cost.!*1% As a result, the
burgeoning technology of shape memory
polymers will play an important role in
the future of shape memory in the field
of medicine.’**'* Forexample, in cardio-
vascular applications, the low molecu-
lar weight of the polymers would un-
doubtedly havebetter compatibility and
greater potential than metals.!*®4 Un-

fortunately, shape memory polymers
technology has not been mastered, tak-
ing into account the complexity and va-
riety of possible combinations. However,
this technology could permit the devel-
opment of new medical applications.

Surface Treatments and Coatings

The presence of nickel guarantees the
mechanical performance of the alloy,
but its biocompatibility has not been
established beyond reasonable doubt. A
surface treatment would perhaps make
nickel-titanium SMA more tempting for
human implantation since the presence
of nickel in the alloy would be masked
and corrosion resistance improved.!#14
In effect, the surface treatment opens up
unsuspected possibilities.!#*!1% The re-
sults of laser treatment are exciting,'*
and other surface treatments and coat-
ings may lead to improved sensitivity to
corrosion resistance. The changes of
shape and dimension associated with
nickel-titanium during the austenite-
martensite transition might cause the
film to become detached.

The biocompatibility of SMA must be
studied in a rigorous, orderly way to
validate the long- term effects of the
implantand eliminate theapprehensions
of potential users. Orthopedy and the
cardiovascular field remain the favorite
fields for SMA use. However, they im-
posedifferent constraints on theimplant,
and the validation studies require dif-
ferentapproaches. The direction of stud-
ies of biocompatibility, biostability, and
biofunctionality of SMA implants must
follow from their specific functions.”¥

CONCLUSIONS

Even if the list of medical applications
of SMA is seemingly endless, this article
hopefully showed their obvious poten-
tial in the medical field. In the coming
years, a true revolution will occur in
some medical specialties. The revolu-
tionary advancements in endovascular
surgery have already injected new chal-
lenges in the traditional vascular sur-
gery. New horizons have been opened,
and clinicians, scientists, and industrial-
ists are starting to work together to mas-
ter the complexity of a problem through
a multidisciplinary approach. As a re-
sult, numerous applications have been
considered, but many more are envi-
sioned. Considering their revolutionary
properties, these alloys were the stimu-
lus for themost daring applications since
the 1970s and have been used to break
some scientific barriers and accomplish
technological challenges. Atthat time, in
the West, heart disease gained promi-
nence as a major social concern. As a
result, the development of an artificial
heart was a strong point in the policy of
U.S. National Institute of Health. Simi-
larly, in the Far East the demographic
explosion worried the authorities and

stimulated research, leading to the use
of SMA in contraception. Today, a more
rational and less emotional approach
must be adopted. The potential applica-
tions must respond to the specific social
requirements of our age: the medical-
surgical services must be assured at the
lowest cost. The safety question of all
material placed in the body requires
particular attention, and all implants
must have the required qualities of
biocompatibility, biofunctionality, and
biodurability. The applications now in
developmentaremorerationaland have
the potential to be more numerous.
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