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Abstract

NiTi foams are unique among biocompatible porous metals because of their high recovery strain (due to the shape-memory or super-
elastic effects) and their low stiffness facilitating integration with bone structures. To optimize NiTi foams for bone implant applications,
two key areas are under active study: synthesis of foams with optimal architectures, microstructure and mechanical properties; and tai-
loring of biological interactions through modifications of pore surfaces. This article reviews recent research on NiTi foams for bone
replacement, focusing on three specific topics: (i) surface modifications designed to create bio-inert porous NiTi surfaces with low Ni
release and corrosion, as well as bioactive surfaces to enhance and accelerate biological activity; (ii) in vitro and in vivo biocompatibility
studies to confirm the long-term safety of porous NiTi implants; and (iii) biological evaluations for specific applications, such as in inter-
vertebral fusion devices and bone tissue scaffolds. Possible future directions for bio-performance and processing studies are discussed that
could lead to optimized porous NiTi implants.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The near-equiatomic nickel–titanium alloy (NiTi or
Nitinol) exhibits unusual mechanical properties (e.g., the
superelasticity and shape-memory effects which are related
1742-7061/$ - see front matter � 2008 Acta Materialia Inc. Published by Else
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to a thermo-elastic phase transformation near ambient
temperature, martensite twinning and inhibition of slip
by fine Ni4Ti3 precipitates) that enable multifunctional
applications involving high recovery strain, high strength
as well as a relatively low Young’s modulus [1,2]. A few
years after the unusual shape-memory properties of NiTi
were discovered, a porous form of NiTi was introduced
[3]. Porous NiTi – because of additional benefits common
to other porous or foamed metals such as low density, high
vier Ltd. All rights reserved.
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surface area and high permeability–was proposed in many
applications, including bone implants [4–6], energy absorp-
tion [7], light-weight actuators [8] and hydrogen isotope
separation [9].

Biomedical applications remain the main target for NiTi
with open porosity given the following properties: (i) good
biocompatibility, comparable to conventional porous
stainless steel and titanium (Ti) implant materials [10–12];
(ii) a combination of high strength (important to prevent
deformation or fracture), relatively low stiffness (useful to
minimize stress shielding effects) and high toughness (essen-
tial to avoid brittle failure); and (iii) shape-recovery behav-
ior facilitating implant insertion and ensuring good
mechanical stability within the host tissue. The biocompat-
ibility of NiTi and its unusual mechanical properties make
it a superior alloy in monolithic, non-porous form for
many bone implant applications. These include maxillofa-
cial and dental implants, cervical and lumbar vertebral
replacements, joint replacements, bone plates, bone tissue
engineering, spine fracture fixation, anchorage and repair
[4,13–17], and many review articles have been published
on the biological performance of monolithic, non-porous
NiTi [18–20].

In the early stages of research on porous NiTi, the main
objectives were to develop fabrication processes for creat-
ing foams with desirable architectures and microstructures,
and to understand the resulting mechanical and transfor-
mation behavior [13,21,22]. It was not until the last decade
that many studies were performed on the biological perfor-
mance of porous NiTi [23–28]. In these studies, the consen-
sus was that porous NiTi exhibited biocompatible behavior
in vitro and in vivo. In 2001–2002, Shabalovskaya et al.
[29,30] published an exhaustive review on biological perfor-
mance of NiTi, focusing primarily on monolithic NiTi but
also addressing porous NiTi implants. They pointed out
the need for continued research on surface design, charac-
terization of corrosion behavior (especially under load or
mechanical deformation), the effects of surface condition
and sterilization procedures on biological response, and
long term in vivo and in vitro studies. Following this review,
more work has been dedicated to the combined study of the
biological evaluation of porous NiTi in parallel with stud-
ies on the development of new processing methods [31–33],
more in-depth mechanical properties (including fatigue and
damping) [34], and modeling [35–37].

In the present article, we review recent progress on the
biological performance of porous NiTi in four sections.
The first section is a summary of processing methods and
properties of NiTi with pore sizes and fractions suitable
for implant applications. The second section covers surface
modifications of porous NiTi to create surfaces with low
and acceptable Ni release levels, improved corrosion resis-
tance, and bioactive properties. The third section addresses
the biocompatibility of porous NiTi (with and without sur-
face treatment), including in vitro and in vivo studies for
cytotoxicity, genotoxicity, cell culture, bone apposition,
and tissue ingrowth. The fourth section reviews biological
studies of porous NiTi in practical applications. Given
the reviews by Shabalovskaya et al. [29,30], this article will
mostly survey work spanning the six years from 2002 to
2007, with an exclusive focus on fully porous NiTi materi-
als, rather than NiTi with surface porosity (which has been
shown to encourage bone ingrowth, e.g., Refs. [38–40]). In
each section, the review will provide general observations, a
summary of past work, and a future outlook.

2. Fabrication methods

Since NiTi has a high melting point (1310 �C), produc-
tion methods for porous NiTi have been limited to date
to powder-metallurgy techniques, as reviewed by Ryan
et al. [41] for porous metals (including NiTi) for orthopedic
applications. By contrast, implantable Mg foams [42] have
a low melting point, allowing for liquid phase processing
methods [43]. For porous NiTi produced by powder metal-
lurgy, the powder can be in either elemental or pre-alloyed
form. For instance, porous NiTi has been created from
elemental Ni and Ti powders through self-propagating
high-temperature synthesis (SHS) [44–46], spark plasma
sintering (SPS) [47], hot isostatic pressing (HIP) with argon
expansion [48], capsule-free HIP (CF-HIP) [49] and con-
ventional sintering (CS) [50,51]; in this series of methods,
partial powder densification and exothermic synthesis of
the intermetallic NiTi occur simultaneously. Undesirable
non-equiatomic Ni–Ti phases often remain in these NiTi
foams, due to incomplete NiTi formation associated with
the relatively low temperature achieved during the reaction
between Ni and Ti (due to a modest enthalpy of formation
of NiTi as compared to other intermetallics). These phases
are often difficult to remove, even after lengthy high-tem-
perature homogenization treatments. To avoid this issue
all together, some researchers have used pre-alloyed NiTi
powders to create porous NiTi, as demonstrated in conven-
tional sintering [52] and sintering with Ar expansion [53].
An alternative technique was also used in some studies,
where space-holder powder is mixed together with elemen-
tal (Ni and Ti) or pre-alloyed (NiTi) powders, pressed into
a preform which is then densified (together with NiTi syn-
thesis when elemental powders are used). The space-holder
is eliminated during or after densification, producing pores
with well-defined size, shape and volume fraction. For
example, NaF was used in conjunction with HIP densifica-
tion [54], NaCl with metal injection molding and sintering
[55], and NH4HCO3 with CF-HIP [56].

Despite a variety of manufacturing routes, most porous
NiTi surveyed in the present article are produced from ele-
mental powders by the SHS process (or CF-HIP and MIM
for some work) and fulfill the main prerequisites of
implants: interconnected and open porosity in the range
of 30–80%, pore size in the range of 100–600 lm, high
strength (i.e., at least 100 MPa at 2% strain), high recovery
strain (i.e., more than 2% recovery after 8% loading strain),
and low Young’s modulus (i.e., close to that of cortical
bone, 10–20 GPa, or cancellous bone, <3 GPa). Represen-



Fig. 1. SEM micrographs of porous NiTi produced by three different methods: (a) SHS process (65 ± 10% porosity, 100–360 lm) [27]; (b) CF-HIP with
argon expansion (42% porosity, 50–400 lm) [64]; (c) MIM and sintering with NaCl space-holder (pre-alloyed powders, 70% porosity, 355–500 lm) [55]
and (d) Photograph of commercially available porous NiTi implant produced by SHS process (ActiporeTM, Biorthex, Canada), used in a study for
intervertebral fusion application [78].
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tative foams produced by these three processes are pro-
vided in Fig. 1a–c. The most widely used porous NiTi
(Fig. 1a and d) in biological studies is ActiporeTM, a com-
mercially available product made by Biorthex (Canada)
through the SHS process, which offers porosity of 65%
and average pore size of 215 lm. A detailed analysis of
the structural and mechanical aspects of these porous NiTi
materials will be provided in a separate article and is thus
not reported here.

Further advances on processing of NiTi foams for
implants are needed in the following areas. First, while
the pore size can be reasonably well controlled with the
space-holder technique, this is not true of the fenestrations
(windows or throats) connecting the pores. If these fene-
strations are too narrow, they may inhibit bone ingrowth.
Fenestration size to a certain extent may be manipulated
by controlling space-holder shape, size and packing, and
they may be enlarged after creation of the foam by disso-
lution in acid. Second, the roughness of the pore inner
surface may have an impact on bone ingrowth, and may
be controlled during foam synthesis, e.g., by judicious
choice of space-holder powders and initial Ni and Ti pow-
ders. Third, the pore aspect ratio may be increased, and
elongated pores may be aligned so that the NiTi foams
better mimic the structure of bone. This has been achieved
in titanium foams but not yet in NiTi foams, except for
one study where continuous zone melting under pressur-
ized hydrogen created elongated pores in NiTi [57].
Fourth, gradients in pores size, shape, fraction and orien-
tation may be designed in the implant to specifically
enhance its mechanical (i.e., low interior porosity) and
biological performance (i.e., high surface porosity).
Finally, ternary or higher alloying additions to NiTi, such
as Cu, Zr, Nb or Pd which have been studied extensively
in bulk NiTi alloys to modify the transformation temper-
atures or stresses, have to date not yet been studied for
porous NiTi and would provide a further approach to
manipulating the properties of NiTi foams.

3. Surface modification to produce biocompatible and

bioactive surfaces

Nickel is a main component of NiTi, and somewhat Ni-
rich compositions (ranging from 50 to 51 at.% Ni) are very
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commonly used, especially to induce superelasticity.
Although this nickel is in a tightly bound intermetallic
form, Ni release due to corrosion in the biological environ-
ment is unavoidable. Excessive Ni exposure can cause
adverse symptoms, from asthma through allergic response,
to cellular hypersensitivity, cytotoxicity and genotoxicity,
leading to serious health problems [58,59]. Nickel leaching
from porous NiTi is of particular concern due to the large
exposed surface area, which is in direct contact with adja-
cent bone and tissue at the implant site. For example, the
amount of Ni release from porous NiTi was found to be
two orders of magnitude greater than that from a solid
implant [60,61]. Moreover, the amount of Ni released is
affected by both the stoichiometry of the equiatomic NiTi
phase (which can vary between �49 and �52 at.% Ni),
and by the presence of non-equiatomic phases (e.g., Ti2Ni,
Ni3Ti and Ni), which are often present after incomplete
synthesis by the elemental powder methods.

To reduce the release of Ni ions from NiTi surfaces,
many surface treatments have been used to create uni-
form, homogeneous, and thick TiO2 films (thicker than
the natural surface oxide layers, and those formed during
processing, which are typically only nanometers thick) on
NiTi surfaces [30]. For porous NiTi, surface treatments
such as ion implantation, oxidation, heat treatment, and
surface coating have been reported. Commonly in these
studies, nickel release levels were measured by immersing
porous NiTi in simulated body fluid (SBF) solutions, pre-
pared with ionic concentrations comparable to those of
human blood plasma in order to promote the creation
of the apatite layers expected to form in vivo on the por-
ous surfaces.

Thermal annealing is a convenient method for surface
treatment of porous NiTi as shown by Wu et al. [62],
who oxidized porous NiTi in air for 1 h. They found an
optimized annealing temperature (450 �C), with lower tem-
peratures (300–450 �C) still reducing Ni leaching by a fac-
tor of two as compared to untreated NiTi, but higher
temperatures (550–800 �C) increasing Ni leaching by a fac-
tor of 12–25 as compared to untreated NiTi, due to thick
Ni-rich layers formed under the thin TiO2 surfaces.

A non-abrupt Ni-depleted surface layer with the same
range of thickness was achieved by performing oxygen
plasma immersion ion implantation (PIII) [63] on porous
NiTi. This method was claimed to allow a relatively uni-
form plasma implantation, despite the non-planar surfaces
and complicated internal geometry of porous NiTi. The
resulting barrier layer helped reduce Ni release from por-
ous NiTi to about a third of the level in untreated material.
The layer is stable in SBF for 28 days without signs of
chemical reaction, and treated porous NiTi has strong cor-
rosion resistance, comparable to (or even better than, in the
long term) dense NiTi without plasma treatment. Porous
NiTi produced using similar starting materials and meth-
ods (capsule-free HIP-based), and surface treated by PIII,
shows the same magnitude of Ni release concentration
after 70 days in contact with SBF as the previous study
[64]. Compression test results show that porous NiTi after
PIII treatment exhibits superelasticity, with almost the
same mechanical behavior as the untreated material.

TiN and TiO2 coatings were also deposited on porous
NiTi by physical vapor deposition (PVD) [65]. The coat-
ings covered the entire exposed surface area, even in the
center of 8 � 17 mm2 samples with 210 ± 110 lm pores.
Nickel ion release was decreased relative to an untreated
sample by factors of 10 and 14 for TiN and TiO2 coatings,
respectively. Although these factors seem large compared
to those of the other surface treatments, one must take into
account that the untreated, non-homogenized control foam
in this work had a much higher initial Ni release concentra-
tion than that of untreated foam used in the works previ-
ously discussed. The effect of pre-soaking in SBF solution
(for 1 month at room temperature and for 5 cycles of 1 h
at boiling temperature) was also investigated in the same
study [65]. These treatments resulted in very low Ni ion
concentrations, comparable to those achieved by TiN and
TiO2 coatings. The authors suggested that the effect of
pre-soaking was due either to depletion of Ni from the
near-surface regions of the NiTi, or possibly to the forma-
tion of a protective Ca–P layer which insulates the NiTi
surfaces from the SBF. Furthermore, the authors demon-
strated another interesting alternative, consisting of TiN-
or TiO2-PVD coating followed by SBF pre-soaking for
1 month. The additional SBF treatment further reduced
Ni release rates for the TiN-coated foams (by about a fac-
tor 2), but no improvement was achieved for the TiO2-
coated foams.

Following a similar double coating approach to enhance
bioactivity and also lower Ni release, Jiang and Rong [60]
reported crystalline hydroxyapatite (HA) layers on porous
NiTi by chemical treatment (32.5% HNO3 solution fol-
lowed by boiling in 1.2 M NaOH solution) and subsequent
immersion in SBF. The resulting HA layer uniformly cov-
ered the porous NiTi, both on the surfaces and within the
pores, after 5 days (which is faster than natural HA forma-
tion), and Ni release was even lower than in untreated
dense NiTi (up to 50 days). Gu et al. [31] reported similar
results, but at the early stages of apatite layer formation
(1 day after 1.5 SBF soaking) on porous NiTi. The main
difference in this latter work was their use of nanocrystal-
line Ni and Ti powders in the SHS process which resulted
in changes to pore geometry (nearly circular or elliptical
pore shapes, rather than mostly elongated channel struc-
tures) while keeping porosity and pore size, and to a reduc-
tion of non-equiatomic phases which was expected to
reduce Ni release (no Ni release results were, however,
reported). In another study, after chemical treatment
(8.8 M H2O2 and 0.1 M HCl) followed by annealing
(400 �C for 1 h), a TiO2 layer consisting of many nanoscale
spheroidal crystallites and pores, acting as preferential
nucleation sites for apatite, was present on the surface of
porous NiTi [66]. After SBF immersion, bone formation
was observed in the form of a nanocrystalline apatite struc-
ture (whose crystallographic orientation with respect to



Table 1
Comparison of Ni release levels in SBF for recent studies of porous NiTi

Processing method (elemental powders) Porosity
(%)

Pore size
(lm)

Surface treatment Ni release levels

CF-HIP [63] 40 – Oxygen plasma (PIII) 0.06–0.18 ppm (untreated)
0.01–0.05 ppm (treated)
7–28 days

CF-HIP with Ar expansion [64] 42 50–400 Oxygen plasma (PIII) 0.2–0.3 ppm (untreated)
0.05–0.08 ppm (treated)
70 days

CF-HIP with space-
holder + homogenization [62]

48 50–500 Oxidation at 450 �C 0.45 ppm (untreated)
0.2 ppm (treated)
6 days

SHS + homogenization [65] 65 100–320 TiN and TiO2-PVD coating; SBF
soaking

0.66–0.85 ppm (not homogenized)
0.17–0.30 ppm (untreated)
0.04–0.09 ppm (TiN)
0.06–0.07 ppm (TiO2)
0.05–0.07 ppm (SBF pre-soak)
0.03–0.04 ppm (TiN + SBF pre-
soak)
0.06–0.07 ppm (TiO2 + SBF pre-
soak)
1–16 days

SHS [60] 61 200–600 HNO3/NaOH with HA coating 6.7 ppm (untreated)
0.48 ppm (treated)
50 days
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titania layer could be controlled) with a similar chemical
ratio to that of natural bone.

A new, promising process for preparing biocompatible
surfaces on porous NiTi was recently reported by Berthe-
ville [50]. To prevent formation of undesirable non-equi-
atomic intermetallic phases (which are undesirable
because they are favorable sites for corrosion) during
SHS, a preform of Ni and TiH2 powders was sintered in
the presence of CaH2. Upon decomposition of both
hydrides, the Ni–Ti powder mixture sintered by SHS under
an atmosphere of Ca vapor, reducing any oxide present.
This method produced porous NiTi without the undesir-
able second phases in a single step, with pore surfaces
coated with residual calcium oxide, which, if changed to
Ca(OH)2, might promote bone ingrowth (osseointegration
and bone ingrowth information was not reported in this
work, however).

Table 1 shows a comparison of Ni release levels for
various coated and uncoated NiTi foams resulting from
different exposure times to SBF. Regardless of processing
method, surface treatment method, and initial sample
properties, surface-treated porous NiTi (40–60% porosity,
50–600 lm pore size) releases Ni levels, after SBF expo-
sures of up to 70 days, that were lower than untreated val-
ues and lower than the standard dietary intake of Ni
(150–900 lg per day) [67]. This result was also seen in
the investigation of Ni release following longer-term (3,
6, and 12 months) exposure to porous NiTi implants at
intervertebral sites in a sheep model [68]. The Ni levels
measured from either local tissue/muscle, detoxification/
remote organs, or blood samples are not significantly dif-
ferent from those in control models, and level off at
acceptable values (<1 lg g�1 for tissue/organ, and 5 lg l�1

for blood). No localized corrosion or pitting on the sur-
faces of porous NiTi (65% porosity) was found after this
in vivo study.

To directly compare the efficiency of various surface
modification methods, porous NiTi produced by the same
processing method should be used, as performed by Lem-
aire et al. [65]. At the same time, the effectiveness of surface
treatments on foams produced by other available methods
should be validated. Well-controlled processes that pro-
duce finished porous NiTi surfaces without undesirable
phases and with a homogeneous distribution of surface
stress should be used to minimize the need for surface
post-treatment steps. The recent trend in surface modifica-
tion research seems to be toward the long-term study of
surface performance (i.e., of NiTi as a biocompatible/bio-
mimetic/bioactive surface). Such studies are needed to
assess the durability/stability of the surfaces (i.e., dissolu-
tion and cracking of barrier layers with time and/or defor-
mation). Nonetheless, it is also important (for instance, in
reducing operative time and guiding postoperative care) to
know how quickly such stable, long-term behavior is
reached. In parallel, optimization of current surface modi-
fication processes (i.e., to produce uniform and homoge-
neous barrier layers) should be continued. Finally, the
effect of surface treatments on the overall shape-memory
and superelastic behavior of porous NiTi should be stud-
ied, and the effect of cyclical deformation (e.g., during
use of the implant) on the integrity of the surface layers
should be investigated.
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4. In vitro and in vivo biological studies

The design of NiTi implant materials focused originally
on minimizing the host tissue response in order to create
‘‘bio-inert” implants. The second stage of implant technol-
ogy attempted to create ‘‘bioactive” implants that would
elicit a desired response from the host tissue. This approach
may involve coating surfaces with apatite mineral in order
to promote bone bonding or apposition on the implant sur-
face. Recently, progress has been made towards a ‘‘third
generation” of NiTi implants with surfaces that are molec-
ularly designed to induce bone regeneration on implant
surfaces.

In vitro cell culture tests have been performed on various
NiTi foams. Prymak et al. [69] showed immediate adher-
ence of peripheral blood leukocytes to porous NiTi sur-
faces, and rapid viability within 24 h. Short-term in vitro

tests (8 days) showed no immediate cytotoxicity from por-
ous NiTi produced by CF-HIP, as well as surface deposi-
tion of mice osteoblast cells regardless of the type of
surface treatment (PIII or oxidation) [62,64]. Porous NiTi
made by other processes (e.g., MIM with space holder) also
showed strong proliferation and attachment of cultured
cells [55]. However, nickel release levels seem to affect
how well osteoblast cells adhere and proliferate on porous
NiTi surfaces. This is in agreement with the findings of Gu
et al. [31], where no cell attachment was observed on por-
ous NiTi surfaces containing unreacted, elemental Ni left
from an incomplete SHS process, while fast proliferation
and differentiation was found after surface treatment.

In 2002, Assad et al. systematically confirmed a low
adverse potential at the in vitro cellular level, using cyto-
compatibility elution testing and three standard genotoxi-
city assays. The short-term biocompatibility of porous
NiTi was determined to be comparable to that of dense
NiTi [70]. Moreover, in vivo standard allergy potential eval-
uation showed that porous NiTi has no potential to pro-
duce irritation, systemic toxicity reactions, or
sensitization in animal models [71].

In vivo study of bone ingrowth and bone apposition in
porous NiTi has been the subject of much recent literature.
No apparent adverse reaction was seen on or around the
implant area in proximal tibia of rabbit after 6 weeks,
and the in-grown bone has similar properties to the sur-
rounding bone [32]. Porous NiTi also showed excellent
bone implant contact and a high level of bone ingrowth
in rabbits and rats [24,28] (up to 78% in 6 weeks in rabbits
[32]) without signs of loosening. Although it has long been
known that osseointegration and fraction of bony tissue
ingrowth increase with post-surgery time in rabbits [25],
porous structures can be a key factor in accommodating
and/or accelerating such processes. Thus far, the effects
of pore size and the porosity of NiTi foams on bone appo-
sition and ingrowth are not obvious; however, after 12–30
weeks, some effect of porosity (ranging from 47% to 66%)
and pore size (from 260–510 lm) on bone implant contact
and incidence of fibrosis has been documented [24].
The porous NiTi used in the above studies was made by
the SHS process, which guarantees a high amount of
porosity and a desirable range of pore size, but is unlikely
to allow simultaneous control over both features. For
example, the three groups of porous NiTi used by Kujala
et al. [24] have porosity and mean pore size as follows:
(a) 66% and 259 ± 30 lm, (b) 59% and 272 ± 17 lm, and
(c) 47% and 505 ± 136 lm. It is desirable to test biocom-
patibility on samples where pore size and fraction can be
controlled independently, so as to determine the effect of
each of these two variables. Such flexibility and control
could be achieved using one of the space-holder processes
[54–56], since the space-holder size and fraction determine
pore size and fraction in the foam, and they can be modi-
fied independently.

Finally, biocompatibility studies will need to be per-
formed on next-generation NiTi foams, where the alloy
composition and the pore fenestrae, shape, aspect ratio
and surface roughness (with or without gradients) are sys-
tematically varied with the goal of finding an optimal com-
bination of mechanical and biological performance.
Furthermore, it will be interesting to develop the optimal
bioactive systems that promote bone regeneration. Work
along these lines has been recently reported by Sargeant
et al. [72] describing the modification of Ti foams with self
assembling peptide amphiphiles in order to promote regen-
eration of bone. A similar idea for tissue engineering was
introduced in 1995 by Endo et al. [73,74] who used chemi-
cal modification with biofunctional proteins to improve
bioactivity and corrosion resistance of solid NiTi surface.

5. Implant applications

Intervertebral fusion devices are one of the recently
identified applications for porous NiTi in spine surgery,
with one commercial product commercially available since
2002 under the trade-name ActiporeTM (from Biorthex, Can-
ada) for lumbar and cervical interbody devices. One addi-
tional advantage of porous NiTi as compared to other
porous metals for implants (e.g., Co and stainless steel) is
the excellent compatibility of NiTi for magnetic resonance
imaging and computer tomography scanning [75]. Assad
et al. [27] and Likibi et al. [76] proved that porous NiTi
provides higher bone ingrowth stimulation (which further
increases with time), due to its cellular, bone-like architec-
ture, and a bone apposition rate two orders of magnitude
higher, but still performs similarly to traditional Ti–6Al–
4V fusion cages, without the need of bone grafting. After
12 month implantation, complete bone bridging across
the full porous implant with inherent vascularization and
intimate bone attachment, without inflammatory response,
on porous surface was observed (Fig. 2).

The in vitro corrosion behavior of porous NiTi (made
by SHS) was also evaluated by potentiodynamic polariza-
tion [77]. The results showed good resistance to localized
and general corrosion (at an acceptable rate of
<0.02 mm year�1) within the potential range relevant to



Fig. 2. Optical micrographs (transverse section) of porous NiTi (ActiporeTM; Biorthex, Canada, 55–75% porosity, 100–360 lm) implanted in sheep model
after 12 month post-surgery time at: (a) low magnification (black, implant; white, bone matrix; blue, strained osteoblast; brown, mineralization surface),
and (b) high magnification (B, bone tissue; F, fibrous tissue; M, metal implant) [27].
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intervertebral fusion devices. Moreover, porous NiTi was
stable against galvanic corrosion when directly coupled to
Ti–6Al–4V, as shown in tests performed to simulate the
presence of a Ti–6Al–4V supplemental fixation device in
contact with the NiTi implant. The authors also suggest
that surface treatment improves the corrosion resistance
of the final NiTi product. Rhalmi et al. [78] simulated
the event of fatigue debris release from porous NiTi,
and evaluated the toxicity of alloyed NiTi particles in
direct contact with surrounding tissue, particularly spinal
cord dura mater. The implanted NiTi particles caused
inflammation (acute at first, and reducing to mild chronic
over time) only at the adjacent epidural space, while a
normal response from the dura mater was maintained
over one year of implantation. In summary, all investiga-
tions mentioned above support the potential use of porous
NiTi as biologically safe in intervertebral fusion devices.
Products under development by Biorthex (according to
their 2007 website) include anterior lumbar fusion sys-
tems, vertebral body replacement devices and surface
coating on total knee, total hip or any other titanium or
cobalt–chrome permanent implants. Given the unique
suite of mechanical, magnetic imaging and biological
properties of porous NiTi, we can expect further biomed-
ical applications to be developed in years to come. The
use of the superelastic or shape-memory effects to add
functionality to porous NiTi implants is still unexplored.
For example, superelastic or shape-memory NiTi foams
could be deployed at the implant site, similar to the widely
used deployment of NiTi stents [79], guide wires [80] and
the activation of hingeless NiTi medical instruments [16].
Furthermore, the very large recoverable strains that are
achievable in superelastic NiTi foams (up to 4.7% [54])
at relatively low stresses (e.g., during physiological stresses
associated with activities such as walking and running)
could be used to encourage bone ingrowth in and near
NiTi implants, unlike other metallic porous implants
which tend to be stiffer and thus produce lower strains.
Indeed, it is known that mechanotransduction plays a cru-
cial role in bone resorption and formation in vivo [81] and
tensile cyclic strain has been shown to affect the morphol-
ogy, directionality, and proliferation of soft tissue cells
[82,83], and the biological activity of bone cells in vitro

[84,85]. In vivo experiments using a guinea-pig model have
also demonstrated stimulated bone growth as a result of
implant strain [86].

In the field of tissue engineering, Unger et al. [87]
recently demonstrated the possibility of pre-seeding porous
biomaterials, including porous NiTi, with human osteo-
blasts and endothelial cells. The cells grow on the materials
and ultimately generate a prevascularized microcapillary-
like network that may accelerate the vascularization rate
after implantation. Research on how efficiently this net-
work performs as a part of the circulatory system is still
ongoing, however. It is likely that tissue engineering studies
of porous NiTi will increase in the future.

6. Concluding remarks

Studies of porous NiTi for permanent bone implants
have made great progress over the last ten years. Currently,
many powder-metallurgy techniques can fabricate porous
NiTi with pore sizes and fractions that fulfill the require-
ments of bone-replacement applications. As new process-
ing methods arise and current processing methods are
optimized, biological studies are being done on representa-
tive porous NiTi. Porous NiTi materials that appear in
recent biological studies are typically made by SHS and
CF-HIP processes using elemental Ni and Ti powder,
and are characterized by pore sizes of 100–500 lm and
porosity of 30–60%. Broadly speaking, the goals of these
biological investigations into porous NiTi fall into three
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categories: surface modification, biocompatibility analysis,
and evaluation of specific applications. The goal of surface
modification is to prepare porous NiTi surfaces with min-
imal or negligible Ni release and corrosion rates. Current
surface treatments used on porous NiTi include thermal
annealing, oxygen plasma immersion ion implantation,
pre-soaking in SBF solution, TiN and TiO2-PVD coatings,
HA coatings, chemical treatment, and combinations
thereof. In general, these surface modification methods
help reduce Ni release rate by a factor of 3–24, to levels
below the normal daily Ni intake. The biocompatibility
of porous NiTi has been confirmed by evidence of good
adherence and rapid cell growth observed in both in vitro

and in vivo studies. Acceptable cytocompatibility, genotox-
icity, irritation, toxicity reaction, and sensitization are
reported, as well as high bone ingrowth with good
fixation. Positive results have been shown in a few studies
using porous NiTi in simulated operating situations using
intervertebral fusion devices and tissue engineering.

Although the study of porous NiTi has developed rap-
idly over the past few years, biological studies are still at
an early research stage compared to other porous Ti and
Ti–6Al–4V alloys and to dense NiTi. More comprehensive
studies are needed on biological performance in order to
develop the biomedical applications of porous NiTi. For
this purpose, optimization and long term in vivo studies
on surface-modified systems is still needed. The purpose
of this research should be to establish which surfaces
are the best to rapidly induce ideal metal–tissue interfaces,
including bone regeneration and bonding on the alloy sur-
face. It is also important to understand what bulk and
surface structures are best for the alloy’s stability within
the body environment without reduction or loss
of shape-recovery effects. The design of bioactive surfaces
using biomolecular structures on the metal surface that
instruct cells is one of the most promising approaches
to insure optimal biological performance of NiTi
implants.

Manufacturing developments motivated by biological
needs which may be expected in the near future include:
(i) greater emphasis on final pore surface quality (i.e., NiTi
surfaces with no potential Ni release sites) to minimize later
surface treatments; (ii) synthesis of optimally bioactive sur-
faces leading to higher bone ingrowth and biocompatibil-
ity; (iii) introduction of ternary or higher alloys; (iv)
creation of tailor-made microstructural features such as
pore fraction, size, shape, fenestrations and orientation,
which will permit control over test parameters in biological
experiments, reveal precisely the relationships between
microstructure and bone ingrowth, and perhaps allow
manipulation of biological response through the large
superelastic strains achievable in porous NiTi. With the
simultaneous consideration of processing methods,
mechanical properties, NiTi composition, microstructural
features and biological performance, more rapid optimiza-
tion of porous NiTi for biomedical applications is likely to
occur in the near future.
Acknowledgements

The authors acknowledge support of their work on bone
biomaterials from the National Science Foundation Grant
DMR-0505772. S.I. Stupp also acknowledges support in
this area from the National Institutes of Health-NIDCR
under Award No. 5R01DE015920.

References

[1] Buehler WJ, Wiley RC, Gilfrich JV. Effect of low-temperature phase
changes on mechanical properties of alloys near composition TiNi. J
Appl Phys 1963;34:1475.

[2] Otsuka K, Ren X. Physical metallurgy of Ti–Ni-based shape memory
alloys. Prog Mater Sci 2005;50:511–678.

[3] Abkowitz S, Siergiej JM, Regan RR. Titanium–nickel alloy manu-
facturing methods. United States Patent Office Patent 3,700,434;
1969.

[4] Shabalovskaya SA. On the nature of the biocompatibility and on
medical applications of NiTi shape memory and superelastic alloys.
Bio-Med Mater Eng 1996;6:267–89.

[5] Blackwood DJ. Biomaterials: past successes and future problems.
Corros Rev 2003;21:97–124.

[6] Morgan NB. Medical shape memory alloy applications – the market
and its products. Mater Sci Eng A – Struct Mater Prop Microstruct
Proc 2004;378:16–23.

[7] Zhao Y, Taya M, Izui H. Study on energy absorbing composite
structure made of concentric NiTi spring and porous NiTi. Int J Solid
Struct 2006;43:2497–512.

[8] Qidwai MA, Entchev PB, Lagoudas DC, DeGiorgi VG. Modeling of
the thermomechanical behavior of porous shape memory alloys. Int J
Solid Struct 2001;38:8653–71.

[9] Zhou JB, Gao LP, Wang KS. Preparation of Ti–Ni porous alloys and
its hydrogen isotope effects. J Rare Earth 2005;23:449–51.

[10] Thierry B, Merhi Y, Bilodeau L, Trepanier C, Tabrizian M. Nitinol
versus stainless steel stents: acute thrombogenicity study in an ex vivo
porcine model. Biomaterials 2002;23:2997–3005.

[11] Gil FJ, Planell JA. Properties and clinical applications of shape
memory alloys. Biomaterials and bioengineering handbook. Wise
DL; 2000.

[12] Ryhanen J, Kallioinen M, Tuukkanen J, Junila J, Niemela E, Sandvik
P, et al. In vivo biocompatibility evaluation of nickel–titanium shape
memory metal alloy: muscle and perineural tissue responses and
encapsule membrane thickness. J Biomed Mater Res 1998;41:481–8.

[13] Itin VI, Gyunter VE, Shabalovskaya SA, Sachdeva RLC. Mechan-
ical-properties and shape-memory of porous nitinol. Mater Charact
1994;32:179–87.

[14] Silbersteinm BM, Gyunter VE. Shape-memory implants in spinal
surgery. Berlin: Springer; 2000.

[15] Jarzem P, Leroux M, Assad M, Simonovich A, Fomichev N,
Baykylov A. Porous TiNi device for degenerative disc diseases: pre-
clinical study. 48th Ann Mtg of the Ortho Res Soc, Dallas, TX, USA;
2002.

[16] Fischer H, Vogel B, Welle A. Applications of shape memory alloys in
medical instruments. Minim Invasive Therapy Allied Technol
2004;13:248–53.

[17] Ayers R, Burkes D, Gottoli G, Yi HC, Moore JJ. The application of
self-propagating high-temperature synthesis of engineered porous
composite biomedical materials. Mater Manufact Proc
2007;22:481–8.

[18] Ponsonnet L, Treheux D, Lissac M, Jaffrezic N, Grosgogeat B.
Review of in vitro studies on the biocompatibility of NiTi alloys. Int J
Appl Electromag Mech 2006;23:147–51.

[19] Es-Souni M, Es-Souni M, Fischer-Brandies H. Assessing the
biocompatibility of NiTi shape memory alloys used for medical
applications. Anal Bioanal Chem 2005;381:557–67.



A. Bansiddhi et al. / Acta Biomaterialia 4 (2008) 773–782 781
[20] Prokoshkin SD, Pushin VG, Ryklina EP, Khmelevskaya IY. Appli-
cation of titanium nickelide-based alloys in medicine. Phys Metal
Metall 2004;97:S56–96.

[21] Martynova I, Skorohod V, Solonin S, Goncharuk S. Shape memory
and superelasticity behavior of porous Ti–Ni material. J De Physique
Iv 1991;1:421–6.

[22] Goncharuk NV, Martynova IF, Naidenova OR, Skorokhod VV,
Solonin SM, Fridman GR. Characteristics of hyperelasticity and of
shape memory of sintered porous titanium nickelide. Sov Powd
Metall Metal Ceram 1992;31:330–3.

[23] Rhalmi S, Odin M, Assad M, Tabrizian M, Rivard CH, Yahia LH.
Hard, soft tissue and in vitro cell response to porous nickel–titanium:
a biocompatibility evaluation. Bio-Med Mater Eng 1999;9:151–62.

[24] Kujala S, Ryhanen J, Danilov A, Tuukkanen J. Effect of porosity on
the osteointegration and bone ingrowth of a weight-bearing nickel–
titanium bone graft substitute. Biomaterials 2003;24:4691–7.

[25] Simske SJ, Sachdeva R. Cranial bone apposition and ingrowth in a
porous nickel–titanium implant. J Biomed Mat Res 1995;29:527–33.

[26] Kang SB, Yoon KS, Kim JS, Nam TH, Gjunter VE. In vivo result of
porous TiNi shape memory alloy: bone response and growth. Mater
Trans 2002;43:1045–8.

[27] Assad M, Jarzem P, Leroux MA, Coillard C, Chernyshov AV,
Charette S, et al. Porous titanium–nickel for intervertebral fusion in a
sheep model: part 1. Histomorphometric and radiological analysis. J
Biomed Mat Res Part B – Appl Biomat 2003;64B:107–20.

[28] Ayers RA, Simske SJ, Bateman TA, Petkus A, Sachdeva RLC,
Gyunter VE. Effect of nitinol implant porosity on cranial bone
ingrowth and apposition after 6 weeks. J Biomed Mat Res 1999;45:
42–7.

[29] Shabalovskaya SA. Surface, corrosion and biocompatibility aspects
of nitinol as an implant material. Bio-Med Mater Eng 2002;12:
69–109.

[30] Shabalovskaya S, Ryhanen J, Yahia LH. Bioperformance of nitinol:
surface tendencies. Shape Memory Mater Its Appl 2001;394-3:131–8.

[31] Gu YW, Li H, Tay BY, Lim CS, Yong MS, Khor KA. In vitro

bioactivity and osteoblast response of porous NiTi synthesized by
SHS using nanocrystalline Ni–Ti reaction agent. J Biomed Mat Res A
2006;78A:316–23.

[32] Kim JS, Kang JH, Kang SB, Yoon KS, Kwon YS. Porous TiNi
biomaterial by self-propagating high-temperature synthesis. Adv Eng
Mater 2004;6:403–6.

[33] Wu SL et al. Pore formation mechanism and characterization of
porous NiTi shape memory alloys synthesized by capsule-free hot
isostatic pressing. Acta Mater 2007;55:3437–51.

[34] Zhang YM, Tan SB, Wang LX, Wang XP, Wang XC. Damping of
porous TiNi alloy prepared by combustion synthesis method. Rare
Metal Mater Eng 2004;33:63–5.

[35] Li Q, Yu JY, Mu BC, Sun XD. BP neural network prediction of the
mechanical properties of porous NiTi shape memory alloy prepared
by thermal explosion reaction. Mater Sci Eng A – Struct Mater Prop
Microstruct Proc 2006;419:214–7.

[36] Nemat-Nasser S, Su Y, Guo WG, Isaacs J. Experimental character-
ization and micromechanical modeling of superelastic response of a
porous NiTi shape-memory alloy. J Mech Phys Solid
2005;53:2320–46.

[37] Entchev PB, Lagoudas DC. Modeling of transformation-induced
plasticity and its effect on the behavior of porous shape memory
alloys. Part II: porous SMA response. Mech Mater 2004;36:893–913.

[38] Yang YQ, Man HC. Laser spray cladding of porous NiTi coatings on
NiTi substrates. Surf Coat Technol 2007;201:6928–32.

[39] Hu K, Yang XJ, Cai YL, Cui ZD, Wei Q. Preparation of bone-like
composite coating using a modified simulated body fluid with high Ca
and P concentrations. Surf Coat Technol 2006;201:1902–6.

[40] Choi J, Bogdanski D, Koller M, Esenwein SA, Muller D, Muhr G,
et al. Calcium phosphate coating of nickel–titanium shape-memory
alloys. Coating procedure and adherence of leukocytes and platelets.
Biomaterials 2003;24:3689–96.
[41] Ryan G, Pandit A, Apatsidis DP. Fabrication methods of porous
metals for use in orthopaedic applications. Biomaterials 2006;27:
2651–70.

[42] Witte F et al. Cartilage repair on magnesium scaffolds used as a
subchondral bone replacement. Materialwissenschaft Und Werkst-
offtechnik 2006;37:504–8.

[43] Banhart J. Manufacture, characterisation and application of cellular
metals and metal foams. Prog Mater Sci 2001;46, 559-U3.

[44] Jiang HC, Rong LJ. Ways to lower transformation temperatures of
porous NiTi shape memory alloy fabricated by self-propagating high-
temperature synthesis. Mater Sci Eng A – Struct Mater Prop
Microstruct Proc 2006;438:883–6.

[45] Chu CL, Chung JCY, Chu PK. Effects of heat treatment on
characteristics of porous Ni-rich NiTiSMA prepared by SHS tech-
nique. Trans Nonferrous Metal Soc China 2006;16:49–53.

[46] Biswas A. Porous NiTi by thermal explosion mode of SHS:
processing, mechanism and generation of single phase microstructure.
Acta Mater 2005;53:1415–25.

[47] Zhao Y, Taya M, Kang YS, Kawasaki A. Compression behavior of
porous NiTi shape memory alloy. Acta Mater 2005;53:337–43.

[48] Lagoudas DC, Vandygriff EL. Processing and characterization of
NiTi porous SMA by elevated pressure sintering. J Intel Mater Syst
Struct 2002;13:837–50.

[49] Yuan B, Zhang XP, Chung CY, Zhu M. The effect of porosity on
phase transformation behavior of porous Ti–50.8 at.% Ni shape
memory alloys prepared by capsule-free hot isostatic pressing. Mater
Sci Eng A – Struct Mater Prop Microstruct Proc 2006;438:585–8.

[50] Bertheville B. Porous single-phase NiTi processed under Ca reducing
vapor for use as a bone graft substitute. Biomaterials 2006;27:
1246–50.

[51] Zhu SL, Yang XJ, Fu DH, Zhang LY, Li CY, Cui ZD. Stress-strain
behavior of porous NiTi alloys prepared by powders sintering. Mater
Sci Eng A – Struct Mater Prop Microstruct Proc 2005;408:264–8.

[52] Grummon DS, Shaw JA, Gremillet A. Low-density open-cell foams
in the NiTi system. Appl Phy Lett 2003;82:2727–9.

[53] Greiner C, Oppenheimer SM, Dunand DC. High strength, low
stiffness, porous NiTi with superelastic properties. Acta Biomater
2005;1:705–16.

[54] Bansiddhi A, Dunand D. Shape-memory NiTi foams produced by
solid-state replication with NaF. Intermetallics 2007;15:1612–22.

[55] Kohl M, Bram M, Buchkremer P, Stover D, Habijan T, Koller M.
Production of highly porous near-net-shape NiTi components for
biomedical applications. In: Metfoam Conference; 2007.

[56] Zhang YP, Yuan B, Zeng MQ, Chung CY, Zhang XP. High porosity
and large pore size shape memory alloys fabricated by using pore-
forming agent (NH4HCO3) and capsule-free hot isostatic pressing. J
Mater Proc Tech 2007;192:439–42.

[57] Sugiyama M, Hyun SK, Tane M, Nakajima H. Fabrication of lotus-
type porous NiTi shape memory alloys using the continuous zone
melting method and tensile property. High Temp Mater Proc
2007;26:297–301.

[58] Cempel M, Nikel G. Nickel: a review of its sources and environmental
toxicology. Polish J Environ Studies 2006;15:375–82.

[59] Denkhausa E, Salnikow K. Nickel essentiality, toxicity, and carcin-
ogenicity. Critical Rev Oncol/Hematol 2002;42:35–56.

[60] Jiang HC, Rong LJ. Effect of hydroxyapatite coating on nickel release
of the porous NiTi shape memory alloy fabricated by SHS method.
Surf Coat Technol 2006;201:1017–21.

[61] Li YH, Rao GB, Rong LJ, Li YY, Ke W. Effect of pores on corrosion
characteristics of porous NiTi alloy in simulated body fluid. Mater Sci
Eng A – Struct Mater Prop Microstruct Proc 2003;363:356–9.

[62] Wu SL et al. Nickel release behavior, cytocompatibility, and
superelasticity of oxidized porous single-phase NiTi. J Biomed Mat
Res A 2007;81A:948–55.

[63] Ho JPY et al. Oxygen plasma treatment to restrain nickel out-
diffusion from porous nickel titanium orthopedic materials. Surf Coat
Technol 2007;201:4893–6.



782 A. Bansiddhi et al. / Acta Biomaterialia 4 (2008) 773–782
[64] Wu SL et al. Surface characteristics, mechanical properties, and
cytocompatibility of oxygen plasma-implanted porous nickel titanium
shape memory alloy. J Biomed Mat Res A 2006;79A:139–46.

[65] Lemaire V, Sicotte B, Allard S. Surface modification treatments to
reduce Ni leaching from porous nitinol. In: Metfoam Conference;
2007.

[66] Gu YW, Tay BY, Lim CS, Yong MS. Nanocrystallite apatite
formation and its growth kinetics on chemically treated porous NiTi.
Nanotechnology 2006;17:2212–8.

[67] Flyvholm MA, Nielsen GD, Andersen A. Nickel content of food and
estimation of dietary-intake. Zeitschrift Fur Lebensmittel-Untersu-
chung Und-Forschung 1984;179:427–37.

[68] Assad M, Chernyshov AV, Jarzem P, Leroux MA, Coillard C,
Charette S, et al. Porous titanium–nickel for intervertebral fusion in a
sheep model: part 2. Surface analysis and nickel release assessment. J
Biomed Mat Res B – Appl Biomat 2003;64B:121–9.

[69] Prymak O et al. Morphological characterization and in vitro bio-
compatibility of a porous nickel–titanium alloy. Biomaterials
2005;26:5801–7.

[70] Assad M, Chernyshov A, Leroux MA, Rivard CH. A new porous
titanium–nickel alloy: part 1. Cytotoxicity and genotoxicity evalua-
tion. Bio-Med Mater Eng 2002;12:225–37.

[71] Assad M, Chernyshov A, Leroux MA, Rivard CH. A new porous
titanium–nickel alloy: part 2. Sensitization, irritation and acute
systemic toxicity evaluation. Bio-Med Mater Eng 2002;12:339–46.

[72] Sargeant T, Guler M, Oppenheimer S, Mata A, Satcher R, Dunand
D, et al. Hybrid bone implants: self-assembly of peptide amphiphile
nanofibers within porous titanium. Biomaterials 2008;29:161–71.

[73] Endo K. Chemical modification of metallic implant surfaces with
biofunctional proteins: (part 1) molecular structure and biological
activityofamodifiedNiTialloysurface.DentalMaterJ1995;14:185–98.

[74] Endo K. Chemical modification of metallic implant surfaces with
biofunctional proteins: (part 2) corrosion resistance of a chemically
modified NiTi alloy. Dental Mater J 1995;14:199–210.

[75] Holton A, Walsh E, Anayiotos A, Pohost G, Venugopalan R.
Comparative MRI compatibility of 316l stainless steel alloy and
nickel–titanium alloy stents. J Cardiovas Magnetic Reson 2002;4:
423–30.
[76] Likibi F, Assad M, Coillard C, Chabot G, Rivard CH. Bone
integration and apposition of porous and non porous metallic
orthopaedic biomaterials. Annales De Chirurgie 2005;130:235–41.

[77] Schrooten J, Assad M, Van Humbeeck J, Leroux MA. In vitro

corrosion resistance of porous NiTi intervertebral fusion devices.
Smart Mater Struct 2007;16:S145–54.

[78] Rhalmi S, Charette S, Assad M, Coillard C, Rivard CH. The spinal
cord dura mater reaction to nitinol and titanium alloy particles: a 1-
year study in rabbits. Europ Spine J 2007;16:1063–72.

[79] Blum U et al. Endoluminal stent-grafts for infrarenal abdominal
aortic aneurysms. New England J Med 1997;336:13–20.

[80] Pelton AR, DiCello J, Miyazaki S. Optimisation of processing and
properties of medical grade nitinol wire. Minim Invasive Therapy
Allied Technol 2000;9:107–18.

[81] Duncan RL, Turner CH. Mechanotransduction and the functional-
response of bone to mechanical strain. Calcified Tissue Int
1995;57:344–58.

[82] Kim BS, Nikolovski J, Bonadio J, Mooney DJ. Cyclic mechanical
strain regulates the development of engineered smooth muscle tissue.
Nat Biotechnol 1999;17:979–83.

[83] Matsumoto T, Yung YC, Fischbach C, Kong HJ, Nakaoka R,
Mooney DJ. Mechanical strain regulates endothelial cell patterning
in vitro. Tissue Eng 2007;13:207–17.

[84] Singh SP et al. Cyclic mechanical strain increases production of
regulators of bone healing in cultured murine osteoblasts. J Am
College Surgeons 2007;204:426–34.

[85] Sumanasinghe RD, Bernacki SH, Loboa EG. Osteogenic differenti-
ation of human mesenchymal stem cells in collagen matrices: Effect of
uniaxial cyclic tensile strain on bone morphogenetic protein (BMP-2)
mRNA expression. Tissue Eng 2006;12:3459–65.

[86] De Smet E, Jaecques SVN, Jansen JJ, Walboomers F, Sloten JV,
Naert IE. Effect of constant strain rate, composed of varying
amplitude and frequency, of early loading on peri-implant bone
(re)modelling. J Clin Periodontol 2007;34:618–24.

[87] Unger RE et al. Tissue-like self-assembly in cocultures of endothelial
cells and osteoblasts and the formation of microcapillary-like
structures on three-dimensional porous biomaterials. Biomaterials
2007;28:3965–76.


	Porous NiTi for bone implants: A review
	Introduction
	Fabrication methods
	Surface modification to produce biocompatible and bioactive surfaces
	In vitro and in blank vivo biological studies
	Implant applications
	Concluding remarks
	Acknowledgements
	References


