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a b s t r a c t

The growing number of spine diseases and surgeries has resulted in advancements in equipment and 
implants. On the other hand, given the uniqueness of the anatomy of the spine, particularly in terms of 
mechanical characteristics, selecting the type of implant is critical. In addition to high biocompatibility and 
superelasticity, the implant utilized in the spine needs properties like strength, fatigue resistance, and 
elastic modulus close to the bone, which is found in nitinol. NiTi alloy lumbar-like samples were prepared 
by sintering and mechanical braiding method. The mechanical properties study revealed that the elastic 
modulus of the sample was 3.5 GPa, and the compressive strength at 6 % strain was 200 MPa. NiTi alloy is 
thermoelastic, making it a good candidate for placement in bone tissue. The biocompatibility and non- 
toxicity of the bone cells, with cell viability of over 4 × 104 cells within 48 h, indicate that the produced 
implant has suitable cellular biocompatibility. Besides, the differential scanning calorimetric test shows that 
the austenite start and finish temperatures are 26 and 51 °C, respectively, and martensite start and finish 
temperatures are − 2 and − 33 °C, respectively. These values are consistent with the body temperature of 
37 °C. The corrosion test also indicates that the implant has a good corrosion resistance of about 0.3 
ohm cm2. Developing this kind of implant is intended to make treating spinal problems easier.

© 2022 Published by Elsevier B.V. 

1. Introduction

Bone tissue engineering (BTE) has outstanding potential for re-
generating bone. Bone regeneration can be stimulated by integrating 
osteogenic activity with a suitable synthetic extracellular matrix 
(ECM) [1–3]. From a chemical perspective, bioactivity, biocompat-
ibility, and mechanical properties are three significant character-
istics of substances utilized as synthetic ECM for BTE [4,5]. However, 
these scaffolds must also supply a porous network to permit the 
internal growth and angiogenesis of new bone tissue to achieve 
adequate integration of the substances with host tissue [6,7].

Low back pain is a severe issue for all age groups, specifically the 
elderly [8]. Disability-adjusted life years (DALYs) because of neck and 
back pains raised by 59 % between 1990 and 2015 [9], which is as-
sociated with extreme tension and an inaccurate lifestyle [10]. 
Treatments for back pain are difficult and costly since the backbone 
is a complicated system of cartilage and vertebrae that protect the 
spinal cord [10]. Surgical operations, including vertebral ligation and 
disc replacement, are suggested when noninvasive procedures have 

failed [11,12]. For the past 50 years, metal orthopedic devices have 
been applied to repair the spine shape in scoliosis [13]. Metal alloys 
are mainly used to make orthopedic implants that exhibit excellent 
mechanical properties in the field [14,15]. Also, stainless steel has 
been applied to correct the backbone for a long time [16]. Lately, 
nitinol has drawn much concentration owing to its outstanding 
characteristics [12,17,18]. NiTi alloys are known to have excellent 
mechanical properties [19]. In addition to its shape-memory char-
acteristics, it also attracts concentration as a biomaterial for clinical 
use [20,21]. Specifically, NiTi alloy foam represents a new category of 
biomaterials that offers a superior combination of low density and 
functional features, including adjustable elastic modulus and in-
ternal growth capacity of new bone tissue [22,23]. These benefits 
make titanium nickel alloy an encouraging substance for bone tissue 
regeneration.

Making a metal implant for the lumbar vertebra that provides 
unique properties (including shock absorption and appropriate 
mechanical properties) in the vertebral region has been one of the 
gaps in orthopedic medical engineering. In addition to the simplicity 
of the forming process, the use of NiTi is also biocompatible and 
economical. Therefore, this alloy is considered the most appropriate 
option for the above purpose. In this study, a NiTi implant was 
prepared by the sintering and braiding method as a lumbar vertebra. 
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Its biocompatibility and mechanical properties were then de-
termined. So far, no research has been done on the use of nitinol 
alloy as a lumbar vertebra based on the patient's anatomy and the 
characteristics considered by the researchers of this study. The 
technique of sintering and braiding, while being simple and afford-
able, is new and helpful in creating this wanted piece.

2. Materials and methods

2.1. Preparation process

Titanium hydride (99.5 % purity, ≤50 µm), Ni powder (99.9 % 
purity, ≤ 10 µm), and urea (99.5 % purity) were purchased from 
Merck. Nitinol wire (diameter = 0.25 mm) was obtained from Baoji 
Hanz Company. In this research, the nitinol metal powders were 
mixed with urea as a space holder material to create 50 % porosity 
and a nominal Ti–50.0 at % Ni, and then pressed with a pressure of 
150 MPa. The ratio of Ti: Ni: Urea was 1:1:1. The urea diameter was 
selected to be 100–600 µm. Then, it was transferred to the furnace 
with an argon atmosphere at 1050 °C for 2 h to carry out the sin-
tering operation. It is worth noting that the burning of urea was done 
at 200 °C after 1 h, and the decomposition of titanium hydride was 
also done at 500 °C after 1 h. The sample obtained had a diameter of 
5 mm and a height of 7 mm (sample 1). Nitinol wires with a dia-
meter of 0.25 mm were braided around sample 1. The product was 
called sample 2. A braiding machine aided in doing the job. A pattern 
was created and braided, then it was placed around the sample's 
circumference in the shape of a cylinder according to the sample's 
dimensions. Fig. 1a and b show the images of prepared samples. The 

braiding machine has six spools, each connected to a wire. The wires 
connected to the spools wrap around the polymer cylinder in an 
upside-down pattern, and finally, we removed the braided piece 
from the cylinder.

2.2. Physical instruments

An XRD diffractometer (SEIFERT PTS 3003) was applied to con-
firm the alloying procedure and examine the phase structure of the 
alloy by CuKα radiation (λ = 1.54). A scanning electron microscope 
(LEO440i) was used to observe the porous structure of NiTi alloy. 
Loading and unloading compression experiments were performed at 
25 °C to examine the shape memory characteristic of NiTi alloy, 
utilizing cylindrical pieces with a height of 15 mm and a diameter of 
10 mm (STM-50). The nominal strain rate was 1.0 × 10e5 se1. The 
corrosion behavior was assessed using a potentiodynamic polariza-
tion test with an EG&G Model 273 A potentiostat operating between 
− 0.5 V and 2.2 V and a 1 mV/S scanning rate.

2.3. MTT assay and cell adhesion

The in vitro biocompatibility of nitinol was studied by the MTT 
assay. Human osteosarcoma MG63 cells with the code (NCBI C 555) 
were obtained from the National Cell Bank of Iran, Pasteur Institute 
of Iran. MG63 cells were cultured with 85 % humidity in an incubator 
at 37 °C and 5 % carbon dioxide in RPMI-1640 medium comprising 
50 µg of streptomycin and 50 units of penicillin per mL of culture 
medium supplemented with 10 % fetal bovine serum (FBS). The cells 
are extracted from the surface of the flask by trypsin (0.25 %) after 
3–4 days (formation of cell layer), and a suspension containing 
4 × 104 cells per mL is made ready for use. Besides, the specimens 
were oven-sterilized (dry heat) and set in separate wells of a 12-well 
microplate, with one well left empty as a control. After putting them 
in an incubator, add 2 mL of cell suspension into each well. The wells 
were then filled with the MTT solution and incubated again. (50 mg 
of MTT powder was dissolved in 10 mg of PBS (150 mM) to provide 
an MTT solution at a 5 mg/mL concentration). The cell supernatant 
was withdrawn after 3–5 h of incubation at 5 °C. Then, the respective 
wells were filled with 1 μL of isopropanol solution. The related plate 
chambers were shaken for 1–4 min. A microtiter of 2 nm was then 
used to read their contents [24].

The braided nitinol was immersed in the SBF for 14 days at 37 °C 
to determine its bioactive behavior. The protein-free and acellular 
SBF was prepared according to Kokopo’s recipe [25]. The prepared 
SBF was buffered to pH 7.4 at 37 °C by adding 1 M Hydrochloric acid 
and Tris (hydroxymethyl aminomethane).

Fig. 1. Images of prepared samples: a) sample without braided cover (sample 1), and b) sample with braided cover (sample 2). 

Fig. 2. XRD patterns of a) porous nitinol sample (sample 1) and b) nitinol wire. 
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MG63 cells are human and obtained from sarcoma disease. It also 
has the morphology of fibroblast and bone tissue. DMEM culture 
medium (Gibco) containing 10 % FBS (SeroMed), 100 IU/mL peni-
cillin, and 100 µg/mL streptomycin (Sigma) was used to prepare 
osteogenic cells. A scanning electron microscope (LEO440i) was used 
to determine the morphology of the cultured cells on the samples. 
For this purpose, first, the samples were sterilized in an autoclave 
and placed in a 96-well microplate for cultivation. The samples were 
incubated in the presence of DMEM and MG63 cells at 37 °C for 32 h. 
Following incubation, the samples were washed in PBS and fixed 
with a 0.25 % glutaraldehyde solution at 4 °C for 2 h, repeatedly [26]. 
The cultivated surfaces were then gradually dewatered and lyophi-
lized using ethanol. The samples were coated with Au for FESEM 
analyses.

2.4. Corrosion behavior

The corrosion behavior of samples was evaluated since implants 
in the body degrade when exposed to human fluids. The samples 
were put in PBS solution for this purpose. The corrosion behavior 
was assessed after immersion in the simulated solution. In this test, 
a three-electrode cell was used, where platinum was used as the 
counter electrode, saturated calomel as the reference electrode, and 
the sample as the working electrode. The data were analyzed with 
Corview software. Corrosion potential and corrosion current density 
(icorr) were calculated from the intersection of the tangents drawn 
on the anodic and cathodic parts of the polarization curves using the 
linear polarization method. Therefore, the corrosion current, corro-
sion potential, and corrosion resistance can be identified in this way 
that the polarization resistance (Rp) is calculated using the Stern- 
Gray equation:

=
+

R
2.03( )ip

a c

a c (1) 

βa and βc are the anodic and cathodic Tafel slopes in the curve, 
respectively.

2.5. Porosity test

Archimedes' principle was used to check and prove the porosity 
of the samples, and the percentage of porosity was calculated using 
the following formulas:
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W
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Fig. 3. SEM images of samples (a and b) without braided cover and (c and d) with braided cover in two different scales. 

Table 1 
Potentiodynamic polarization test results of as-prepared samples. 

Sample Corrosion resistance Corrosion potential
(ohm cm2) (V)

With braided cover 0.33 -410
Without braided cover 0.31 -390
Nitinol wire 0.53 -616

Table 2 
Porosity percentages obtained from porosity test. 

Open porosity (%) Closed porosity (%) Total porosity (%)

44 7 51
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Fig. 4. DSC heating and cooling curves of (a, b) sample with braided cover, and (c, d) nitinol wire. 

Fig. 5. Dynamic potential polarization diagram of samples with and without braided 
cover and nitinol wire.

Fig. 6. Stress–strain curves of loading–unloading compressive tests of (a) samples 
with and without braided cover and (b) nitinol wire at 25 and 37 °C.
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Db is bulk density, Das is bulk density of solid, Pt is total porosity, 
Pa and Pc is open and closed porosity percentage, respectively. Dt is 
the theoretical density of the nitinol alloy, which is calculated to be 
6.44 g/cm3, Wa is the sample's dry weight, We is its wet weight, and 
Wb is its immersion weight. Dl is the density of water [27].

3. Results and discussion

3.1. XRD results

Fig. 2 displays the porous sample (a) and nitinol wire (b) XRD 
patterns. B2-NiTi is the predominant phase in the porous sample, 
and the sample also contains a small amount of Ni3Ti and NiTi2. 
During the annealing process, the following reactions occur:  

TiH2 + 3Ni → H2 + Ni3Ti + Q                                                   (7)

2TiH2 + Ni → 2H2 + NiTi2 + Q                                                 (8)

TiH2 + Ni → H2 +NiTi + Q                                                       (9) 

Ni3Ti and NiTi2 are stable substances in the NiTi binary system. 
The movement of nickel and titanium atoms towards each other 
causes the formation of the NiTi2 phase in titanium-rich areas and the 
Ni3Ti phase in nickel-rich areas. Furthermore, reactions (8) and (9) are 
more thermodynamically possible. According to the Ni-Ti equilibrium 
diagram, three intermediate phases can exist; Ni3Ti, which melts 
congruently near 1653 K and has a hexagonal closed-packed super-
lattice structure; NiTi, which melts congruently near 1583 K and has a 
CsCl-type structure at elevated temperatures; and NiTi2, which melts 

peritectically near 1257 K and has a complex E93 cubic-type structure 
with 96 atoms per unit cell [28,29]. As a result, preventing the for-
mation of these phases during the sintering process is difficult, and 
they usually exist in the structure of the sintered parts. Additionally, 
the sample's porosity limits the penetration of nickel and titanium 
elements. This limitation causes the increase of titanium-rich and 
nickel-rich areas and the formation of Ni3Ti and NiTi2. According to the 
X-ray diffraction pattern, the sample has an austenitic structure. This 
construction is due to the enrichment of samples with nickel. In-
creasing the percentage of nickel decreases the starting temperature of 
the martensite phase [30]. The cubic nitinol structure B2 is located 
above the austenite finish temperature. Rhombohedral, tetragonal, 
orthorhombic, and monoclinic structures exist below this temperature 
[31,32]. Meanwhile, BCC/rhombohedral structural modifications give 
Ni-rich NiTi its distinct memory characteristics [33]. As a result, the 
samples have an austenitic structure at room temperature. In addition, 
Fig. 1b, which is specific to Nitinol wire, shows that this wire has only 
an austenitic phase.

3.2. Morphology study

Fig. 3 depicts the SEM images of the sample without and with a 
braided cover, showing that the desired mixing and porosities have 
occurred. Both samples have an as-cast structure, indicating melting 
during the preparation process and consisting of NiTi matrix and 
primary Ti2Ni phase. The existing pores indicate the areas where the 
space holder was present, and after exposure to high temperatures, 
it evaporated and left space. The presence of porosity is one of the 
requirements of metal implant fabrication to prevent the stress 
shield phenomenon and to bring the modulus closer to the bone 

Fig. 7. Optical microscope images of cell growth of (a) control, (b) sample 1 (without braided cover), (c) sample 2 (with braided cover). The red circles are a selection of cells. 
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modulus by creating porosity. The connection of the pores to each 
other, indicating the open pores, is another case. Most pores must be 
open to plant an implant in the body, and expect biocompatibility, 
bioactivity, good bone connection, and fluid and cell penetration. On 
the other hand, the excellent cohesion and compression of the im-
plant can be seen as a result of cold pressing.

Open pores are those that can exit the sample, whereas closed 
pores are those that are located separately within the substance. 
Open pores are suitable for medical applications [32,34]. These pores 
allow cells to be absorbed into the implant, resulting in better im-
plant-body integration. Table 2 depicts the porosity of the samples. 
The sample has 44 % open pores and 7 % closed pores. The porosity 
should be between 35 % and 80 % to improve biocompatibility and 
connect the implant to the bone. Given that the current sample has 
51 % porosity, it has good biocompatibility properties, and its me-
chanical properties do not deteriorate [35].

3.3. DSC measurement

The phase change of austenite to martensite occurs when the 
nitinol alloy temperature is reduced, and the transformation of 
martensite to austenite happens in the heating mode [36,37]. The 

differential scanning calorimeter method is used to identify the start 
and finish temperatures of the transformations. Fig. 4 unveils the 
DSC graphs during the heating and cooling cycles of the braided 
cover sample. According to the DSC test results of the braided cover 
sample, the start temperature of the austenite phase (As) is 26 °C, the 
finish temperature of the austenite phase (Af) is 51 °C, as well as the 
start (Ms) and finish (Mf) temperatures of the martensite phase are 
− 2 °C and 33 °C, respectively. Additionally, the DSC test result (Fig. 4) 
for Nitinol wire reveals that the austenite phase's start and finish 
temperatures are 5 and 15 °C, respectively, and the martensite 
phase's start and finish temperatures are − 10 and 0 °C, respectively. 
The nitinol piece should be kept below − 33 °C by applying a little 
mechanical pressure to reduce the sample's diameter (600 µm). 
After the implant enters the body and is placed in the target area, it 
reaches its austenite temperature and expands by about 4 %. This 
500–600 µm opening simplifies surgical conditions and provides a 
platform for optimal implant placement.

3.4. Corrosion study

Potentiodynamic polarization test determined the corrosion be-
havior of metals. Fig. 5a depicts the test results for the prepared 

Fig. 8. (a) MTT results of sample 1 (without braided cover), and sample 2 (with braided cover), (b, c) SEM images of cell-cultured of sample 2. 
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samples. As listed in Table 1, the corrosion resistance of the sample 
with and without braided cover and nitinol wire are 0.33, 0.31, and 
0.53 ohm.cm2, respectively, and the corrosion potential of the 
sample with and without braided cover and nitinol wire are − 410, 
− 390, and − 616 V, respectively. The results demonstrate the simi-
larity of the corrosion properties of the sample with and without a 
braided cover. Fig. 5b reveals the corrosion diagram of nitinol wire. 
These values indicate that the implant piece has good corrosion 
resistance and is suitable for body conditions [38].

3.5. Compressive mechanical properties test

The compressive mechanical properties test was carried out for 
the samples with and without a braided cover, at 25 and 37 °C, up to 
a strain of 6 %, to examine the sample's mechanical characteristics 
[39]. The outcome is depicted in Fig. 6a and b. The diagram shows 
that the residual strain in both samples with and without a braided 
cover is about 2 %, and the elastic strain is about 4 %. These findings 
demonstrate the fabricated implant's thermoplastic nature and 
point out this value's similarity across both investigational mod-
alities. It can be deduced that the sample with a braided cover has 
higher superelastic qualities by noting that the residual strain is less 
than 0.2 % when it has a braided cover. The elastic modulus of the 
samples is 3.5 GPa, and the compressive strength at 6 % strain is 
200 MPa. The mechanical properties of the sample are similar to 
those of cortical bone.

3.6. MTT assay

The microscopic photographs obtained from the cytotoxicity test 
are shown in Fig. 7(a-c). The cells had good growth and proliferation 
on nitinol samples with and without braided cover. Samples 1 and 2 
are related to nitinol pieces without and with braided covers, re-
spectively, which both had good growth and proliferation. It de-
monstrates that braiding does not result in cytotoxicity. By 
examining the images of samples 1 and 2 and comparing them to the 
MTT test, it is clear that the number of cells has not only decreased 
but also increased, indicating cell growth. The highlighted areas in 
the figures are excerpts from the presence of cells. The MTT test was 
performed on samples 1 and 2 (Fig. 8a). The diagram displays the 

number of cells in 24 and 48 h. By examining the graph and com-
paring the cell viability of the nitinol samples and the controls, it can 
be concluded that in addition to the nitinol sample having little 
toxicity and the cell viability on it being suitable, the sample with 
the braided cover does not cause cell death and the cell survival rate 
is almost the same as the sample without the braided cover.

The SEM images of the samples after cell culture (Fig. 8b and c) 
reveal that the cells did not adhere to the surface, but the MTT and 
the cytotoxicity tests indicated good cell adhesion. There may be 
several explanations for why cell adhesion was not visible in these 
images. i) It took a while for the cells to stabilize in the sample and 
be photographed. ii) There is a possibility of operator error in 
placing the sample under the microscope, which causes the cell 
adhesion layer to be torn off due to mechanical pressure. iii) The 
SEM microscope used is a LEO440i model and has a sticky part for 
fixing the sample, which can cause the cell layer fixed on it to 
tear off.

The surface morphology of a braided NiTi alloy before and after 
immersion in SBF is shown in Fig. 9. Before immersion, this sample 
has a very smooth surface (Fig. 9a and b). The island structure has 
formed after 14 days of immersion in SBF, and many tiny granular 
particles have grown on the surface (Fig. 9c and d). The nucleation of 
these precipitates preferentially takes place on the island. As the 
immersion time increases, so does the quantity and size of these 
precipitates. Fig. 9c and d show that the sediments are composed of 
many small crystallites.

4. Conclusions

In this research, the lumbar vertebra implant piece with a 
braided cover was created by the mechanical alloying process. The 
effect of this cover was investigated on the properties of the piece. 
According to the X-ray diffraction pattern, NiTi alloy has an auste-
nitic structure. Porosity test results show that the NiTi has 50 % 
porosity and good biocompatibility properties. The MTT results 
showed that the samples were not harmful to the cells and increased 
cell proliferation while retaining a respectable level of cell viability. 
According to the DSC test results, the martensite phase's start (Ms) 
and finish (Mf) temperatures were − 2 °C and − 33 °C, respectively. 
The austenite phase's start (As) and finish (Af) temperatures were 

Fig. 9. The optical microscopy images of braided cover sample before (a and b), and after (C and d) immersion in SBF. 
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26 °C and 51 °C, respectively. The mechanical properties study re-
vealed that the elastic modulus of the sample was 3.5 GPa, and the 
compressive strength at 6 % strain was 200 MPa. The mechanical 
properties of the samples are similar to cancellous bone.
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