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ABSTRACT

Background: Selective laser melting (SLM) technology is an important additive manufacturing
method for producing various components, including dental implants, spinal cages, and hip joint
components, without the need for conventional molds. This study aimed to assess the feasibility
of fabricating a Ti-6Al-4V spinal cage using the SLM method.

Methods: In this study, a spinal cage made of Ti-6Al-4V alloy was designed and fabricated
using an SLM machine with a 300 W fiber laser. Dimensional measurements, surface and
microstructural analyses using scanning electron microscopy (SEM) and optical microscopy,
and hardness testing using the Vickers method were performed to evaluate the fabricated sample.

Results: The results revealed no observable porosity or cavities within the examined regions,
while a characteristic layered structure associated with the SLM process was observed. The
measured hardness values ranged from 339 to 344 HYV, indicating relatively uniform hardness
within the examined regions.

Article info: Conclusion: Overall, the findings demonstrate the feasibility of SLM for manufacturing a Ti-
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Highlights
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e A Ti-6Al1-4V spinal cage was successfully fabricated using SLM.

e No observable porosity or cavities were detected in the examined regions.

o The fabricated sample exhibited relatively uniform hardness of 339-344 HYV, supporting the feasibility of SLM for

spinal cage manufacturing.

Plain Language Summary

This study explored the use of 3D printing, specifically selective laser melting (SLM), to manufacture a spinal cage
from Ti-6Al-4V titanium alloy. The fabricated sample showed no visible pores or cavities in the examined regions and
had consistent hardness, indicating that this technology has potential for producing spinal implants.

Introduction

elective laser melting (SLM) technology
plays a significant role in fabricating various
body parts, including dental implants and
certain prostheses [ 1-4]. This manufacturing
method has recently attracted researchers
because of its high production speed, excel-
lent quality, and the elimination of the need
for molds [5, 6]. Additive manufacturing, particularly SLM,
has emerged as a promising approach for producing cus-
tomized biomedical implants with complex geometries and
tailored structural characteristics. Previous studies on den-
tal implants have demonstrated that SLM can fabricate Ti-
based porous and lattice structures with controlled porosity,
which can provide increased surface area and mechanical
characteristics favorable for bone integration [7]. In addi-
tion, the surface characteristics of SLM-fabricated implants
are strongly influenced by processing parameters, build
orientation, and geometric effects, highlighting the impor-
tance of controlling the quality of fabricated surfaces [8].
More recent studies have further demonstrated that gradient
and hybrid porous architectures can be designed to balance
mechanical performance, stress distribution, and biologi-
cal integration [9]. Nevertheless, additive manufacturing-
based fabrication of customized implants faces challenges
in dimensional control, surface quality, and reproducibil-
ity, underscoring the need for systematic post-fabrication
characterization [10]. These considerations are particularly
relevant to spinal cages, where dimensional accuracy and
mechanical integrity are critical for achieving proper ana-
tomical fit and reliable load transfer. Therefore, quantitative
evaluation of the dimensional characteristics and hardness
of SLM-fabricated spinal cages is essential for assessing the
quality and consistency of the manufacturing process.

In the field of spinal implants, additive manufacturing
has provided new opportunities for developing metallic
interbody fusion cages with patient-specific geometries
and controlled porous architectures. A systematic review
by Meena et al. [11] highlighted the growing application
of additive manufacturing in metallic spinal implants,
particularly for tailoring implant geometry, porosity,
and mechanical properties according to clinical require-
ments. In particular, SLM has been used to manufacture
Ti6Al4V interbody fusion cages with gradient porosity,
allowing the implant’s structural characteristics to be
tailored while maintaining adequate mechanical perfor-
mance [12]. Patient-specific three-dimensional printing
has also been increasingly investigated for spinal appli-
cations, offering greater flexibility in matching implant
geometry to individual anatomical conditions [13]. Pan
et al. [14] demonstrated the feasibility of fabricating cus-
tomized Ti6Al4V ELI interbody fusion cages with gra-
dient porous structures using SLM, further emphasizing
the potential of this technology for producing complex
spinal implants with controlled architectures. However,
wear characteristics are critical, and special attention
should be paid to the tribological properties of the Ti-
6Al-4V alloy used in these components [15]. Further-
more, silver phosphate nanoparticles [16] represent a
promising avenue for enhancing antibacterial properties
and warrant investigation in future studies.

Despite these advances, successfully fabricating a spi-
nal cage by SLM requires not only appropriate control
of its porous architecture and geometric design but also
verification of the final product’s dimensional accuracy
and mechanical characteristics. Variations between de-
signed and fabricated dimensions may affect the cage’s
anatomical fit and functional performance, while hard-
ness measurements can provide valuable information
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Figure 1. Two-dimensional drawing of the spinal cage fabricated by the SLM method

on the consistency of the fabricated material. Therefore,
systematic dimensional and hardness characterization
of SLM-fabricated spinal cages remains important for
evaluating the quality and reliability of the manufactur-
ing process.

Materials and Methods

In this research, a spinal cage was fabricated by the
SLM method using an SLM machine equipped with a
fiber laser. Figure 1 shows a 2D drawing of the spinal
cage designed in SolidWorks software, version 2024. In
this figure, some parameters indicate critical dimensions
(CD). Table 1 shows the chemical composition of the
powder used to build the spinal cage. The SLM machine
parameters are shown in Table 2.

We used an optical microscope to assess spinal cage
microstructure, and a scanning electron microscope
(SEM) for surface analysis and identifying porosity or
defects. For measurement inspection, a video measuring
machine (VMM) was used to check dimensional proper-
ties based on the 2D drawing presented in Figure 1 (CD
parameters). The Vickers method was also used for hard-
ness testing. A dwell time of 10 seconds and an applied

load of 10 kgf were selected, and the test was conducted
in accordance with ASTM E92 standards [17].

Results

Figure 2 shows the final sample fabricated by the SLM
method. The surface shows no visible porosity, and visu-
al inspection confirms the sample quality. Table 3 shows
the results of the dimensional test with VMM. After
measurement, all dimensions were within the CD limits
presented in Figure 1.

Figure 3 shows the SEM image of the fabricated sam-
ple. No obvious porosity or cavities were detected in the
examined region, indicating a relatively dense surface
in the region. Figure 4 presents an optical microscopy
image of the sample surface, where distinct layered fea-
tures can be observed. These features are consistent with
the layer-by-layer nature of the SLM process; howev-
er, optical microscopy alone does not allow definitive
conclusions about complete melting or microstructural
uniformity throughout the entire component. In SLM-
fabricated components, process parameters and thermal
conditions can influence pore formation, lack-of-fusion
defects, and other microstructural features. No obvious
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Table 1. Chemical composition of Ti-6Al-4V alloy

Element Ti Al Vv Mn Fe Ni Mo

Wt.% Base 6.21 4.33 0.2 0.05 0.1 0.09

Table 2. SLM machine properties

Laser Type Fiber
Laser power 300 W
Hatch space 7 um
Gas type Argon
Layer thickness 15 pm

Table 3. The VMM results (based on general tolerances)

Parameters 2D Drawing (mm) VMM Results (mm) Results

CD1 4.28 4.30

cD2 15 15

CD3 1.09 11 Accepted

CD4 7.12 7.1

CD5 9.22 9.21
voids were observed in the examined regions shown in Discussion
Figures 3 and 4. The observed layered morphology may
also influence the corrosion behavior and biocompati- Figure 5 presents the Vickers hardness (HV) values as a
bility-related characteristics of Ti-6Al-4V components, function of the distance from the center of the spinal cage
which should be investigated in future studies. Future surface. The measured values ranged from approximate-

research should explore integrating nanomedicine-based ly 339 to 344 HV, indicating relatively narrow variation
drug-delivery approaches [18] with SLM-fabricated across the investigated locations. However, the hard-
components. ness distribution is not completely uniform and exhib-
its a non-monotonic spatial variation. The highest value
(about 344 HV) occurred at the center (0 mm) and at —2

Figure 2. Final spinal cage fabricated by SLM
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Figure 3. SEM image for surface analysis of the fabricated sample

mm, whereas the lowest value (about 339 HV) occurred
at —1 mm. Moving toward the positive side, the hardness
remained relatively stable within the range of 340-341
HV, suggesting a more uniform hardness distribution in
this region. The observed local variations in hardness
may be related to spatial differences in the thermal his-

2027. Volume 2

tory during the SLM process, including local variations
in heat accumulation, cooling rate, melt-pool behavior,
and microstructural evolution. In particular, the higher
hardness measured at the center may be related to differ-
ences in thermal cycling and solidification conditions in
the center of the fabricated cage. Nevertheless, the rela-

Figure 4. Optical microscopy image of the sample surface showing different layers
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Figure 5. Hardness profile of the fabricated spinal case

tively small overall hardness difference indicates that the
SLM process produced a comparatively consistent ma-
terial response across the examined locations. The error
bars in Figure 5 further indicate experimental variability
at each measurement position, with no pronounced scat-
ter among the individual measurements.

From a translational perspective, the present findings
provide a basis for considering SLM-fabricated Ti-6Al-
4V components for future spinal implant development.
The ability of SLM to produce geometrically complex
structures may facilitate the fabrication of spinal cages
with tailored designs and surface characteristics that
could potentially support bone-implant integration.
However, the current study was primarily focused on
fabrication, dimensional characteristics, surface mor-
phology, and hardness; therefore, further studies are
required to evaluate the biological and mechanical per-
formance of the fabricated components. In particular,
future studies should address in vitro biocompatibility,
cellular adhesion and proliferation, osteogenic response,
corrosion behavior, and bone—implant integration, to-
gether with mechanical evaluations such as compres-
sive strength, fatigue resistance, and structural stability
under physiologically relevant loading conditions. Such
investigations would be important for establishing the
potential of SLM-fabricated Ti-6Al-4V spinal cages for
subsequent preclinical development.

Conclusion

The Ti-6Al-4V spinal cage was successfully fabricated
using the SLM process, demonstrating the feasibility of
producing the investigated geometry by additive manu-
facturing. It had satisfactory dimensional consistency

Journal of
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within the examined measurements. SEM examination
showed no obvious porosity or cavities in the examined
regions. Optical microscopy revealed distinct layered
features as characteristics of the layer-by-layer SLM fab-
rication process. However, the available microscopic ob-
servations do not allow definitive conclusions regarding
complete melting or microstructural uniformity through-
out the entire component. The measured hardness val-
ues ranged from 339 to 344 HV, indicating a relatively
small difference of approximately 1.45% and relatively
uniform hardness within the examined regions. Overall,
the findings support the manufacturing feasibility and
basic material characterization of the SLM-fabricated
Ti-6Al-4V spinal cage. Further biological, mechanical,
and preclinical investigations are required before estab-
lishing any conclusions about its clinical performance or
suitability for implantation.

Ethical Considerations
Compliance with ethical guidelines

There were no ethical considerations to be considered
in this research.

Funding

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

Authors' contributions
Project administration: Alireza Khajeh-Amiri; Supervision:

Alireza Khajeh-Amiri and Omid Ashkani; Data analysis:
Yunes Yarahmadi and Seyed Shahab Ghazi Mirsaeid; 3D

Khajeh-Amiri A, et al. Spinal Cage, SLM, Additive Manufacturing, Ti-6Al-4V, Surface Morphology, Hardness, SEM. JTRM. 2027; 2:¢255132.



https://www.jregmed.com/

Journal of
Translational Regenerative Medicine

modeling and 2D drawing: Yunes Yarahmadi, Hoorshad
Mortezaei-Semnani, and Omid Ashkani; Hardness and SEM
testing: Hoorshad Mortezaei-Semnani and Omid Ashkani;
Writing the original draft: Yunes Yarahmadi and Hoorshad
Mortezaei-Semnani; Review and editing: All authors.

Conflict of interest
The authors declared no conflict of interest.
Acknowledgments

The authors would like to thank all those who contrib-
uted to this study through their technical support and
valuable assistance during the fabrication and character-
ization of the Ti-6Al-4V spinal cage.

References

[1] Aufa AN, Hassan MZ, Ismail Z, Ramlie F, Jamaludin KR,
Daud MY, Ren J. Current trends in additive manufacturing
of selective laser melting for biomedical implant applications.
Journal of Materials Research and Technology. 2024; 31:213-
43. [DOI:10.1016/j.jmrt.2024.06.041]

[2] Nasab SH, Etefagh RH, Bazmi A, Mahboubizadeh S, Ash-
kani O, Tabak Y. Advancements in orthopedic implants: a
comprehensive review of selective laser melting technol-
ogy in manufacturing human prosthetics. Duzce Univer-
sity Journal of Science and Technology. 2025; 13(4):1643-60.
[DOI:10.29130/ dubited.1686889]

[3] Rezayat M, Ashkani O, Fadaei R. Investigating surface in-
tegrity and mechanical behavior of selective laser melting for
dental implants. Applied Research. 2024; 3(4):e202300126.
[DOI:10.1002/ appl.202300126]

[4] Rahimi E, Mortezaei-Semnani H, Taheri-Neyestanaki S,
Ashkani O, Bayat-Hojati M. Effect of laser power on wear
characteristics of Ti-6A-4V alloy fabricated by selective la-
ser melting. International Journal of Abrasive Technology.
2025;13(1):24-33. [DOI:10.1504/ IJAT.2025.154560]

[5] Ashkani O, Rezayat M, Fathi S, Sadeq AM, Mehrabi H, Arm-
strong M. Surface analysis and mechanical properties of stain-
less steel 316L toothed wheel manufactured by powder bed
fusion. The International Journal of Advanced Manufacturing
Technology. 2025; 137(5):2889-98. [DOI:10.1007/s00170-025-
15364-7]

[6] Gao B, Zhao H, Peng L, Sun Z. A Review of research pro-
gress in selective laser melting (SLM). Micromachines (Basel).
2022; 14(1):57. [DOI:10.3390/mi14010057] [PMID] [PMCID]

[7] Wally ZJ, Haque AM, Feteira A, Claeyssens F, Goodall R,
Reilly GC. Selective laser melting processed Ti6Al4V lattices
with graded porosities for dental applications. Journal of the
Mechanical Behavior of Biomedical Materials. 2019; 90:20-9.
[DOI:10.1016/j.jmbbm.2018.08.047] [PMID]

2027. Volume 2

[8]LiJ, HuJ, Zhu Y, Yu X, Yu M, Yang H. Surface rough-
ness control of root analogue dental implants fabricated us-
ing selective laser melting. Additive Manufacturing. 2020;
34:101283. [DOI:10.1016/j.addma.2020.101283]

[9] Robau-Porrua A, Gonzalez JE, Arancibia-Castillo R, Picardo
A, Araneda-Hernandez E, Torres Y. Design, fabrication, and
characterization of novel dental implants with porosity gradi-
ent obtained by selective laser melting. Materials & Design.
2025; 251:113660. [DOI:10.1016/j.matdes.2025.113660]

[10] Oliveira TT, Reis AC. Fabrication of dental implants by
the additive manufacturing method: A systematic review.
The Journal of Prosthetic Dentistry. 2019; 122(3):270-274.
[DOI:10.1016/j.prosdent.2019.01.018] [PMID]

[11] Meena VK, Kumar P, Kalra P, Sinha RK. Additive manufac-
turing for metallic spinal implants: A systematic review. An-
nals of 3D Printed Medicine. 2021; 3:100021. [DOI:10.1016/].
stlm.2021.100021]

[12] Pan CT, Lin CH, Huang YS, Yang TL, Chen SY, Ou CH, et
al. Design of interbody fusion cages of Ti6 Al4V with gradient
porosity using a selective laser melting process for spinal fu-

sion arthroplasty. Journal of Laser Micro/Nanoengineering.
2017; 12(1):34. [DOI:10.2961/jlmn.2017.01.0007]

[13] Wallace N, Schaffer NE, Aleem IS, Patel R. 3D-print-
ed Patient-specific spine implants: A systematic review.
Clinical Spine Surgery, 33(10): 400-7. [DOI:10.1097/
BSD.0000000000001026] [PMID]

[14] Pan CT, Lin CH, Huang YK, Jang JSC, Lin HK, Kuo CN,
Lin DY, Huang JC. Design of customize interbody fusion cag-
es of Ti64ELI with gradient porosity by selective laser melt-
ing process. Micromachines. 2021; 12(3):307. [DOI:10.3390/
mi12030307] [PMID] [PMCID]

[15] Faghani GR, Khajeh-AmiriAR. TIG surface alloying of Ti-
6Al-4V with nitrogen and chromium for improved tribologi-
cal properties. Journal of Advanced Materials in Engineering.
2020; 38(4):65-74. [DOI:10.47176/jame.38.4.13811]

[16] Taheri P, Khajeh-Amiri A. Antibacterial cotton fabrics
via immobilizing silver phosphate nanoparticles onto the
chitosan nanofiber coating. International Journal of Biologi-
cal Macromolecules. 2020; 158:282-9. [DOI:10.1016/].ijbio-
mac.2020.04.258] [PMID]

[17] Meszaros, K., Rana, A., Henein, H., & Dias, M. (2023).
Abrasion resistance and hardness evaluation of FCAW-S

hard-facing following elevated temperature exposure. Wear,
523, 204759. [DOI:10.1016/j.wear.2023.204759]

[18] Ayodele AT, Valizadeh A, Adabi M, Esnaashari SS, Mada-
ni F, Khosravani M, Adabi M. Ultrasound nanobubbles and
their applications as theranostic agents in cancer therapy: a
review. Biointerface Research in Applied Chemistry. 2017;
7(6):2253-62. [Link]

Khajeh-Amiri A, et al. Spinal Cage, SLM, Additive Manufacturing, Ti-6Al-4V, Surface Morphology, Hardness, SEM. JTRM. 2027; 2:¢255132.

—
7



https://www.jregmed.com/
https://doi.org/10.1016/j.jmrt.2024.06.041
https://doi.org/10.29130/dubited.1686889
https://doi.org/10.1002/appl.202300126
https://doi.org/10.1504/IJAT.2025.154560
https://doi.org/10.1007/s00170-025-15364-7
https://doi.org/10.1007/s00170-025-15364-7
https://doi.org/10.3390/mi14010057
https://www.ncbi.nlm.nih.gov/pubmed/36677118
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9861605
https://doi.org/10.1016/j.jmbbm.2018.08.047
https://www.ncbi.nlm.nih.gov/pubmed/30342276
https://doi.org/10.1016/j.addma.2020.101283
https://doi.org/10.1016/j.matdes.2025.113660
https://doi.org/10.1016/j.prosdent.2019.01.018
https://www.ncbi.nlm.nih.gov/pubmed/30928226
https://doi.org/10.1016/j.stlm.2021.100021
https://doi.org/10.1016/j.stlm.2021.100021
https://doi.org/10.2961/jlmn.2017.01.0007
https://doi.org/10.1097/BSD.0000000000001026
https://doi.org/10.1097/BSD.0000000000001026
https://www.ncbi.nlm.nih.gov/pubmed/32554986
https://doi.org/10.3390/mi12030307
https://doi.org/10.3390/mi12030307
https://www.ncbi.nlm.nih.gov/pubmed/33804190
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8001705
https://doi.org/10.47176/jame.38.4.13811
https://doi.org/10.1016/j.ijbiomac.2020.04.258
https://doi.org/10.1016/j.ijbiomac.2020.04.258
https://www.ncbi.nlm.nih.gov/pubmed/32376255
https://doi.org/10.1016/j.wear.2023.204759
https://www.researchgate.net/profile/Seyedeh-Sara-Esnaashari/publication/322048463_Ultrasound_nanobubbles_and_their_applications_as_theranostic_agents_in_cancer_therapy_A_review/links/5b3624b74585150d23e11488/Ultrasound-nanobubbles-and-their-applications-as-theranostic-agents-in-cancer-therapy-A-review.pdf

