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Abstract 

 

The biocompatibility of NiTi after laser welding was studied by examining the in vitro 

(Mesenchymal stem cell) MSCs responses at different sets of time varying from early (4 to 12 

hours) to intermediate phases (1 and 4 days) of cell culture. The effects of physical (surface 

roughness and topography) and chemical (surface Ti/Ni ratio) changes as a consequence of laser 

welding in different regions (WZ, HAZ, and BM) on the cell morphology and cell coverage was 

studied. The results in this research indicated that the morphology of MSCs was affected 

primarily by the topographical factors in the WZ: the well-defined and directional dendritic 

pattern and the presence of deeper grooves. The morphology of MSCs was not significantly 

modulated by surface roughness. Despite the possible initial Ni release in the medium during the 

cell culture, no toxic effect seemed to cause to MSCs as evidenced by the success of adhesion 

and spreading of the cells onto different regions in the laser weldment. The good biocompatibility 

of the NiTi laser weldment has been firstly reported in this study.  
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1. Introduction  

 

Owing to the unique shape memory and super-elastic effects (SME and SE), and apparent 

biocompatibility, NiTi has become an important bio-material for orthopaedic applications in the 

last decade [1]. Also, due to the increasing demand in miniaturization of medical implants, laser 

micro-welding has been treated as the most promising joining technique in the clinical and 

medical device industry by virtue of its capability to deliver the advantages of high precision 

with small and localized heat input [2-12]. Orthopaedic implants such as mono-bloc hip stems 

are often made of two elements welded together [13]. Furthermore, implantable prosthetic 

devices in medicine require hermetic encapsulation to isolate internal components from the 

chemically aggressive in vivo environment [14]. In laser micro-welding, three distinct regions: 

weld zone (WZ), heat-treated zone (HAZ) and base metal (BM) which result from variation of 

thermal excursions in different regions of the material have been found in the weldment [10]. A 

well-defined and directional dendritic pattern as a result of rapid cooling effect from laser 

welding is always observed from the surface of WZ, whereas grain growth due to 

re-crystallization of material is found in the HAZ [11].   

 

Mesenchymal stem cells (MSCs) are known to play important roles in development, post-natal 

growth, repair, and regeneration of mesenchymal tissues [15]. Because of the relative ease of 

isolation, high proliferative potential and multipotentiality to differentiate into specialized cell 

types (such as osteoblasts, chondrocytes, tencoytes, etc.). MSCs become the most promising cell 

type for tissue engineering and regenerative medicine. In tissue engineering applications, MSCs 

is grown on biomaterial scaffolds which provide structural support and a substrate for cellular 

adhesion [16]. Currently most MSCs research has been conducted on Ti-based alloys such as CP 

Ti and Ti6A14V, and only limited attention has been given to the shape memory NiTi, despite its 

importance as a biomaterial. Habijan et al. [17] studied the effect of dynamic loading on the 

viability of adherent human MSCs on NiTi, and they found that the nickel ion release due to 

dynamic loading did not necessarily affect the biocompatibility of NiTi. Meisner et al. [18] 

indicated that the MSCs proliferation improved for the ion-implanted NiTi specimens with Si Ti, 

or Zr. On the other hand, the biocompatibility of NiTi comes from the surface passive layer 

which is composed of TiO2. TiO2 is a known biocompatible material and the chemistry of TiO2 is 

favourable for cell adhesion. The deposition of TiO2 can increase the proliferation and 

attachment of mouse MSCs [19]. Since the amount of TiO2 in the passive film is controlled by 

the substrate Ti concentration, alternation of Ti concentration between the WZ, HAZ, and BM in 

the NiTi weldment would inevitably affect the TiO2 content in the passive film and may 

influence the biocompatibility.    

  

The interaction between cells and biomaterial is considered as an essential indication for the 

biocompatibility, and such interaction is often affected by a list of surface properties, such as 

http://www.sciencedirect.com/science/article/pii/S0010938X1100624X#b0035#b0035
http://www.sciencedirect.com/science/article/pii/S0010938X1100624X#b0040#b0040


surface roughness, topography, chemistry and hydrophilicity. Curtis et al. [20] stated that cells 

are able to discriminate among subtle differences in surface roughness and topography, resulting 

in different protein adsorption and cellular responses of morphology, differentiation, 

proliferation, and orientation. The degree of responses is varying from one type of cell to 

another. Generally, osteoblasts prefer rough surfaces while fibreblasts prefer smooth surfaces 

[21, 22]. Previous studies with the MSCs performed on the materials indicate that MSCs are 

sensitive to the surface roughness and topography. Kommireddy et al. [19] reported cell 

attachment of MSCs is affected by the surface roughness and increased cell attachment is found 

on the rougher surface than the smoother surfaces. Myllymaa et al. [16] found that MSCs are 

sensitive to the topographical variations and is likely to interact with the physical environment 

by aligning its orientation along the physical shape and edges. Systematic studies on the in vitro 

MSCs responses of materials after laser welding is lacking from the literature. In this study, the 

scientific objective was to find out whether laser welding affects the biocompatibility of NiTi by 

examining the adhesion and spreading of MSCs at different sets of time from early (4 to 12 

hours) to intermediate phases (1 to 4 days). Also, a study has been carried out to determine the 

effects of surface roughness, topography and chemistry on cell morphology and cell coverage of 

NiTi after laser welding.  

 



2. Experimental details  

 

2.1. Laser welding procedure  

 

The material was flat annealed Ti–55.91 wt % Ni foil in the form of 50 × 50 × 0.25 mm (Johnson 

Matthey, Inc.). It was ground using SiC papers of 600 grit to remove oxide scales on the sample 

surface. The samples were ultrasonically degreased in pure alcohol for 10 min, followed by 5 min 

of cleaning in distilled water, and dried thoroughly in air before laser welding. A 100-W continuous 

wave (CW) fibre laser (SP-100C-0013; SPI and A&P Co., Ltd.) with a wavelength of 1091 nm was 

used for autogenous welding. A x–y–z multistage manipulator (or welding jig) was used to adjust 

the samples in an appropriate position for the laser welding, and to apply a clamping force to the 

samples for minimizing thermal distortion. Argon was used as the shielding gas to suppress the 

formation of plasma in the vapour over the WZ by blowing them away and to prevent the samples 

from oxidizing during laser welding. The Ar gas was delivered via the laser nozzle (central jet) of 

10 mm in diameter and a copper pipe (side jet) of 6 mm in diameter to the WZ. The side jet was 

tilted a 30° to the horizontal plane. The gas flow rate was controlled by a flow meter. The welding 

parameters chosen in this study was optimized by a fractional factorial experimental design to 

guarantee a full penetration weldment [9]. The optimized parameters of laser power, welding 

speed, focus position, gas flow rate, and shielding environment were: 70 W, 300 mm/min, 

+1.6 mm (away from the top surface of samples), 35 l/min and under Ar shielding. The mechanism 

of the laser welding was schematically presented in Fig. 1. 

 

2.2. Sample preparation 

 

The sample used for cell culture was the single-track laser weldment which included the WZ, 

HAZ, and BM altogether in size of 5 x 10 mm2, and each of the regions approximately 

contributed to one-third of the total surface area. In order to characterize the effect of surface 

topography on the cell behaviours, some WZ samples were mechanically ground by 180-grit 

sandpaper using a zig-zag motion to remove the surface dendritic pattern, and kept the surface 

roughness similar to the WZ (as-welded). The effect of roughness on the cell behaviours was 

studied by comparing the WZ samples after grinding and polishing with sandpapers up to 

2400-grit.  

 

2.3. Surface roughness and topography analysis  

 

The surface profiles were determined using a white light interferometer (WLI) (NewView 500; 

Zygo, Ltd.). The WLI was set-up using a ×50 Mirau lens (NA = 0.55) with working distance of 

3.4 mm. The Ra and maximum peak-to-valley height roughness parameters for each sample were 

determined using the MetroPro Software, where Ra can be defined as the arithmetic average of 



the absolute values along a single specified direction. The mean and experimental standard 

deviation of the roughness parameters were obtained from five measurements.  

 

2.4. Surface compositional analysis  

 

The compositions at the surface without sputter cleaning were analyzed using X-ray 

photoelectron spectroscopy (XPS) (PHI5600, Physical Electronics, Inc.) with a take-off angle of 

45° normal to the sample surface. The X-ray source was monochromatic Al K alpha (15 kV, 

25 W) and the beam size was 100 μm in diameter. The pass energy for survey scan and narrow 

scan spectra were 187.5 and 58.7 eV, respectively. 

 

2.5. Phase structure and transformation temperature analysis 

 

The phase structure of the WZ and BM samples was characterized by the selected area 

diffraction pattern (SADP) using TEM (JEOL 2010). The TEM study was done by operating the 

electron microscope at 200 keV. The TEM samples were prepared by mechanical grinding, 

polishing, and dimpling, followed by twin-jet Ar-ion milling at 5 keV. A differential scanning 

calorimeter (DSC, Perkin Elmer DSC 7) was used to determine the phase transformation 

temperatures of the WZ and BM samples. The WZ and BM samples were cut from the weldment, 

and then heated and cooled in the range of – 70 °C to 100 °C at 10 °C/min. The phase 

transformation temperatures are denoted as As (austenite start), Am (austenite peak), Af (austenite 

finish), Ms (martensite start), Mm (martensite peak), and Mf (martensite finish).  

 

2.6. In vitro cell experimentation 

 

A research laboratory safety protocol was followed. To avoid contamination of the cells, the culture 

work was conducted within a Class II Microbiological Safety Cabinet, and sterile conditions were 

maintained. All used items were correctly discarded in accordance with the laboratory safety 

protocol. The Mesenchymal stem cells (Stem Cell Bank, Japan) were grown in tissue culture 

medium consisting of DMEM (with L-glutamine) (Sigma Aldrich, Ltd.), supplemented with 10% 

foetal calf serum (FCS) (Sigma Aldrich, Ltd.), and 100 units/ml of penicillin/and 0.1- mg/ml of 

streptomycin (Sigma Aldrich, Ltd.), and placed in an incubator set at 37 °C, 5 % humidified CO2 

(Wolf Laboratories, Ltd.), throughout the study. When the cells reached subconfluent (70 to 80 %), 

they were retrieved with 0.25 % trypsin and 0.02 % EDTA. The retrieved cells were washed twice 

with PBS, centrifuged at 1200 rpm for 12 minutes at room temperature and re-seeded into four 

24-well plates cell culture at the initial seeding density of 5 × 104 cells per well, and maintained 

under the same culture conditions mentioned before [23]. The four well plates were then placed in 

the incubator for different sets of time: 4 hours, 12 hours, 24 hours (1 day), and 96 hours (4 

days).  



2.7. Scanning electron microscopy and cell coverage measurement   

 

After 4 hours to 4 days cell culture, morphology of the attached cells were analysed by SEM in 

the secondary imaging (SI) mode and the following procedure were undertaking to produce a 

sample that was dehydrated ready for Au coating. After removal of the culture media, the 

samples were initially rinsed with phosphate-buffered saline (PBS) (Sigma–Aldrich, Ltd.) to 

remove any unattached cells and then adherent cells were fixed using 1.2 % glutaraldehyde in 

water (Sigma–Aldrich, Ltd.) at room temperature for 1 hour within the BSC. After an hour the 

glutaraldehyde solution was removed and the fixed cells were washed with PBS prior to carrying 

out a graded series of ethanol/distilled water mixtures of 50 %, 80 %, 90 %, 95 %, 98 % and 100 

%. Each sample was left in these mixtures for 10 min and dried in air. The samples were sputter 

coated with Au for cell morphology observation by SEM. The cell coverage (or cover density per 

cm2) was determined following the 4 hours to 4 days incubation. This was done by analysing the 

cell coverage on each sample using SEM and optical micrographs with the ImagePro software. 

The optical micrographs were obtained using an up-right optical microscope (Flash 200 

Smartscope; OGP, Ltd.) with magnifications varying between × 100 and × 500. 

 

2.8. Statistical analysis   

 

The significance of the observed difference between different samples was tested by Student 

t-test using the SPSS software, version 12 (SPSS, Inc.). The probability below p < 0.05 was 

considered as statically significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Results and discussion  

 

3.1 Surface morphology by SEM (in SI mode) 

 

Fig. 2 (a-c) shows the surface morphology of the laser weldment in different regions (WZ, HAZ, 

and BM), while Fig. 2 (d) gives the morphology of the WZ after polishing. As observed from 

Fig. 2 (a), a typical tree-like or dendritic pattern as a result of rapid solidification of grains along 

the energetically favourable crystallographic direction in laser welding can be seen in the WZ 

(as-welded). The morphology of the HAZ and BM was similar Fig. 2 (b-c) and exhibited some 

surface defects, such as pores and grooves, which came from the manufacturing processes. For 

the WZ (ground), obvious grooves as a result of mechanical grinding by sandpaper were clearly 

found on the sample surface. No visible grooves were observed from the WZ (polished) as given 

in Fig. 2 (d). The effect of topography could be considered as negligible. 

 

3.2. Phase structure and transformation temperature analysis by TEM and DSC 

 

The phase structure of the WZ and BM samples has been determined by XRD, and reported in 

the authors’ previous papers [24]. The XRD results indicated that the WZ was of the parent 

austenite structure at room temperature, similar to the BM, and did not contain any Ni-rich or 

Ti-rich precipitates. The phase structure and non-existence of the precipitates in the WZ and BM 

samples was further confirmed by the SADP using TEM. As shown in the SADP (in the inset of 

Fig. 3 (a)), the grains in the BM were preferentially oriented along the [111] B2 direction. The 

SADP (in the inset of Fig. 3 (b)) for the grains in the WZ showed a single crystalline pattern and 

the presence of B2 phase in the [111] zone. The TEM results showed that the WZ and BM were 

composed of austenite at room temperature, and no precipitate could be found in the grains of the 

WZ and BM.  

 

The transformation temperatures of the WZ and BM samples are given in Table 1. The results 

showed that both the austenitic and martensitic transformation temperatures of the WZ were 

considerably depressed as compared to the BM. Such a decrease could be attributed to the 

presence of thermal-induced defects and the removal of cold working effect after laser welding 

[11]. The DSC measurements confirmed that the WZ and BM samples were in the austenite state 

at or above room temperature. Since the cell culture was done in the incubator at 37 oC, it is 

believed that the effect of phase switching on the cell responses could be neglected.  

 

 

 

 

 



3.3. Surface roughness analysis by WLI 

 

WLI was employed to obtain the roughness parameters of the samples in a quantitative way, and 

allowed for the generation of continuous axonometric images and surface profile extractions. 

Fig. 4 (a-e) shows the continuous axonometric images for different samples, and the 

corresponding profile extraction was given in Fig. 5 (a-e). The Ra and maximum peak-to-valley 

height of the samples which were extracted from Fig. 5 (a-e) are given in Table 2. The results in 

Table 2 indicate that the Ra and maximum peak-to-valley height of the WZ (as-weld) was 0.375 

± 0.038 µm and 2.49 ± 0.314 µm respectively. Compared with the WZ (as-weld) in Fig. 4 (a), a 

relative smoother surface can be observed from the HAZ and BM (in Fig. 4 (b-c) respectively) as 

evidenced by the smaller Ra and maximum peak-to-valley height. The dendritic pattern caused 

by the rapid cooling effect of laser welding induced a roughening effect in the WZ compared to 

the HAZ and BM, while the grain growth effect in the HAZ did not cause any observable 

changes in the surface roughness, as evidenced by the similar Ra and maximum peak-to-valley 

height to the BM. In contrast to the WZ (as-welded), the WZ (ground) showed completely 

different topography (in Fig. 4 (d)) with smaller maximum peak-to-valley height of 1.67 ± 0.243 

µm, though their Ra was similar. The WZ (polished) showed a smoother surface (in Fig. 4 (e)) as 

compared to that of the WZ (as-welded). The Ra of the WZ (polished) was 0.017 ± 0.006 µm 

and the maximum peak-to-valley height was 0.14 ± 0.039 µm.   

 

3.4. Surface chemistry analysis by XPS 

 

Fig. 6 shows the XPS survey scans at the surface (without sputter cleaning) for the weldment in 

different regions: WZ (as-welded), HAZ, and BM. As shown in the figure, the surface element of 

the samples was composed of carbon, oxygen, nitrogen, titanium, and nickel. The nature of 

passive film on the samples is characterized by plotting the narrow scan of Ti 2P region in Fig. 7. 

The two peaks in Fig. 7 at 458.4 and 464.2 eV were identified as Ti 2P3/2 and Ti 2P1/2 

respectively, and were corresponding to the presence of Ti4+ which is responsible for the TiO2 

formation. The results from the survey scan and the narrow scan for Ti 2P region suggested that 

the major component of the outermost surface layer of the samples were TiO2, with some other 

Ti suboxides and intermediate NiTi. The surface atomic compositions and the corresponding 

Ti/Ni ratio of those samples are given in Table 3. The presence of C and N can be attributed to the 

surface contamination from the environment. As observed from Table 3, the surface Ti/Ni ratio of 

the WZ is 10.4 and is higher than that found in the HAZ and BM; namely 6.8 and 5.5, respectively.  

 

It is widely accepted that higher surface Ti/Ni ratio can suppress the rate of Ni release and be 

beneficial to form a more protective surface passive film because of more titanium available to 

react with oxygen and combine into the TiO2 [25]. The increase of atomic Ti/Ni ratio in the WZ is 

a consequence of local vaporization of Ni during laser welding of NiTi alloy [26, 27]. Such 



vaporization of Ni would enrich the WZ with higher concentration of Ti which help to increase 

the surface Ti/Ni ratio and also the TiO2 content in the passive film [28]. 

 

3.5. Cell morphology by SEM (in SI mode) 

 

3.5.1. Early phase (4 to 12 hours) of cell culture  

 

Biocompatibility of biomaterials is closely related to cell adhesion and spreading on the material 

surface. Initial adhesion and spreading of the cells usually determines the long-term viability of 

cells on substrates designed for various biomedical applications. Stiehler et al. [29] stated that the 

attachment, adhesion and spreading in the early phase (minutes to hours) of cell-substrate 

interactions influence the capacity of a cell proliferation and to differentiate itself on contact with 

the implant. In order to capture the effect of laser welding on the intimate contact between the 

MSCs and NiTi, SEM was carried out on the samples after 4 and 12 hours. The morphology of 

MSCs after 4 and 12 hours are given in Fig. 8 (a-e) and Fig. 9 (a-e) respectively. It could be 

observed from the SEM in Fig. 8 (a-e) that the cell successfully adhered to all of the samples by 

stretching out pseudopodia after 4 hours cell culture. More importantly, it is found that the cell 

preferably adhered onto the surface discontinuities existing in the sample surface, such as dendritic 

pattern in WZ (as-welded) (Fig. 8 (a)), pores in HAZ and BM (Fig. 8 (b-c)), and grooves in WZ 

(ground) (Fig. 8 (d)). An interesting phenomenon about the cell adhesion can be noted from the 

morphology of the WZ (as-welded) and HAZ/WZ boundary at lower magnification, as given in 

Fig. 10 (a-b) respectively. The cells were found to preferably distribute and adhere along the edges 

of the dendritic pattern. 

 

On the other hand, the morphology after 12 hours culture in Fig. 9 (a-e) shows that the MSCs on all 

the samples emitted flattened cytoplasmic prolongations and spread over the sample surface, but 

with different morphology. For the BM, WZ (ground) and WZ (polished) (in Fig. 9 (c-e)), a typical 

spherical cell was observed and this finding indicated that the surface roughness may not 

significantly modulate the morphology of MSCs. In contrast, an oriented and elliptical cell was 

found in the WZ (as-welded) as shown in Fig. 9 (a), and it seems that the cell bent to conform to 

the dendritic pattern. The effect of the dendritic pattern on the morphology of MSCs was further 

verified by examining the cell located between the HAZ/WZ boundary (in Fig. 9 (b)). It is 

observed that one half of the cell in the HAZ remained semi-spherical while another half of it 

which located in the WZ distorted and tended to align along with the dendritic pattern. Such 

guiding effect of MSCs due to the direct physical cell-substrate contact has been reported by 

Myllymaa et al. [16]. They pointed out that MSCs can react to the physical environment and prefer 

to extend the pseudopodia along with the physical shape and edges.  

 



In comparison to the WZ (as-welded), even some obvious grooves were found from the surface of 

the WZ (ground), no distinct guiding effect could be observed. Therefore, it is reasonable to 

assume that the guiding effect of MSCs was originated from two topographical factors due to laser 

welding: (i) the well-defined and directional dendritic pattern, and (ii) the presence of deeper 

grooves. First, as reported by Dalby et al. [30], the pseudopodia of MSCs have a sensory role to 

detect and react with the physical environment even at the nano-meter scale. Therefore, the 

dendritic pattern of the WZ (as-welded) provided a clear physical guidance for the pseudopodia to 

align and orient along with the defined direction. Without the clear defined physical guidance or 

when the grooves were randomly oriented as the case in the WZ (ground), the cell would be likely 

to remain spherical in shape and the pseudopodia are no longer actively interact with the physical 

shape and edges. Second, it has been demonstrated by many authors that the deeper the grooves the 

greater the guidance, and the degree of guidance depending on the type of cells [31, 32]. As 

discussed in Section 3.3, the WZ (as-welded) showed similar surface roughness but deeper 

grooves than that after grinding, as evidenced by the higher maximum peak-to-valley height. Such 

deeper grooves are believed to be beneficial for the enhancement of the guiding effect for the cell.  

 

3.5.2. Intermediate phase (1 to 4 days) of cell culture  

 

To study the spreading of MSCs, the cells were incubated for 1 and 4 days respectively. The 

morphology of MSCs after 1 and 4 days culture were captured by SEM and given in Fig. 11 

(a-e). As seen in Fig. 11 (a)(i), the morphology of MSCs on the WZ (as-welded) after 1 day 

culture indicated that the guiding effect of dendritic pattern was still clear and the cells tended to 

bridge over the edges of the dendritic pattern so that cell-substrate contact was confined to the 

dendrite surface between the edges. Furthermore, a more flattened form of cells was also 

observed when compared to those in the early phase (after 12 hours culture). When looking into 

the SEM at higher magnification in Fig. 12 (a-b), the cells adopted a well-spread and flattened 

morphology and extended many pseudopodia along the surface between the edges of the 

dendritic pattern.  

 

Similar observations about the cell morphology after 1 day culture can be found from surfaces of 

other samples: BM, WZ (ground) and WZ (polished) as shown in Fig. 11 (c-e)(i). No particular 

orientation could be identified and obvious pseudopodia which are an indication of good cell 

adhesion were found from the sample surfaces. This also reinforced the argument that surface 

roughness may not be the crucial factor to affect the cell morphology in the early phase of cell 

culture. The morphology between the HAZ/WZ boundary in Fig. 11 (b)(i) gives an important 

implication about the cell adhesion and spreading behaviours between the regions with different 

surface topography and roughness being identified. As observed from the figure, the cell was able 

to bridge across the HAZ/WZ boundary (as pointed by the arrow), with more orientation and 

elongation compared to the WZ. On the other hand, after 4 days culture the guiding effect of the 



dendritic pattern was not so clear as most of the sample area was already covered by the cells as 

shown in Fig. 11 (a)(ii), and similar observations could be found from other samples: BM, WZ 

(ground) and WZ (polished) in Fig. 11 (c-e)(ii). However, a clear border line which resulted from 

different cell morphology in the WZ (as-welded) and HAZ was found along the HAZ/WZ 

boundary as shown in Fig. 11 (b)(ii). Two important factors could be drawn from the above 

results. First, the cell was still sensitive to the dendritic pattern after 4 days culture and likely to 

adapt to the shape and edges of the pattern, resulting in different morphology between the WZ and 

HAZ. Second, the cell morphology was still predominantly controlled by the surface topography 

after 4 days culture and the effect of surface roughness seemed to be small.   

 

3.6. Cell coverage measurement 

 

The effect of laser welding on the cell adhesion of MSCs on NiTi was estimated by the surface 

area covered by the cells, and the corresponding cell coverage (per cm2) is plotted in Fig. 13. 

From the results, the WZ (as-welded) showed higher cell coverage than the WZ (ground), HAZ 

and BM after 1 day culture, but only differences between the WZ (as-welded) and HAZ or BM 

was significant (p < 0.02 and p < 0.05 respectively). No remarkable difference can be seen in the 

results between the WZ (as-welded) and WZ (polished). However, the results were found to be 

different after 4 days culture. The cell coverage between the WZ (as-welded), WZ (ground) and 

BM was similar, but the WZ (as-welded) showed higher cell coverage than the WZ (polished) 

and HAZ. Differences between the WZ (as-welded) and WZ (polished) or HAZ were significant 

(p < 0.02). Based on the results in Section 3.3, the Ra of WZ (as-welded) was higher than that of 

the WZ (polished) and HAZ. This indicated that the cell coverage is probably related to the 

surface roughness, with rougher surface corresponding to higher cell coverage. The cellular 

responses are reported to be cell type dependent: osteoblasts prefer rough surfaces while 

fibreblasts prefer smooth surface [21, 22]. The cell adhesion of MSCs preferably increases on a 

rougher surface due to the increased surface area available for the cells to interact with the 

material [19]. As a result, the higher cell coverage of the WZ (as-welded) compared to the WZ 

(polished) and HAZ after 4 days culture was possibly due to higher amount of surface area 

available on the surface of WZ (as-welded) to interact with the cells. Furthermore, the richness 

of surface topography which came from the well-define and directional dendritic pattern might 

help to increase the cell coverage due to the better organization of the cytoskeleton as reported 

by Eisenbarth et al. [33]. They showed that oriented cells which aligned with the defined pattern 

have higher density of focal contact when they are in contact with the edges of the grooves. On 

the other hand, the chemistry of TiO2 is reported to be good for the cell attachment of the MSCs 

[19]. The higher cell coverage of the WZ (as-welded) than the HAZ, in addition to the effects of 

surface roughness and topography, might be due to the higher surface Ti/Ni ratio (as shown in 

Table 3) which helps to form the passive film with higher amount of TiO2.  

 



Although the cell coverage is not a quantitative method to count the cell adhesion, the results 

somewhat indicated that the degree of surface roughness, topography and chemistry could 

modulate the MSCs adhesion of NiTi after laser welding. However, the underlying mechanisms 

for how these factors interact with the cell adhesion and also proliferation are still inconclusive. 

As a result, quantitative measurements such as cell counting by haemocytometer and cell 

proliferation by MTT array are currently being conducted in line with this research. On the other 

hand, despite the possible initial Ni release in the medium during the cell culture, no toxic effects 

have observed on MSCs as evidenced by the success of cell adhesion and spreading of the cells 

onto different regions (WZ, HAZ, and BM) in the laser weldment. This is due to cell spreading 

often being an indicator of the non-toxicity of NiTi [21].  



4. Conclusions  

 

The biocompatibility of the NiTi laser weldment was investigated by examining the cell 

adhesion and cell spreading of MSCs after early (4 and 12 hours) and intermediate phases (1 and 

4 days) cell culture. The effects of surface roughness, topography, and chemistry of the weldment 

on the cell morphology and cell coverage were also determined. The finding in this paper 

addressed a new research window of applying laser surface treatments, such as laser surface 

melting, to modulate the MSCs cellular responses on the substrate by modifying the surface 

roughness, topography, and chemistry. It is also possible to guide the migration of MSCs to a 

pre-defined direction by the laser-induced dendritic pattern. The following conclusions were 

drawn in accordance of the results obtained in this study.   

 

(i) The dendritic pattern caused by rapid cooling of laser welding induced a roughening effect in 

the WZ compared to the HAZ and BM, while the grain growth effect in the HAZ did not cause 

any observable changes in the surface roughness; 

 

(ii) The XPS results indicated that the passive films at different regions of the weldment were 

mainly composed of TiO2, and the WZ showed a higher surface atomic Ti/Ni ratio as compared 

to the HAZ and BM;  

 

(iii) The morphology of MSCs was primarily affected by the richness of topography in the WZ: 

the well-defined and directional dendritic pattern and the presence of deeper grooves. The 

surface roughness might not significantly modulate the morphology of MSCs;  

 

(iv) The good biocompatibility of the NiTi laser weldment has been firstly demonstrated in this 

study, as evidenced by the success of cell adhesion and cell spreading of MSCs onto different 

regions (WZ, HAZ, and BM) in the weldment. 

 

Acknowledgments  

 

The work described in this article was supported by the School of Engineering and School of 

Life Sciences in the University of Lincoln, UK, and a research studentship from the Department 

of Industrial and Systems Engineering, Hong Kong Polytechnic University, HKSAR. 

 

 

 

 

 

 



References  

[1] T. Duerig, A. Pelton, D. Stockel, An overview of Nitinol medical applications. Mater. Sci. 

Eng. A 273–275 (1999) 149–160. 

[2] E. Hornbogen, V. Mertinger, D. Wurzel, Microstructure and tensile properties of two binary 

NiTi-alloys. Scripta Mater. 44 (2001) 171–178. 

[3] Y.G. Song, W.S. Li, L. Li, Y.F. Zheng, The influence of laser welding parameters on the 

microstructure and mechanical property of the as-jointed NiTi alloy wires. Mater. Lett. 62 

(2008) 2325–2328. 

[4] A. Tuissi, S. Besseghini, T. Ranucci, F. Squatrito, M. Pozzi, Effect of Nd-YAG laser 

welding on the  functional properties of the Ni-49.6 at.%Ti. Mater. Sci. Eng. A 273–275 

(1999) 813–817. 

[5] Y.T. Hsu, Y.R. Wang, S.K. Wu, C. Chen, Effect of CO2 laser welding on the shape-memory 

and corrosion characteristics of TiNi alloys. Metall. Mater. Trans. A 32 (2001) 569–576. 

[6] Y. Ogata, M. Takatugu, T. Kunimasa, K. Uenishi, K.F. Kobayashi, Tensile strength and 

pseudo-elasticity of YAG laser spot melted TiNi shape memory alloy wires. Mater. Trans. 

45 (2004) 1070–1076. 

[7] A. Falvo, F.M. Furgiuele, C. Maletta, Laser welding of a NiTi alloy: mechanical and shape 

memory behavior. Mater. Sci. Eng. A 412 (2005) 235–240. 

[8] H. Gugel, A. Schuermann, W. Theisen, Laser welding of NiTi wires. Mater. Sci. Eng. A 

481–482 (2008) 668–71. 

[9] C.W. Chan, H.C. Man HC, Laser welding of thin foil nickel–titanium shape memory 

alloy. Opt. Las. Eng. 49 (2011) 121–126. 

[10] C.W. Chan, H.C. Man, T.M. Yue, Effects of process parameters upon the shape memory and 

pseudo-elastic behaviors of laser-welded NiTi thin foil. Metall. Mater. Trans. A 42 (2011) 

2264–2270. 

[11] C.W. Chan, H.C. Man, T.M. Yue, Effect of postweld heat treatment on the microstructure 

and cyclic deformation behavior of laser-welded NiTi-shape memory wires. Metall. Mater. 

Trans. A 43 (2012)1956–1965. 

[12] B. Tam, M.I. Khan, Y. Zhou, Mechanical and functional properties of laser-welded Ti-55.8 

wt pct Ni nitinol wires. Metall. Mater. Tran. A 42 (2011) 2166–2175.  

[13] M. Dadfar, M.H. Fathi, F. Karimzadeh, M.R. Dadfar, A. Saatchi, Effect of TIG welding on 

corrosion behaviour of 316L stainless steel, Mater. Lett. 61 (2007) 2343–2346. 

[14] N. Amanat, N.L. James, D.R. McKenzie, Welding methods for joining thermoplastic 

polymers for the hermetic enclosure of medical devices, Med. Eng. Phys. 32 (2010) 

690–699. 

[15] H. Koga, L. Engebretsen, J.E. Brinchmann, T. Muneta, I. Sekiya, Mesenchymal stem 

cell-based therapy for cartilage repair: a review, Knee Surg. Sports Traumatol Arthrosc. 17 

(2009) 1289–1297. 

[16] S. Myllymaa, E. Kaivosoja, K. Myllymaa, T. Sillat, H. Korhonen, R. Lappalainen, Y.T. 



Konttinen, Adhesion, spreading and osteogenic differentiation of mesenchymal stem cells 

cultured on micropatterned amorphous diamond, titanium, tantalum, and chromium 

coatings on silicon. J. Mater. Sci. Mater. Med. 21 (2010) 329–341. 

[17] T. Habijan, T. Glogowski, S. Kuhn, M. Pohl, J. Wittsiepe, C. Greulich, G. Eggler, T.A. 

Schildhauer, M. Koller, Can human mesenchymal stem cells survive on a NiTi implant 

material subject to cyclic loading, Acta Biomater. 7 (2011) 2733–2739. 

[18] L.L. Meisner,  A. I. Lotkov, V. A.Matveeva, L.V. Artemieva, S.N. Meisner, A.L. Matveev, 

Effect of silicon, titanium, zirconium ion implantation on NiTi biocompatibility, Adv. Mater. 

Sci. Eng. (2012) doi:10.1155/2012/706094 

[19] D.S. Kommireddy, S.M. Sriram, Y.M. Lvov, D.K. Mills, Stem cell attachment to 

layer-by-layer assembled TiO2 nanoparticle thin films, Biomater. 27 (2006) 4296–4303. 

[20] A.S.G. Curtis, C.D.W. Wilkinson, Reactions of cells to topography, J. Biomater. Sci. Polym. 

Edn. 9 (1998) 1313–1329.  

[21] C. Wirth, V. Comte, C. Lagneau, P. Exbrayat, M. Lissac, N. Jaffrezic-Renault, L. Ponsonnet, 

Nitinol surface roughness moduluates in vitro cell responses: a comparison between 

fibroblasts and osteoblasts, Mater. Sci. Eng. C 25 (2005) 51–60.  

[22] TP Kunzler, C Huwiler, T. Drobek, J. Voros, N.D. Spencer, Systematic study of osteoblast 

response to nanotopography by means of nanoparticle-density gradients, Biomater. 28 

(2007) 5000–5006. 

[23] I. Hussain, S.A. Magd, O. Eremin, M. El-Sheemy, New approach for isolation of 

mesenchymal stem cells (MSCs) from human umbilical cord blood, Cell Bio. Inter. 36 

(2012) 595–600. 

[24] C.W. Chan, H.C. Man, T.M. Yue, Susceptibility to environmentally induced cracking of 

laser-welded NiTi wires in Hanks’ solution at open-circuit potential, Mater. Sci. Eng. A 544 

(2012) 38–47.  

[25] Z.D. Cui, H.C. Man, X.J. Yang, The corrosion and nickel release behavior of laser 

surface-melted NiTi shape memory alloy in Hanks' solution, Surf. Coat. Tech. 192 (2005) 

347–353.  

[26] M.I. Khan and Y. Zhou, Effects of local phase conversion on the tensile loading of pulsed 

Nd:YAG laser processed Nitinol, Mater. Sci. Eng. A 527 (2010) 6235–6238. 

[27] X.J. Yan, D.Z. Yang and X.P. Liu, Corrosion behavior of a laser-welded NiTi shape memory 

alloy, Mater. Char. 58 (2007) 623–628. 

[28] H.C. Man, Z.D. Cui, T.M. Yue, Corrosion properties of laser surface melted NiTi shape 

memory alloy, Scripta Mater. 45 (2001) 1447–1453.    

[29] M. Stiehler, M. Lind, T. Mygind, A. Baatrup, A.D. Pirouz, H. Li, M. Foss, F. Besenbacher, 

M. Kassem, Co. Bunger, Morphology, proliferation, and osteogenic differentiation of 

mesenchymal stem cells cultured on titanium, tantalum, and chromium surfaces, J. Biomed. 

Mater. Res. A 86A (2008) 448–458. 

http://www.sciencedirect.com/science/journal/09215093/544


[30] M.J. Dalby, D. McCloy, M. Robertson, H. Agheli, D. Sutherland, S. Affrossman, et al. 

Osteoprogenitor response to semi-ordered and random nanotopographies. Biomater. 27 

(2006) 2980–2987.  

[31] L. Ponsonnet, V. Comte, A. Othmane, C. Lagneau, M. Charbonnier, M. Lissac, N. Jaffrezic, 

Effect of surface topography and chemistry on adhesion, orientation and growth of 

fibroblasts on nickel-titanium substrates, Mater. Sci. Eng. C 21 (2002) 157–165. 

[32] P. Clark, P. Connolly, A.S.G. Curtis, J.A.T. Dow, C.D.W Wilkonson, Topographical control 

of cell behaviour: II. Multiple grooved substrata, Development, 108 (1990) 635–644. 

[33] E. Eisenbarth, P. Linez, V. Biehl, D. Velten, J. Breme, H.F. Hildebrand, Cell orientation and 

cytoskeleton organization on ground titanium surfaces, Biomol. Eng. 19 (2002) 233–237. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of tables and figures  

Table 1 – Transformation temperatures of WZ (as-welded) and BM from DSC measurements 

Table 2 – Ra and maximum peak to valley height of different samples (mean and experimental 

standard deviation based on five measurements) 

Table 3 – XPS surface atomic composition and the corresponding Ti/Ni ratio of the weldment in 

different regions: WZ (as-welded), HAZ, and BM 

Fig. 1 – Schematic diagram for the mechanism of laser welding  

Fig. 2 (a-d) – SEM morphology of different samples 

Fig. 3 (a-b) – TEM micrographs and the corresponding SADP (shown in the inset) of the WZ and 

BM samples  

Fig. 4 (a-e) – Continuous axonometric images for different samples 

Fig. 5 (a-e) – Corresponding surface profiles extracted from Fig. 4 (a-e)  

Fig. 6 – XPS survey scans at the surface for WZ (as-welded), HAZ, and BM. 

Fig. 7 – XPS narrow scans of Ti 2P region for WZ (as-welded), HAZ, and BM 

Fig. 8 (a-e) – SEM morphology of MSCs after 4 hours cell culture  

Fig. 9 (a-e) – SEM morphology of MSCs after 12 hours cell culture  

Fig. 10 (a-b) – SEM morphology of WZ (as-welded) and HAZ/WZ boundary at lower 

magnification 

Fig. 11 (a-e) – SEM morphology of MSCs after (i) 1 day and (ii) 4 days cell culture 

Fig. 12 (a-b) – Magnified SEM morphology of MSCs on WZ (as-welded) after 1 day cell culture  

Fig. 13 – Cell coverage (per cm2) of different samples after 1 and 4 days cell culture   

 

 

 

 

 

 

 

 



Table 1 – Transformation temperatures of WZ (as-welded) and BM from DSC measurements 

 

Sample 

Transformation temperature (°C) 

Heating curve Cooling curve 

As Am Af Ms Mm Mf 

WZ (as-welded) −20.6 -14.2 −5.8 −40.5 -45.6 −52.3 

BM −3.6 2.3 8.8 2.2 -4.0 −7.0 

The transformation temperatures are denoted as As (Austenite start), Am (Austenite peak), Af (Austenite finish), Ms 

(Martensite start), Mm (Martensite peak) and Mf (Martensite finish) 

 

 

Table 2 – Ra and maximum peak to valley height of different samples (mean and experimental 

standard deviation based on five measurements) 

 

Sample Ra  (µm) Maximum peak-to-valley height (µm) 

WZ (as-welded) 0.375 ± 0.038 2.49 ± 0.314 

HAZ 0.289 ± 0.017 1.46 ± 0.195 

BM 0.301 ± 0.022 1.53 ± 0.174 

WZ (ground) 0.362 ± 0.031 1.67 ± 0.243 

WZ (polished) 0.017 ± 0.006 0.14 ± 0.039 

 

 

Table 3 – XPS surface atomic composition and the corresponding Ti/Ni ratio of the weldment in 

different regions: WZ (as-welded), HAZ, and BM 

 

Sample Ni (at. %) Ti (at. %) O (at. %) C (at. %) N (at. %) Ti/Ni Ratio 

WZ (as-welded) 1.5 15.6 48.1 33.0 1.8 10.4 

HAZ 2.2 14.9 44.7 35.1 3.1 6.8 

BM 2.6 14.3 43.6 36.9 2.6 5.5 

 

 

 



 

Fig. 1 – Schematic diagram for the mechanism of laser welding  

 

 

 

 

 



 

Fig. 2 (a-d) – SEM morphology of different samples 

 

Fig. 3 (a-b) – TEM micrographs and the corresponding SADP (shown in the inset) of the WZ and 

BM samples  
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Fig. 4 (a-e) – Continuous axonometric images for different samples 

 

 

 

Fig. 5 (a-e) – Corresponding surface profiles extracted from Fig. 4 (a-e)  

 

 

 

 

 

 

 

 



 

Fig. 6 – XPS survey scans at the surface for WZ (as-welded), HAZ, and BM 

 

Fig. 7 – XPS narrow scans of Ti 2P region for WZ (as-welded), HAZ, and BM 

 

 



 

Fig. 8 (a-e) – SEM morphology of MSCs after 4 hours cell culture  

 

 

Fig. 9 (a-e) – SEM morphology of MSCs after 12 hours cell culture  
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Fig. 10 (a-b) – SEM morphology of WZ (as-welded) and HAZ/WZ boundary at lower 

magnification 
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Fig. 11 (a-e) – SEM morphology of MSCs after (i) 1 day and (ii) 4 days cell culture 
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Fig. 12 (a-b) – Magnified SEM morphology of MSCs on WZ (as-welded) after 1 day cell culture  
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Fig. 13 – Cell coverage (per cm2) of different samples after 1 and 4 days cell culture   
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